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Abstract

To develop a functional supercapacitor with enhanced electrochemical activity,

it is essential to explore electrode materials that exhibit good conductivity and
capacitance. This study investigates the development of supercapacitor electrodes
based on porous organic polymers (POP-O and POP-S) and their carbonized
counterparts (C-POP-O and C-POP-S). The structural transformation from amorphous
to partially graphitic carbon material is confirmed by Raman analysis. Field emission
scanning electron microscopy (FE-SEM) revealed significant morphological changes,
with the carbonized materials exhibiting more defined structures contributing

to improved electrochemical performance. Electrochemical tests, including cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD), show that the
carbonized form of these materials can significantly increase the current density,
specific capacitance, and charge-transfer efficiency. Among the synthesized
materials, C-POP-O exhibits the highest specific capacitance of 4743 Fg'at1 A g’
with excellent GCD cyclic stability, by retaining 96% capacitance from its starting
capacitance after 5000 GCD cycles, indicating its potential as a high-performance
electrode. These findings highlight the potential of carbonized porous organic
polymers, particularly C-POP-O, as high-performance electrodes for next-generation
supercapacitors.

Keywords Supercapacitor electrodes, Porous organic polymers (POP), Carbonized
materials, Electrochemical performance, Energy storage materials

1 Introduction

With the growing global energy demand driven by population growth, researchers are
intensifying their efforts to develop efficient, cost-effective, and environmentally friendly
materials [1, 2]. By exploring novel materials and technologies, scientists are working to
reduce the dependence on fossil fuels and mitigate the environmental impact of energy
production, ultimately paving the way for a cleaner and more sustainable future [3-5].
These advancements aim to enhance energy conversion processes and create sustain-
able storage systems to meet future energy needs [6—8]. Consequently, energy storage
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technologies with clean and renewable energy solutions are gaining widespread global
attention. Innovations in renewable energy, next-generation batteries, and supercapaci-
tors are proving essential for achieving long-term energy sustainability [9, 10].

Supercapacitors (SCs), which act as intermediates between traditional capacitors
and batteries, have emerged as vital tools in energy storage [11, 12]. Especially, Electro-
chemical capacitors (ECs) are of great interest due to their exceptional power density
and energy density. The electrochemical performance of ECs is heavily influenced by
the selection of electrode materials, which fall into three primary categories: conductive
polymers, carbon-based materials, and transition metal oxides or nitrides [13, 14]. Tran-
sition metal oxides are limited owing to their corrosive nature in harsh conditions [15,
16]. Carbon-based materials, such as porous organic polymers (POPs), carbon nano-
tubes (CNTs), graphene, and porous carbon, are especially valued for supercapacitor
applications due to their structural tunability, thermal stability, and catalytic properties
[17, 18].

Specifically, porous organic polymers (POPs), have attracted attention owing to their
high porosity, low density, and unique properties [19-21]. The electrochemical proper-
ties of these materials, such as conductivity, surface area, and chemical reactivity, can be
enhanced by incorporating certain chemical functionalities that can modify or enhance
the properties of the materials [22, 23]. Such systems have been demonstrated to have
high electrochemical performance as supercapacitor electrode materials. For example,
Hu et al. synthesized redox-active 2D POPs (Tp-AT-POP) that exhibited a specific capac-
itance and excellent cycling stability [24]. Meanwhile, Xu et al. reported a hybrid com-
posite of POPs and reduced graphene oxide (rGO) for improved supercapacitor activity
[25]. On the other hand, combining the POPs with electrochemically active material fur-
ther enhances their properties [26, 27]. For example, a novel POP with hydroxyquino-
line, as an electrochemically active unit, exhibited high specific capacitance, excellent
rate capability and good cycling stability [28].

To develop electrochemical double-layer capacitors (EDLCs) with high energy and
power density, carbon-based materials derived through chemical or physical methods
are essential due to their high surface area and high conductivity [29]. POP-derived
Carbon material has various advantages (like high pore structure and low density) over
traditional biomass-derived or activated carbon materials. More significantly, porous
carbon generated from POPs creates a new avenue for the manufacture and utiliza-
tion of carbon-based materials for energy storage. Carbonization of POPs for preparing
carbon materials can be a suitable approach for energy conversion and storage devices.
These obtained carbon materials can acquire high porosity inherited from POPs and the
graphitic carbon structure can enhance the conductivity and stability of the material
[30]. Notably, because of their diverse structural units and distinct pore architectures,
POPs have emerged as one of the most promising precursors to produce advanced car-
bonaceous materials [31, 32]. For example, Liang et al. reported a series of POPs using
different carbon precursors like biphenyl dichlorobenzene, pyrene and 1, 3, 5-triphenyl
benzene. The obtained porous carbon exhibited a high specific surface area of 2668 m?
g! and a pore diameter of 2.3 nm [33].

Motivated by these studies, in this work, we investigated the potential of supercapaci-
tor electrodes using our recently reported porous organic polymers (POP-O and POP-
S) [34] and their carbonized forms (C-POP-O and C-POP-S). A pyrolysis method was
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used to obtain the carbonized form of these POPs. Raman analysis confirms the suc-
cessful formation of graphitic carbon upon pyrolysis and FE-SEM images revealed that
the carbonization process can improve the structural order. Electrochemical character-
ization, including cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD),
exhibited a significant increase in capacitance and current density for carbonized mate-
rials (C-POP-O and C-POP-S) over the corresponding POPs. Among these materials,
C-POP-O exhibited the highest electrochemical activity towards supercapacitor appli-
cation with a high specific capacitance value of 47.43 F g! at the current density of 1 A
gl Besides, both C-POP-O and C-POP-S demonstrated excellent stability during 5000
GCD cycles at 2 A g'; they retained 96% and 89% efficiency, respectively, after 5000
GCD cycles compared to the initial cycle.

2 Experimental work

2.1 Materials

All reagents used in this study, including 2-furaldehyde (= 98%), 2-thiophenecarbox-
aldehyde (= 99%), dimethyl sulfoxide (DMSO) (= 99.7%), tetrahydrofuran (THF) (=
99.9%), N-Methyl-2-Pyrrolidone (NMP) (= 99%), polyvinylidene fluoride (PVDF),
acetone, methanol, dichloromethane, chloroform, hydrazine hydrate, sodium chro-
mate, potassium hydroxide (KOH) (= 85%) pellets and carbon cloth were sourced from
Sigma-Aldrich and used as obtained without further purification. All the aqua solutions
were prepared using deionized water (DI water). 9,10-bis-(4,6-diamino-S-triazin-2-yl)
benzene (BATB), NRAPOP-O, and NRAPOP-S were synthesized following a previ-
ously published study [34]. In this study, NRAPOP-O and NRAPOP-S are referred to as
POP-O and POP-S, respectively, for simplicity.

2.2 Carbonization of POP-O and POP-S

For the carbonization process, the purified samples of both POP-S and POP-O were
placed in a quartz boat and subjected to heating at 500 °C under an Argon atmosphere,
following a three-step program in a programmable furnace. The first step involved hold-
ing the samples at room temperature for 10 min, then gradually increasing to 500 °C
with a heating rate of 10 °C per minute. In the final step, the temperature was raised
to 500 °C, where the samples were maintained for two hours (Scheme 1). During the
pyrolysis process of POPs at 500 °C, the obtained carbon materials retain the polymeric
framework, while heteroatoms (O, S, N) are largely removed, leaving behind partially
graphitic carbon frameworks. This transformation increases m-conjugation and con-
ductivity [29-31]. After the carbonization process was complete and the furnace had

cooled down to room temperature, the obtained black samples were collected, and the
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Scheme 1 Schematic presentation of the carbonization process of POP-O and POP-S
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respective weights were recorded. Herein, the carbonized POP-O and POP-S are named
C-POP-O and C-POP-S.

2.3 Characterization

Crystallographic data were collected using a Malvern Panalytical X'Pert3 diffractometer
by analyzing X-ray diffraction (XRD) patterns with Cu—Ka radiation over a 10° to 80°
range at room temperature. Raman spectroscopy (Alpha 300 (Witec) confocal Raman
microscope) was used to confirm the degree of disorder in the carbonized materials. The
surface morphology and elemental composition of the prepared samples were examined
with a field-emission scanning electron microscope (FE-SEM, TESCAN MAGNA).

2.4 Electrode preparation

To prepare the POP-S, POP-O, and the electrodes of their carbonized powder, started by
measuring the weight of the powders. Herein, ~90 wt% POP-based materials (POP-S/
POP-O/C-POP-S/C-POP-0O) were mixed with 10 wt% of polyvinylidene fluoride (PVDEF)
and a few drops of N-Methyl-2-Pyrrolidone (NMP). Further, the mixture was ground
using a mortar and pestle until a homogeneous slurry was formed. This prepared slurry
was evenly applied over a piece of carbon cloth (1 x 1 cm?), ensuring a uniform distribu-
tion. After this, the prepared electrode was dried in a hot air oven overnight. The mass
loading of active material was obtained ~3 mg cm, measured by taking the weight dif-
ference of carbon cloth before coating and after drying.

2.5 Electrochemical characterization

Electrochemical analysis was conducted using a CHI 660E electrochemical workstation
from CH Instruments Inc. (Austin, TX) with a three-electrode setup in a 1 M KOH elec-
trolyte. Prepared electrodes act as the working electrode, with a platinum (Pt) wire as the
counter electrode and Hg/HgO as the reference electrode. In order to activate and stabi-
lize the electrode, 100 Cyclic voltammetry (CV) cycles were performed in the potential
window from 0 to 0.6 V vs. Hg/HgO at 100 mV s’ Further, CV cycles were recorded at
various scan rates within a 0 to 0.6 V potential range, while galvanostatic charge—dis-
charge (GCD) tests were performed at different current densities (1, 2, 3, and 4 A g™)
in a potential range from 0 to 0.6 V, to calculate the specific capacitance. The specific
capacitance from GCD was calculated using the linear approximation Eq. (1) [35].

TAt
mAV

Csp = (1)

where [ is an applied current (A), At is a discharge time (s) of the GCD curve, AV is the
potential window (V), and m is the active mass loading (g) on the working electrode
[36, 37]. This method assumes a near-linear discharge profile, which is typical for car-
bon-based electrodes. The electrochemical impedance spectroscopy (EIS) data were col-
lected at open-circuit potential (OCP) in the frequency range from 100 kHz to 0.1 Hz.

3 Results and discussion

3.1 Structural and morphological characterization

The carbon materials were synthesized using the pyrolysis method as shown in Scheme
1, where POP-O and POP-S were heated at 500 °C to obtain C-POP-O and C-POP-S. All
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the prepared materials, including POP-S, POP-O, C-POP-S, and C-POP-O, were char-
acterized using XRD and Raman. Figure 1A displays the XRD patterns for both POP-S
(black curve) and POP-O (red curve), which exhibit a broad peak around 17-25° (26),
indicating their amorphous or poorly crystalline nature, characteristic of disordered
porous organic polymers. POP-O shows a slightly broader peak compared to POP-S,
suggesting a marginally lower degree of structural order than POP-S. After carboniza-
tion, the C-POP-S (Fig. 1A, blue curve) and C-POP-O (Fig. 1A, green curve) samples
display broad peaks that shift slightly to a higher angle, centering around 20-27° (20),
which is indicative of the formation of short-range graphitic domains. This peak shift,
along with the narrower and more pronounced profiles, suggests the formation of gra-
phitic carbon [38]. Despite the shift and improved structural uniformity, sharp, well-
defined peaks are absent, indicating that full crystallinity has not been achieved.

Additionally, to verify the presence of graphitic carbon, all the synthesized materials
underwent characterization via Raman spectroscopy. The flat curves of POP-S (Fig. 1B,
black curve) and POP-O (Fig. 1B, red curve) indicate that neither shows a signal in the
Raman spectra, which suggests the absence of graphitic carbon. In contrast, C-POP-S
(Fig. 1B, blue curve) and C-POP-O (Fig. 1B, green curve) exhibit two distinct peaks at
1342 and 1580 cm’}, corresponding to the D band and G band, respectively. These bands
confirm the successful formation of graphitic carbon following pyrolysis. C-POP-O dis-
plays significantly more intense peaks compared to C-POP-S, indicating a higher degree
of carbon formation in C-POP-O.

The FE-SEM investigation reveals significant changes in the morphology of POP-S
and POP-O, after carbonization (C-POP-S and C-POP-O), which align closely with the
structural insights provided by the XRD and Raman results. The POP-S (Fig. S1A, B, C)
and POP-O (Fig. S1D, E, F) have a rough, granular surface with uneven particle distribu-
tion, indicating a disordered structure. These surface characteristics correlate with the
XRD patterns, where both materials show broad peaks indicating their amorphous or
poorly crystalline nature [39]. After carbonization, C-POP-S exhibits a clear agglomer-
ated layered fragments morphology as shown in Fig. 2A, B, C. Meanwhile, C-POP-O
develops layered fragments, suggesting a more ordered, graphitic-like structure depicted
in Fig. 2D, E, E. After pyrolysis, no major changes occur in morphology. However, to
show the minor changes that occurred after pyrolysis, the SEM images were captured
at the same scale. It can be observed from Fig. S1IF (POP-O) and Fig. 2F (C-POP-O) at
500 nm that C-POP-O is in a layered fragments-like morphology and POP-O is more
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Fig. 1 (A) XRD patterns and (B) Raman spectra of the POP-S, POP-O, C-POP-S, and C-POP-O powders
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FE-SEM images of (A, B, C) C-POP-S and (D, E, F) C-POP-O

Fig. 2 FE-SEM images of (A, B, C) C-POP-S and (D, E, F) C-POP-O powders

like amorphous. The EDX analysis in Fig. S2 highlights the elemental composition of dif-
ferent samples labeled POP-S, POP-O, and their canonized counterparts, C-POP-S and
C-POP-O. In the non-carbonized samples, POP-S shows the presence of carbon (76%),
nitrogen (23.4%), and sulfur (0.6%). On the other hand, POP-O contains carbon (70.3%)
and smaller amounts of nitrogen (26.6%), oxygen (2.8%) and sulfur (0.3%). After carbon-
ization, the samples (C-POP-S and C-POP-O) show a drastic change in their compo-
sition. Both C-POP-S and C-POP-O exhibit 100% carbon content, suggesting that the
pyrolysis process successfully carbonized the samples, removing all other detectable
elements, including nitrogen, sulfur, and oxygen. This transformation indicates that the
pyrolysis process has effectively converted the POP materials into graphitic carbon. Fur-
thermore, the EDX mapping of the carbonized materials confirms the formation of pure
carbon and the removal of all other elements (Fig. S3). Thus, the peak shift in XRD and
the formation of the D and G band in Raman spectra confirms the formation of graphitic
carbon. Further, the sharper XRD peak of C-POP-O compared to C-POP-S and the
well-defined D and G bands of C-POP-O compared to C-POP-S confirm that the gra-
phitic carbon formed through C-POP-O is in well order and more crystalline compared
to the carbon formed through C-POP-S. The high crystalline carbon materials provide
high conductivity and ion diffusion due to their expanded m conjugation. On the other
hand, the low crystalline carbon material could not perform well due to broken carbon

domains.

3.2 Electrochemical measurements

The electrochemical activity of these materials was investigated in 1 M KOH using
a standard three-electrode system. Figure 3 shows the CV curves for all the prepared
samples, including POP-S, POP-O, C-POP-S and C-POP-O. Figure 3A exhibits that
the POP-S reaches the current density of around 3.87 A g at a scan rate of 100 mV
s”! within a potential range from 0 to 0.6 V (this current was noted at the potential of
0.6 V). The curves display stable and symmetric capacitive behavior across all scan rates
(from 5 mV s to 100 mV s™), indicating high electrochemical reversibility and effective
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Fig.3 CV curves of (A) POP-S, B POP-O, C C-POP-S, and D C-POP-O based electrodes

charge storage capacity in the POP-S material. Upon the pyrolysis process, the carbon-
ized form of POP-S (C-POP-S) displays a significant increase in current density as shown
in Fig. 3C, reaching approximately 4.58 A g! at 100 mV s™'. This improvement signifies
enhanced conductivity and increased capacitance, likely due to structural changes from
carbonization. The graphitic carbon shows improved charge transport properties and an
increased electrochemically active surface area, enhancing the electrochemical perfor-
mance of C-POP-S.

On the other hand, POP-O (Fig. 3B) exhibited a current density of 3.08 A g'! at a scan
rate of 100 mV s!. Like POP-S, the CV curves of POP-O maintain stable, symmetric
profiles, confirming electrochemical reversibility and effective capacitive behavior. After
carbonization, C-POP-O shows a significant boost in current density, it reaches at 6.39 A
gl at 100 mV s, which is more than double that of POP-O depicted in Fig. 3D. This
considerable enhancement indicates improved conductivity and specific capacitance due
to the carbonization process, which introduces better structural organization and addi-
tional pathways for ion transport. The carbonized form of POP-O (C-POP-O) displays
superior electrochemical activity owing to a well-ordered carbon structure, as shown
in the Raman spectrum (Fig. 1B, green curve). In comparison with C-POP-S, C-POP-
O exhibited better performance. As can be observed from Fig. 2F that C-POP-O has
layered fragments like morphology, due to which a higher area of active material can be
exposed to the electrolyte and gives high performance. But, C-POP-S has more agglom-
erated morphology (Fig. 2C), due to which a limited area gets exposed to the electrolyte,
resulting in limited activity.

Similarly, the improved activity of the electrocatalyst can be explained by the elec-
trochemically active surface area (ECSA). The increased ECSA was confirmed using
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electrochemical characterization techniques. As can be observed from Fig. 3, a higher
capacitive current response was observed for C-POP-O, and a larger capacitive (non-far-
adaic) current response in the CV curves indicates higher double-layer capacitance (Cy),
which correlates with increased electrochemically active surface area (ECSA). C-POP-O
shows higher current and area under the curve compared to C-POP-S, which could be
due to the availability of a higher electrochemically active surface area of C-POP-O for
ion adsorption.

Furthermore, Fig. 4 illustrates the galvanostatic charge-discharge (GCD) profiles
for the POP-O, POP-S, C-POP-O and C-POP-S electrodes, at various current densi-
ties ranging from 1 A g! to 4 A g within a potential window of 0 to 0.6 V. It can be
observed that the carbonized materials display higher discharge time compared to pris-
tine materials, owing to the high charge storage capacity of carbon materials. Among the
synthesized materials, C-POP-O exhibited the highest discharge time compared to all
other materials at different current densities. This could be due to the formation of well-
ordered graphitic carbon through the pyrolysis of POP-O, as it can be observed from
the Raman spectrum. The specific capacitance was calculated from GCD for C-POP-O
is 47.43 F g’!, which is higher than C-POP-S (43.3 F g'!), POP-S (37.2 F g!), and POP-O
(244 F g') at 1 A g’ At a lower current density of 1 A g, the discharge duration is
greater, indicating that the material operates well under low-stress circumstances. The
specific capacitance was calculated at different current densities as compared in Fig. S4.
It can be observed that the capacitance decreased with increasing current density. At
a lower current density, electrolyte ions have sufficient time to diffuse deeply into the
porous structure and access the full electrochemically active surface area of the elec-
trode. As a result, a larger fraction of the surface contributes to charge storage, yield-
ing higher capacitance values. However, at higher scan rate or current density, the ion
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Fig.4 GCD curves of (A) POP-S, B POP-O, C C-POP-S and D C-POP-O based electrodes

Page 8 of 14



Kareem et al. Discover Applied Sciences (2026) 8:21 Page 9 of 14

Table 1 Comparison of specific capacitance at different current densities

Current density C-POP-O C-POP-S POP-S POP-O
TAg! 474F g 433Fg" 372Fg’" 250F g
2Ag" 313Fg’ 300Fg" 233Fg’ 27Fg!
3AQT 215Fg" 210Fg! 125Fg" 120F g
4Aq" 16.7Fg" 153Fg" 60Fg’ 60Fg’

Table 2 Performance comparison of carbonized electrodes derived from different sources at T Ag”’

Electrode material Preparation Electrolyte  Specific Cyclic stability Ref.
method capacitance Retention (%)
Biomass-derived Carbonization at EmimBF, 21Fg" 93% after 5000 cycles  [44]
porous carbon 600 °C
Hemp-derived carbon  Carbonization at 1.8 M 41 F g'1 90% after 10,000 cycles  [45]
800 °C TEMABF,
Capsicum seed- Carbonization at EMIM-TFSI 29Fg 91% after 5000 cycles  [46]
derived carbon 850°C
POP-derived carbon Pyrolysis at 700°C 6 M KOH 162F g 95% after 5000 cycles  [18]
COF-derived porous Pyrolysis at 800 °C 1 M H,S0, 250F g’ 92% after 10,000 cycles  [22]
carbon
POP-derived hierarchi- lono thermal 1M KOH 210F g 94% after 8000 cycles [30]
cal carbon synthesis +
carbonization
C-POP-S Pyrolysis at 500 °C 1 M KOH 433Fg" 89% after 5000 cycles  This
study
C-POP-O Pyrolysis at 500 °C 1 M KOH 474F g’ 96% after 5000 cycles  This
study
*1-ethyl-3-methyl imidazolium tetrafluoroborate (EmimBF,), 1-ethyl-3-methylimidazolium bistrifluorosulfonylimide
(EMIM-TESI)

diffusion process becomes kinetically limited. Only the outer and more easily accessible
surface sites participate in charge storage, while the inner active sites remain underuti-
lized. This limited accessibility, coupled with increased resistive losses at higher current
flow, leads to a reduction in the measured capacitance. Therefore, the observed decrease
in capacitance with increasing current density is attributed to the diffusion-controlled
insertion [40, 41].

However, when the current density increases, performance decreases considerably,
suggesting a limited charge storage capability at higher current densities. Additionally,
the specific capacitance values calculated from GCD were also compared in Table 1.
Further, the electrochemical performance of C-POP-O is compared with various carbon
materials, derived from different sources, at 1 A g™ in Table 2. It can be observed from
GCD curves that the discharge capacitance is lower than the charge capacitance, which
typically indicates nonlinear behavior in the electrochemical system. At the current den-
sity of 1 A g}, the charging rate is slow and the discharge rate is high, resulting in the low
Coulomb efficiency of C-POP-O (72.3%), C-POP-S (72.0%), POP-S (97.2%) and POP-O
(68.8%). Further, the coulombic efficiency was calculated for all the samples at different
current densities and compared in Fig. S5. The non-linear dependences of voltage on
time were attributed to porosity and internal resistance Rpgy, which are related to the
carbon material structure and the difficult accessibility of fine pores to electrolyte ions
[42, 43].

The improved supercapacitor performance can be explained as suggested in Fig. 5.
POPs are low-conducting materials with high porosity and upon carbonization, highly
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porous and conductive carbon material can be obtained. Owing to low conductivity, less
number of ions at the surface of POPs and results in low capacitive behavior. On the
other hand, owing to high conductivity, more number of ions occur on the surface of
carbonized PODP, resulting in high capacitance.

Stability is an important parameter to evaluate the effectiveness of the materials.
Hence, to demonstrate the stability of carbonized materials, 5000 GCD cycles were per-
formed at the current density of 2 A g, IR drop corrections were carried out throughout
5000 GCD cycles. This IR drop is critical to evaluate the degradation of this electrode.
Figure 6A shows the specific capacitance at different numbers of cycles for C-POP-O
and C-POP-S. Both of the carbonized materials exhibit excellent stability even after 5000
GCD cycles. C-POP-O retains around 96% efficiency and C-POP-S retains around 89%
efficiency after 5000 GCD cycles from the initial cycle. Further to demonstrate the sta-
bility of these materials, C-POP-O and C-POP-S have been characterized using SEM
analysis after 5000 GCD cycles. Fig. S6 shows the SEM images of C-POP-S and C-POP-
O after 5000 GCD cycles. It could be observed from SEM images that the morphology
of C-POP-S and C-POP-O is being unchanged even after 5000 GCD cycles and the EDS
spectra show the presence of K (45.7%), O (33.5%) and C (20.8%) in C-POP-S and the
presence of K (15.7%), O (13.4%) and C (71.0%) in C-POP-O (Fig. S7). The occurrence
of K and O could be due to the deposition of KOH on the surface of the electrode. In
order to demonstrate the change in conductivity of POP materials after the carboniza-
tion process, the EIS analysis was utilized. The Nyquist plots were fitted according to
the circuit given in Fig. 6B (inset). Where different elements of the circuit represent dif-

ferent parameters, such as R, stands for solution resistance or the ohmic resistance of

Low conductivity Highly conductive
High porosity High porosity

Capacitance
dOd-O

—4

Fig. 5 Schematic explanation of the energy storage capacity of POP and C-POP based on the porosity and
conductivity
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Fig. 6 (A) 5000 GCD cycles of C-POP-S and C-POP-O, B Nyquist plot; (inset) corresponding circuit and (C) Bode
phase angle plot of POP-S, POP-O, C-POP-S and C-POP-O

electrolyte between reference and working electrode, which is called the uncompensated
resistance. The Cy stands for the electric double layer at the electrode/electrolyte inter-
face and R, shows the charge transfer resentence of the electrode material. The lower
R, value demonstrates the higher conductivity of a material [47]. Figure 6B shows the
Nyquist plot of all the synthesized materials, and the diameter of the semicircle repre-
sents the R, values. C-POP-O exhibits a lower charge transfer resistance value of 52 Q
compared to C-POP-S (92 Q), POP-S (108 Q2), and POP-O (155 Q). Furthermore, this
bulk resistance (Q) is converted to conductivity (S/cm) using the following equation. o
= L/ R x A, where o is conductivity in S/cm, L is the length of the sample (cm), R is resis-
tance () and A is cross-section area (cm?) (width x thickness) [48]. Among synthesized
materials, C-POP-O shows a higher conductivity of 3.85 S/cm compared to C-POP-S
(2.17 S/cm), POP-S (1.85 S/cm) and POP-O (1.29 S/cm). This is further evidence of the
higher electrochemical performance of C-POP-O. In addition, the Bode phase angle
plot has been included with impedance data. The Bode diagrams of the C-POP-O and
C-POP-S show a lower phase angle compared to POP-O and POP-S, indicating an
improvement in the charge transfer process [49], which was attributed to the carboniza-
tion process. Among carbonized POPs, C-POP-O shows a lower phase angle, confirm-
ing the faster charge transfer process. The Bode plot data are in good agreement with the
Nyquist plot, confirming the higher conductivity of C-POP-O. Thus, the obtained results
reveal that the POP-based materials (POP-O and POP-S) show good electrochemical
activity, and upon the pyrolysis process, the carbonized POPs show enhanced activ-
ity. Further, C-POP-O exhibits superior activity due to its high conductivity and well-
ordered carbon structure.
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The electrochemical results suggest that C-POP-O exhibits superior catalytic activity
compared to other materials. This could be due to the formation of well-ordered gra-
phitic carbon as observed from Raman spectra. In addition, C-POP-O develops layered
fragments, suggesting a more ordered, graphitic-like structure compared with other
materials. This ordered structure provides a higher electrochemically active surface area
as observed from CV curves and facilitates the electron transfer suggested by EIS analy-
sis. Thus, the electrochemical and structural characterization confirms that owing to the
formation of well-ordered graphitic carbon, C-POP-O is superior to other samples.

4 Conclusions

This study comprehensively analyzed the structural, morphological, and electrochemi-
cal properties of POP-O, POP-S, and their carbonized forms (C-POP-O and C-POP-S).
XRD patterns revealed that both POP-O and POP-S possess an amorphous structure,
while the carbonization process induces short-range graphitic domains and increased
structural order. Raman analysis confirmed the formation of graphitic carbon. Fur-
ther, FE-SEM images confirmed significant morphological changes post-carbonization,
with C-POP-O exhibiting layered fragments and C-POP-S displaying an agglomerated
morphology. Electrochemical analysis demonstrated that carbonized materials showed
significant enhancement in conductivity, current density, and specific capacitance.
C-POP-O exhibited a higher specific capacitance of 47.43 F g! at 1 A g with excel-
lent GCD cyclic stability, by retaining 96% capacitance from its starting capacitance after
5000 GCD cycles. Hence, C-POP-O displayed a strong potential as an electrode material
for supercapacitor application, owing to its exceptional performance. Thus, the results
obtained reveal that the carbonized POP materials, derived from POPs, can be a strong

candidate as an electrode material in supercapacitors.
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