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ABSTRACT: In this work, we synthesized Py-DPABT CMP
through Sonogashira—Hagihara cross-coupling reactions between
N*,N’-bis(4-bromophenyl)-N*,N’-diphenylbenzo[c][1,2,5]-
thiadiazole-4,7-diamine (DPABT-Br,) and 1,3,6,8-tetraethynylpyr-
ene (Py-T). This Py-DPABT CMP was subsequently carbonized at
500 and 700 °C and transformed into a porous carbonaceous
electrode precursor for supercapacitors (SCs), yielding Py-DPABT
CMP-500 and Py-DPABT CMP-700 containing N and S
heteroatoms. Using distinct analytical methods, we investigated
the electrochemical characteristics, CO, uptake, configuration, SAger =423 m? g, Ty, = 628 °C, €O, Adsorption = 3.55 mmol g,
porosity, thermal stability, and chemical structure of the Py- FETELE L UEIEER i/ E ) :

DPABT CMP before and after carbonization at S00 and 700 °C, SEaERE atential = 325 mV (10 mA citis

respectively. After carbonization, the material (Py-DPABT CMP-

500) achieved a BET surface area (SAggr) of 423 m® g~ and the adsorption capacity of CO, reached 3.55 mmol g™" at 0 °C.
Electrochemical evaluations revealed that Py-DPABT CMP-500 exhibited enhanced performance when utilized as supercapacitor
electrodes, facilitated by heteroatoms. According to three-electrode analyses, Py-DPABT CMP-500 achieved specific capacitances up
to 973 F g~ at 1 A g~'. Additionally, they demonstrated exceptional durability, maintaining 98% of their capacity after 2000 cycles
when tested at a current of 10 A g~'. Furthermore, the capacitance of the symmetric coin cell Py-DPABT CMP-500 at 1 A g~!
achieved 627 F g'. The hydrogen evolution reaction and performance of Py-DPABT CMP-500 were assessed in 1 M KOH
electrolyte utilizing a three-electrode setup. The catalyst achieved a current density of 10 mA cm™* with an overpotential of 325 mV
and exhibited a Tafel slope of 169 mV dec™'. Additionally, it demonstrated a low charge transfer resistance (R.) of 88 Q and a
substantial double-layer capacitance (Cg) of 72.8 mF cm?, highlighting its potential as an efficient electrocatalyst for HER
applications. These findings underscore the potential practical applications of this electrode and investigate the synergistic effects of
heteroatoms and the carbonization process in CMPs, enhancing their suitability for CO, uptake, supercapacitor, and HER.

KEYWORDS: pyrene, benzo[c][1,2,S Jthiadiazole, conjugated microporous polymers, heteroatom-doped microporous carbons, CO, uptake,
supercapacitors

B INTRODUCTION surpasses that of traditional dielectric capacitors by several
orders of magnitude. SCs utilize two principal mechanisms for

The growing adoption of renewable energy sources and the - ‘ ‘ )
energy storage: Faradaic pseudocapacitance, which relies on

need for low-emission transportation have reignited interest in
energy storage, acknowledged as a key element of sustainable
development.l_5 Energy preservation is very important in
renewable energy systems.'”> To address the demands of
modern society and increasing environmental concerns, it is
crucial to develop new, accessible, and ecofriendly energy

reversible redox reactions within the electrode materials, and
non-Faradaic electrochemical double-layer capacitance
(EDLC) processes.” " While pseudocapacitors offer higher
capacitance than most EDLCs because of redox processes that
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storage methods. Given their fast charging and discharging Received: January 2, 2025 QNI
functions, durability, and positive environmental impact, Revised:  February 18, 202§

supercapacitors (SCs), also known as electrochemical Accepted:  February 18, 2025

capacitors (ECs), are increasingly considered to be among Published: February 23, 2025

the most viable alternatives to storing energy.’” '’ Super-

capacitors (SCs) stand out because their energy density far
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can be reversed at the electrode surface, EDLCs achieve charge
storage through ion adsorption at the electrode—electrolyte
interface.’’ ~' Both types of capacitors require electrode
materials with a high specific surface area to function
effectively.'* Issues related to the environment have increas-
ingly become a focal point for researchers, especially with the
onset of the modern industrial revolution and the pressing
challenge of global warming.'>'® The primary contributors to
global warming are greenhouse gas emissions, including CO,,
N,O, and CH,."” Among these, CO, is often considered the
principal culprit behind global warming and climate change,
with its atmospheric concentration growing.'®'” In 2021,
atmospheric carbon dioxide levels reached a record high of 419
ppm, leading to significant environmental impacts.”’ There-
fore, reducing and managing carbon emissions is a critical
global issue. CMPs are constructed by linking rigid, -
conjugated building blocks incorporating various function-
alities, forming three-dimensional macromolecular networks
characterized by micropores (<2 nm) and extensive permanent
surface areas.”' ~>* Unlike linear polymers, the porous structure
of CMPs significantly enhances electron/ion transport.
Typically, CMPs are synthesized using C—C coupling
reactions, similar to those used for linear conjugated polymers,
such as Suzuki, Sonogashira, and Yamamoto coupling, or
through chemical oxidative polymerization.”>”>’ These
methods facilitate high levels of polymerization and cross-
linking, allowing the integration of diverse organic groups.
CMPs are promising for applications in energy storage, gas
storage, and catalysis due to their network structure.
Conjugated polymers are crucial in various electrical devices
due to their ability to interact with light and conduct charge
carriers, and they offer extensive possibilities for molecular and
supramolecular engineering.”* ™" By choosing appropriate
repeating units, these polymers can be made electron-rich or
electron-deficient, enabling the stabilization of holes or
electrons and allowing precise control over their band gaps
to alter absorption and emission wavelengths. On a supra-
molecular level, solid-state packing can be finely adjusted to
achieve high charge-carrier mobilities. Unfortunately, the poor
electrical conductivity and limited chemical and oxidative
durability of CMPs make them unsuitable for electrode
applications. However, several approaches have been suggested
to improve the capacitance of CMPs, including increasing their
electrical conductivity through carbonization, hybridization
with nanomaterials, or structural modification. Physical or
chemical activation is commonly required in the broader
carbon materials field to enhance the pore network develop-
ment. Pyrolysis is frequently employed to produce porous
carbon materials from biomass, and activation techniques
improve specific surface area (SSA) and pore volume.®' There
has been growing interest in donor—acceptor (D-A) polymers,
characterized by an alternating sequence of donor and acceptor
units.”> This configuration is ideal for creating small band gap-
conjugated polymers, as the redox properties of the donor and
acceptor units can be chemically tailored. Research has
included various groups of donors, acceptors, and 7-
bridges.”>*" For instance, donor—acceptor electron pairs are
often formed by groups such as diphenylamine (DPA),
carbazole, and benzothiadiazole (BT), with z-bridges typically
comprising benzene and thiophene rings.”’ BT is particularly
prevalent in organic electronics as an acceptor heterocycle.”**
BT rings featuring identical substituents at positions 4 and 7
are described as identical configurations. These structures are
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commonly used as monomers for crafting donor—acceptor
polymers and creating small molecules with extensive
optoelectronic properties.’*” Diphenylamine (DPA) is
favored in optoelectronics for its robust electron-donating
ability, which can be attributed to the lone pair of electrons. Its
rigid structure enhances solubility in organic solvents and
provides thermal stability.**”” In various studies, DPA serves
as an electron donor paired with different electron acceptors,
resulting in structures with nonlinear optical properties, such as
fluorescence. Due to its significance in electron transport, DPA
is a valuable component in developing optoelectronic
materials.””*" Several porous carbon materials can be used
for both CO, capture and supercapacitor applications. For
instance, Hu et al. reported that SPC-900 exhibited a particular
capacity of 363 F g~'.* Our study showed that the RES-HP-
BZ-800 polymer exhibited a capacitance of 523 F g~' and
captured CO, at a rate of 4.63 mmol g™ at 298 K."> This
research generated and prepared heteroatom-rich microporous
carbons using Sonogashira coupling between DPABT-Br, and
Py-T to produce Py-DPABT CMP and carbonized Py-DPABT
CMP at 500 and 700 °C. Various characterization techniques
were employed to investigate how different technical
parameters influence the morphology and pore structure of
the Py-DPABT CMP, Py-DPABT CMP-500, and Py-DPABT
CMP-700. Additionally, CO, adsorption and electrochemical
experiments were conducted to explore the relationship
between the pore structure and electrochemical properties.
Notably, Py-DPABT CMP-500 demonstrated excellent CO,
capture, rate performance, and cycle stability in a three-
electrode symmetric coin cell system. It achieved a capacitance
of up to 973 F g~". The HER was also carried out in 1 M KOH
electrolytes of Py-DPABT CMP-500 in a three-electrode setup.
To obtain a current density of 10 mA cm™, Py-DPABT CMP-
500 required a 325 mV overpotential. Additionally, Py-DPABT
CMP-500 was a considerable electrocatalyst for HER
application because of its low R, value of 88 € and

noteworthy Cy value of 72.8 mF cm ™.

B EXPERIMENTAL SECTION

Materials. Benzo[c][1,2,5]thiadiazole (BT), diphenylamine
(DPA), palladium(II) acetate [Pd(OAc),], tritert-butyl phosphine
tetrafluoroborate (C;,H,,BE,P), sodium tert-butoxide (NaOtBu),
toluene, dichloromethane (DCM), anhydrous Na,SO,, hexane,
potassium carbonate (K,CO;), N-bromosuccinimide (NBS), copper-
(I) iodide (Cul), triphenylphosphine (PPh,), and Pd(PPh,),. The
BT-Br, and Py-T were prepared according to our published
methods.**™* The FTIR spectrum of the Py-T monomer (Figure
S1) displayed characteristic absorption bands at 3278, 3042, and 2090
em™2, which correspond to the stretching vibrations of alkyne C—H,
aromatic C—H, and the —C=C triple bond, respectively.****

Preparation of N*N*N’,N’-tetraphenylbenzo(c][1,2,5]-
thiadiazole-4,7-diamine [DPABT]. We combined and dissolved
NaOtBu (2.85 g, 29.6 mmol), Pd(OAc), (121 mg), BT-Br, (3.95 g,
13.45 mmol), DPA (S g 29.6 mmol), and C,,H,,BF,P (0.47 mg, 1.61
mmol) in 180 mL of dry toluene under an argon atmosphere. We
agitated the solution at its boiling point for 24 h and then allowed it to
cool to ambient temperature. Subsequently, the reaction mixture was
gradually transferred into water and subjected to extraction using
DCM. We dehydrated the organic phase using anhydrous Na,SO,,
separated it by filtration, and concentrated it by reducing the pressure.
Column chromatography refined the raw product using a mixture of
DCM and hexane in a volume ratio of 2:1 as the solvent. Ultimately,
we obtained the orange powder DPABT in a substantial yield of up to
85% (5.1 g).

Preparation of N*% N7-bis(4-bromophenyl)-N% N7-
diphenylbenzo[c][1,2,5]thiadiazole-4,7-diamine [DPABT-Br,].
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Figure 1. Synthesis of (a) DPABT, (b) DPABT-Br,, and (c) Py-DPABT CMP.
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Figure 2. (a) Chemical structures, (b) FTIR, of DPABT, DPABT-Br,, and Py-DPABT CMP, (c) solid-state '*C NMR of Py-DPABT CMP, and
(d) TGA analyses of DPABT, DPABT-Br,, and Py-DPABT CMP.
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Figure 3. (3, b) N, adsorption—desorption and (¢, d) pore size profiles, (e, h) SEM, and (i, j) TEM images of (a, ¢, ¢, f, i) Py-DPABT CMP and (b,

d, g h, j) Py-DPABT CMP-500.

A mixture contained 3 g (4.8 mmol) of DPABT and 6.8 g (38.2
mmol) of NBS in 30 mL of CHCl,. The mixture was agitated at 0 °C
and left in the dark at room temperature for 12 h. Subsequently, the
organic solvent was removed, and the pure DPABT-Br, was obtained
using silica column chromatography with a mixture of DCM and
hexane in a volume ratio of 2:1 as the solvent. Eventually, the resulting
substance produced was in the form of an orange powder.

Preparation of Py-DPABT CMP. The preparation of Py-DPABT
CMP as a dark brown powder was performed by heating a mixture of
DMEF (25 mL) and Et;N (25 mL) with Cul (20 mg), Py-T (500 mg,
1.67 mmol), DPABT-Br, (2.11 mg, 3.36 mmol), PPh; (26 mg), and
Pd(PPh;), (116 mg) at 110 °C for about 2—3 days. After that, the
insoluble material was repeatedly cleaned using acetone and MeOH
through Soxhlet extraction, and the resulting powder was dried at 120
°C.

Preparation of Py-DPABT CMP-500 and Py-DPABT CMP-
700. We carbonized the Py-DPABT CMP sample for 8 h at 500 and
700 °C, with an increasing temperature of 5 °C min™!, influenced by
N, gas. The carbonized material produced was known as Py-DPABT
CMP-500 and Py-DPABT CMP-700 (Scheme S1).

B RESULTS AND DISCUSSION

Synthesis and Characterization of Py-DPABT CMP,
Py-DPABT CMP-500, and Py-DPABT CMP-700. In this
study, we combined BT-Br,, DPA, NaOtBu, Pd(OAc),, and
C,H,,BFE,P in dry toluene and allowed the mixture to reflux to
afford an orange solid monomer DPABT (Figure 1a). This was
followed by a 12-h reaction of the DPABT monomer with NBS
in CHCl,, producing the orange solid DPABT-Br, (Figure 1b).
Finally, a Sonogashira coupling reaction over 3 days between
DPABT-Br, and Py-T monomers yielded the dark brown solid,
Py-DPABT CMP (Figure lc). Initially, we employed 'H and
3C NMR spectroscopy to verify the synthesis of DPABT and
DPABT-Br,, as illustrated in Figures S2—S5. Figures S2 and $4
show the aromatic CH peaks at 7.26 and 6.98 ppm for
DPABT, respectively, and at 7.52, 7.37, 7.11, 6.99, 6.9, and
6.75 ppm for DPABT-Br,. The aromatic carbon resonance
signals for DPABT (Figure S3) were observed at 152.99,
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148.02, 136.04, 130.07, 126.57, and 123.58 ppm. For DPABT-
Br,, these signals appeared in the range from 153.81 to 121.39
ppm (Figure SS). Figure 2a—d presents the chemical structures
and structural analysis of DPABT, DPABT-Br,, and Py-
DPABT CMP using FTIR, *C SSNMR, and TGA techniques.
Figure 2b illustrates FTIR spectra of Py-DPABT CMP at room
temperature, showing absorption peaks at 1266, 1590, 1490,
and 3043 cm™’, correlated to the C—N, C=N, C=C, and CH
aromatic units, respectively. An additional apex at 2194 cm™,
indicative of the —C=C group, suggests the successful
formation of cross-linked networks between DPABT-Br, and
Py-T. The FTIR spectra for DPABT and DPABT-Br, revealed
similar peaks, such as aromatic CH, C=N, and C=C units,
akin to those observed in Py-DPABT CMP. Additionally,
DPABT-Br, exhibited an extra peak at 691 cm™, which is
associated with C—Br bonding, as illustrated in Figure 2b.
Solid-state '*C NMR analysis (Figure 2c) revealed more details
about the chemical structure of Py-DPABT CMP. It identified
the presence of aromatic carbon and C—N resonances between
145.47 and 117.89 ppm and also detected both terminal and
internal alkyne carbon units at 82.49 ppm. These findings
confirm the effectiveness of the Sonogashira-Hagihara
coupling. TGA analysis was performed on Py-DPABT CMP
and its components [DPABT and DPABT-Br,] in a nitrogen
atmosphere (Figure 2d) to assess their thermal stability. Py-
DPABT CMP demonstrated superior thermal stability
compared to those of DPABT and DPABT-Br,. It reached a
thermal decomposition temperature at a 10% weight loss of
428 °C and achieved a char yield of 59 wt %. By comparison,
DPABT decomposed at 387 °C with a char yield of 3.59 wt %,
while DPABT-Br, showed decomposition at 459 °C and a char
residue of 30.78 wt %. Scheme S1 depicts the probable
chemical structure of Py-DPABT CMP following carbonization
at 500 and 700 °C in a nitrogen atmosphere to afford Py-
DPABT CMP-500 and Py-DPABT CMP-700, respectively.
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Figure 4. CO, uptake of (a) Py-DPABT CMP, (b) Py-DPABT CMP-500, and (c) Py-DPABT CMP-700 were recorded at 25 and 0 °C, and (d) Q,
profile of Py-DPABT CMP, Py-DPABT CMP-500, and Py-DPABT CMP-700.

XRD analysis confirmed the amorphous nature of Py-
DPABT CMP (Figure S6). The Py-DPABT CMP-500 and Py-
DPABT CMP-700 exhibited a Ty up to 629 and 678 °C,
respectively, with a char yield of 83.4 and 81.1 wt % as shown
in Figure S7. The phase structure and vibrational properties of
Py-DPABT CMP-500 were investigated using Raman spectra
and X-ray diffraction (XRD) patterns. These methods
provided comprehensive insights into the material’s crystalline
structure and molecular vibrations, which are essential for
understanding its physical properties and potential applica-
tions. XRD analysis revealed two peaks at a 20 value of 23.1°
and 43°, corresponding to the (002) plane and (101) planes
(Figure S8), suggesting the existence of ordered hexagonal
carbon and a graphitized structure.”**” These observations
confirm the successful transformation of the Py-DPABT CMP
into the intended microporous carbons with heteroatoms,
including N and S, leading to disordered amorphous carbon
structures in Py-DPABT CMP-500, which exhibit excellent
porosity and energy storage capabilities. Raman spectroscopy
of Py-DPABT CMP-500 and Py-DPABT CMP-700 (Figure
S9) showed two different groups: the G group at 1592 cm™
and the D group at 1326 cm~1.°° ID/IG was determined to be
2.83 and 1.33 for Py-DPABT CMP-500 and Py-DPABT CMP-
700, respectively. To study the distribution of carbon, nitrogen,
as well as sulfur atoms on the surface of Py-DPABT CMP-500,
we performed an XPS investigation (Figure S10a—d). The C
Is spectrum of Py-DPABT CMP-500 exhibits two distinct
peaks: one at 284.8 eV correlates to aromatic sp* carbon and
the second at 286.4 eV, assigned to the C=N bond (Figure
S10b). In the N 1s profile (Figure S10c), peaks at 399.5 and
400.5 eV are observed, corresponding to C=N and N-S§
bonds, respectively.”' Additionally, the S2p spectrum (Figure
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S10d) shows peaks at 156.03 and 158.53 eV, representing the
S2p3/2 and S 2p1/2, respectively. To evaluate the porosity and
surface area characteristics of Py-DPABT CMP, Py-DPABT
CMP-500, and Py-DPABT CMP-700 at 77 K, nitrogen
adsorption and desorption tests were conducted, as depicted
in Figures 3a—d and Figure S11. Py-DPABT CMP displayed
type III isotherms according to Figure 3a, while Py-DPABT
CMP-500 and Py-DPABT CMP-700 showed type I
adsorption—desorption isotherms, as indicated in Figures 3b
and Slla.

The rapid nitrogen adsorption at low pressures in Py-
DPABT CMP-500 and Py-DPABT CMP-700 indicated a high
number of micropores. The SAgpy as well as the overall volume
of pores (Vi) of the Py-DPABT CMP were measured at 25
m® g”! and 0.14 cm® g”". In contrast, Py-DPABT CMP-500
and Py-DPABT CMP-700 showed significantly higher values
of 423 and 203 m* g™* for SAggr and 0.4091 and 0.15 cm® g™
for Vi Pyrolyzing Py-DPABT CMP at 500 °C resulted in a
substantial increase in nitrogen uptake and a more porous
structure, enhancing pore formation in Py-DPABT CMP-
500.°” Further analysis using nonlocal density functional
theory (NLDFT) explored how pore sizes were distributed
in both Py-DPABT CMP, Py-DPABT CMP-500, and Py-
DPABT CMP-700, as shown in Figures 3c,d and S11b. The
results revealed that the Py-DPABT CMP exhibits a peak at
2.11 nm. In contrast, Py-DPABT CMP-500 shows a prominent
peak at 1.02 nm along with additional peaks at 1.55 and 2.91
nm. Meanwhile, Py-DPABT CMP-700 features a major peak at
0.69 nm, with other peaks appearing at 1.22 and 1.55 nm,
underscoring its microporous structure. Scanning electron
microscopy and transmission electron microscopy were used to
evaluate the morphology and structure of Py-DPABT CMP
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Figure 5. (3, b) CV and (¢, d) GCD profiles of (a, c) Py-DPABT CMP and (b, d) Py-DPABT CMP-500.

and its calcined variants, Py-DPABT CMP-500 and Py-
DPABT CMP-700, as illustrated in Figures 3e—j and S12.
SEM images showed that the Py-DPABT CMP consists of
clusters of aggregated nanoparticles (Figures 3e,f and S12a—c).
Py-DPABT CMP-500, on the other hand, displayed spherical
particles with a uniform distribution of pores, as evident in
Figures 3g,h and S12d—f. Furthermore, Py-DPABT CMP-700
exhibited spherical particles combined with a nanorod
structure, as shown in Figure S12g—i. This indicates that the
carbonization process contributes to increased porosity and
uniformity of the structural properties of the material. For
instance, the TEM analysis depicted in Figure 3i,j revealed that
both Py-DPABT CMP and Py-DPABT CMP-500 exhibited
interconnected microporous structures typical of amorphous
porous materials. SEM-EDS images (Figure S13a—c) verified
the uniform distribution of C, nitrogen, N, and S within the
matrices of Py-DPABT CMP, Py-DPABT CMP-500, and Py-
DPABT CMP-700. The CO, uptake measurements provide
valuable insights into the adsorption properties of these
materials. The pristine Py-DPABT CMP exhibited a CO,
uptake of 1.5 mmol g~ at 273 K and 0.6 mmol g™' at 298
K (Figure 4a), reflecting a moderate capacity for gas
adsorption. Upon carbonization at 500 °C, the level of CO,
uptake significantly increased to 3.6 mmol g~' at 273 K and 2.8
mmol ¢! at 298 K (Figure 4b). This marked enhancement in
CO, uptake is attributed to the increased porosity and surface
area of Py-DPABT CMP-500, which achieved a surface area of
423 m? ¢!, The increase in surface area plays a critical role by
providing enhanced active areas for gas molecule adsorption,
therefore enhancing the whole adsorption performance of the
material.>>~>> Conversely, carbonization at 700 °C yielded a
CO, uptake of 2.31 mmol g™* at 273 K and 1.81 mmol g™" at
298 K (Figure 4c) for Py-DPABT CMP-700.
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This reduction in CO, uptake is accompanied by a lower
surface area of 203 m? g_l, indicating that higher carbonization
temperatures may result in structural collapse or decreased
porosity. Such an effect is likely due to the excessive
carbonization process, which can lead to degradation of the
porous framework, thereby diminishing the available surface
area for gas adsorption. These findings suggest that while
moderate carbonization can enhance gas uptake through
increased surface area, higher temperatures may have a
detrimental impact, leading to a reduction in the adsorption
capacity. The pristine Py-DPABT CMP displays relatively high
Q,, values, ranging from 35.21 to 42.9 k] mol™" (Figure 4d), as
the CO, uptake increases from 0.2 to 0.55 mmol g~' (Figure
4d). These high Q,, values indicate that the initial adsorption
sites on the material surfaces are energetically favorable for
CO, capture, likely due to the presence of specific functional
groups or pore structures that facilitate strong interactions with
the CO, molecules. In contrast, Py-DPABT CMP-500 exhibits
lower Q,, values, ranging from 22.96 to 30.28 k] mol ™/, as the
amount of adsorbed CO, rises from 0.75 to 2.5 mmol g’
(Figure 4d). This reduction in Q, can be attributed to changes
in the surface chemistry and pore architecture induced by the
carbonization process. Carbonization at 500 °C likely modified
the functional groups and produced a more uniform pore
structure, resulting in a more homogeneous adsorption process
with less variation in adsorption energetics. The overall
decrease in Q, values suggests that the interactions between
CO, and the surface of Py-DPABT CMP-500 are weaker
compared to those of the pristine material. This reduced
interaction strength could be beneficial for the desorption of
CO, and the regeneration of the adsorbent, enhancing its
practical utility. Py-DPABT CMP, carbonized at 700 °C,
demonstrates the lowest Q,; values among the three materials,
ranging from 16.62 to 20.88 kJ mol™" as the CO, uptake
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increases from 0.5 to 1.75 mmol g~' (Figure 4d). This further
reduction in Q,, compared to Py-DPABT CMP-500 is likely
due to the more extensive carbonization at higher temper-
atures. Carbonization at 700 °C may have promoted the
formation of a more graphitic structure with fewer functional
groups, resulting in weaker interactions with the CO,
molecules. The lower Q, values indicate a less exothermic
adsorption process, which could offer advantages in terms of
reducing the energy required for CO, desorption, thereby
improving the efficiency of the adsorption—desorption cycle.

Electrochemical Performance of Py-DPABT CMP, Py-
DPABT CMP-500, and Py-DPABT CMP-700 Based on
Three-Electrode System. We employed cyclic voltammetry
(CV) and galvanostatic charge—discharge (GCD) measure-
ments with a three-electrode setup to examine the electro-
chemical properties in 1 M KOH. The CV profiles for Py-
DPABT CMP, Py-DPABT CMP-500, and Py-DPABT CMP-
700 are shown in Figures Sab and S14a. Within a potential
window from —1 to 0.0 V (vs Hg/HgO), the Py-DPABT CMP
exhibited CV curves with different scan rates ranging from $ to
200 mV s~'. Usually, these curves showed a characteristic,
humped shape that resembled a rectangle;** > however, a
peak at approximately —0.3 V diminished as the scan rate
increased, indicating instability of Py-DPABT CMP under
these conditions, as shown in Figure Sa. In contrast, Py-
DPABT CMP-500 and Py-DPABT CMP-700 were evaluated
under similar conditions, as shown in Figures 5b and Sl4a.
This material maintained the characteristic rectangular
humped profile consistently across all scan rates, suggesting
stable electrochemical performance. This stability and
pronounced capacitance behavior are attributed to the
significant increase in surface area postcarbonization, elec-
tron-rich phenyl groups, an abundance of heteroatoms, and
thermal activation, which collectively enhance performance
across various scan rates. The aforementioned factors also
enhance pseudocapacitance by facilitating eflicient electron
transfer through improved electrolyte contact.*> We observe a
bent triangular shape for Py-DPABT CMP, Py-DPABT CMP-
500, and Py-DPABT CMP-700 when we focus on the GCD
curves in Figures Sc,d and S14b, obtained at 1—20 A g~". This
shape verifies the presence of EDLC and pseudocapaci-
tance.*’”%°

The capacitance values measured up to 20 A ¢! are shown
in Figure 6. Despite the initial high numbers of capacitance of
57,973,and 230 F g~ at 1 A ¢! for the Py-DPABT CMP, Py-
DPABT CMP-500, and Py-DPABT CMP-700, respectively, as
the current density increased, both materials’ specific
capacitance quickly dropped. This reduction in capacitance
at higher current densities suggests that in Py-DPABT CMP,
charge storage primarily occurs on the external active surface,
as the electrolyte ions struggle to permeate through the
internal pores at increased current rates. The significant
improvement in capacitance observed in the Py-DPABT CMP-
500 and Py-DPABT CMP-700 frameworks over the Py-
DPABT CMP can primarily be attributed to the graphitic
structure and heteroatoms. The formation of heteroatom-
doped porous carbon not only increases the overall capacitance
of the framework but also introduces additional charge storage
sites in Py-DPABT CMP-500 compared to Py-DPABT CMP-
700.**°°7%* Owing to its vast surface area, enhanced
conductivity, and ability to form double-layer capacitors,
porous carbon possesses distinctive properties that contribute
to this heightened capacitance. Consequently, the capacitance
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Figure 6. Specific capacitance values for Py-DPABT CMP, Py-
DPABT CMP-500, and Py-DPABT CMP-700.

performance of Py-DPABT CMP-500 surpasses that of the Py-
DPABT CMP and Py-DPABT CMP-700. Table SI indicates
that our Py-DPABT CMP-500 is a competitive option for
supercapacitor electrodes compared with other electrode
materials. Additionally, the capacitance retention of the Py-
DPABT CMP, Py-DPABT CMP-500, and Py-DPABT CMP-
700 was evaluated by subjecting them to 5000 cycles at 10 A
g, as shown in Figure S15. The results demonstrate durability
rates of approximately 81%, 94%, and 93% for the Py-DPABT
CMP, Py-DPABT CMP-500, and Py-DPABT CMP-700,
respectively. The Coulombic efficiencies for Py-DPABT
CMP, Py-DPABT CMP-500, and Py-DPABT CMP-700 are
96.57%, 98.1%, and 99%, respectively, after 5000 cycles
(Figure S16). In this study, electrochemical impedance
spectroscopy was used to investigate the interactions between
the electrolyte and electrode over a given frequency range,
utilizing a KOH solution as the electrolyte. The Nyquist plot’s
intersection with the real Z’' axis, shown in Figure S17a,
represents the solution resistance (R,), which arises from three
primary sources: the resistivity of the active materials, the
inherent resistivity of the electrolyte, and the ability to resist
the conductive electrode material to the current collector.
Figure S17b presents the equivalent fitted circuit of both Py-
DPABT CMP-500 and Py-DPABT CMP-700, where R, R.,
CPE—EDL, CPE—P, and Z, relate to series resistance as well
as transfer of charge resistance, constant phase elements
reflecting EDLC and pseudocapacitive behavior, and the
Warburg impedance, respectively. The ohmic resistances of
Py-DPABT CMP-500 and Py-DPABT CMP-700 were
measured to be 8.46 and 14.84 Q, while their charge transfer
resistances were 37.84 and 3936 Q (Table S2). Additionally,
Figure S17c presents a Bode plot displaying the frequency-
dependent magnitude of the impedance. The outcomes show a
typical slope at low frequencies and barely any resistance at
higher frequencies, demonstrating the strong capacitive
capabilities of the electrode materials. Furthermore, Figure
S17d illustrates the frequency-dependent phase angle of the
electrodes. The knee frequencies, corresponding to a phase
angle of —45°, where capacitive and resistive properties are
balanced, were identified as 9.03 Hz for Py-DPABT CMP-500
and 798 Hz for Py-DPABT CMP-700. These knee frequencies
are considered indicators of the materials’ rate capability and
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h) Py-DPABT CMP-500.

display an adequate relationship. CV is considered a crucial
method for analyzing a material’s electrochemical behavior
across a range of voltages, including its voltage process,
reversible nature, and kinetics (whether diffusion or surface-
controlled), as well as its energy storage mechanism. The
electrochemical data were presented, followed by an analysis of
the capacitive portion of the total charge storage. The charge-
storing properties of the electrodes were examined using a
power rule. This link between the utilized potential window
(v) and applied current density (i) is expressed by eq 1.

i(V) = av’ or (log i = a + blogv) (1)

The consistent parameters a and b are then established by
examining the intercept as well as the incline of the (log i)
against (log v) plots. The value of b is determined by the
incline calculated from the linear fit of the log i vs log v plot at
a constant voltage. A b value of 0.5 implies ion intercalation
into the electrode, which is typical of a diffusion-controlled
process, whereas a b value of 1 indicates capacitive behavior or
control by nondiffusive mechanisms. As seen in Figure 7a,b,
the plot between log i and log v reveals a and b values of about
0.4, implying that ion intercalation is the major process for
charge storage, as it is near to 0.5. Conversely, when the b
value exceeds 0.5, it indicates that capacitive processes play a
more significant role in the formation of the crystals than
intercalation under those conditions. The Trasatti method is
utilized to investigate the charge storage mechanisms in Py-
DPABT CMP and Py-DPABT CMP-500 materials, determin-
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ing the respective contributions of surface-controlled and
nonsurface-controlled capacitive processes to total charge
storage (Qun).

The value of the outer charge (Qyue:), Which peaks at the
maximum potential scan rate and is predominantly a surface
process, is illustrated in Figure 7¢,d, which were determined
using the specified eq 2.

Q= Qe + K0 )

The capacitance (C g') obtained using cyclic voltammetry
(CV) at corresponding potential sweep rates is represented by
Q, whereas K is a constant and v (mV s') denotes the
probable sweep value. To calculate the value of Q,.,, one can
use the intercept from the plot of Q versus v~*°. Additionally,
reduced scan rates allow ions more time to disperse, and under
these conditions, the stored charges amount to the total charge
(Quota)- For the materials Py-DPABT CMP and Py-DPABT
CMP-500, shown in Figure 7c,d, the capacitance can be
estimated using eq 3 based on the slope of (1/Q) and (+*°).

1 1
= 4

Q (3)

Consequently, the Py-DPABT CMP and Py-DPABT CMP-
500 electrodes display outer charges of 1.28 and 73.3 C g7/, as
well as with total charges of 101 and 169 C g~' (Figure 7e,f).
As a result, the diffusion-controlled faradic processes in Py-
DPABT CMP account for 96.5% of the charge storage, while
in Py-DPABT CMP-500, they contribute 46.5%. Figure 7gh

IG)O.S

total
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Figure 8. CV (a), GCD (b), specific capacitance (c), and Ragone (d) profiles for a symmetric supercapacitor coin cell of Py-DPABT CMP-500.

displays the proportions of diffusion-controlled and surface
contributions across various applied scan speeds.

Constructing a Symmetric Supercapacitor Coin Cell
for Py-DPABT CMP-500 and Py-DPABT CMP-700. Addi-
tionally, we employed a CR2032 coin cell to analyze the
electrochemical properties of a symmetric supercapacitor using
Py-DPABT CMP-500 and Py-DPABT CMP-700. As shown in
Figures 8a and S18a, CV profiles were obtained at varying scan
rates ranging from S to 200 mV s'. Due to EDLC and
pseudocapacitive effects, the electrodes’ curves had a virtually
rectangular form with noticeable humps in the lower potential
range, which is characteristic of supercapacitors.

The electrode had consistent durability as scan rates
increased, reflecting higher current densities and enhanced
performance and stability of the electrode materials. Addition-
ally, Figures 8b and S18b illustrate GCD curves for Py-DPABT
CMP-500 and Py-DPABT CMP-700, and GCD curves
exhibited an almost triangular form with a noticeable bend,
attributed to the heteroatoms in the material, which indicates
the collective impacts of EDLC and pseudocapacitance. The
specific capacitances of Py-DPABT CMP-500 and Py-DPABT
CMP-700 achieved were 627 F g and 121 Fg'at 1 A g™/,
respectively (Figures 8c and S18c]. Compared with Py-
DPABT CMP-700, Py-DPABT CMP-500 maintains a high
level of 243 F g_1 even at 20 A g_l, as shown in Figure 8c. As
illustrated in Figures 8d and S18d, the Ragone plot indicates an
energy density of 43.33 Wh kg™' and 16.80 Wh kg™' for Py-
DPABT CMP-500 and Py-DPABT CMP-700, respectively. A
cycle stability test of Py-DPABT CMP-500 and Py-DPABT
CMP-700 was conducted over 5000 cycles, depicted in Figure
S19, and demonstrated exceptional capacity retention of
99.55% and 98.51%, respectively. These results can be
attributed to the heteroatoms enhancing the electrode—
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electrolyte interaction, which increased the surface area and
facilitated the flow of electrolyte ions. The Coulombic
efficiency for the symmetric supercapacitor coin cell of Py-
DPABT CMP-500 is 98.9% after 5000 cycles (Figure S20).
Additionally, the Nyquist plot for both Py-DPABT CMP-500
and Py-DPABT CMP-700 in a symmetric coin cell
configuration was analyzed to evaluate key electrode proper-
ties, such as charge transfer resistance and series resistance, as
shown in Figure S2la—d. In this setup, the initial series
resistance (Ohmic resistance) obtained from Figure S21a was
measured to be 16.95 Q for Py-DPABT CMP-500 and 14.95 Q
for Py-DPABT CMP-700 (Table S2). In addition, the charge
transfer resistances were recorded at 51.07 Q and 68.76 Q,
respectively. This demonstrates the superior performance of
the Py-DPABT CMP-500. The equivalent fitted circuit of both
Py-DPABT CMP-500 and Py-DPABT CMP-700 was shown in
Figure S21b, where R, R, CPE—EDL, and Z,, correspond to
the series resistance, charge transfer resistance, constant phase
elements reflecting EDLC, and the Warburg impedance,
respectively. Further, Figure S21c presents a Bode plot that
illustrates the impedance magnitude as a function of frequency.
The data reveal a typical slope at lower frequencies, with
resistance decreasing as frequency increases, which indicates
the electrode materials’ strong capacitive behavior. Addition-
ally, Figure S21d depicts the phase angle variation with
frequency. The knee frequencies, where the phase angle
reaches —45°, signifying a balance between capacitive and
resistive characteristics, were determined to be 25.06 Hz for
Py-DPABT CMP-500 and 81.94 Hz for Py-DPABT CMP-700.
In terms of conductivity within the coin cell configuration, Py-
DPABT CMP-500 demonstrated a value of 0.0195 S m™),
compared to 0.0145 S m™' for Py-DPABT CMP-700,
indicating that Py-DPABT CMP-500 possesses superior
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Figure 9. (a) LSV plots Bare GC, Py-DPABT CMP-500, and Py-DPABT CMP-500 in 1 M KOH electrolyte, (b) overpotential of different
materials at different current densities, (c) Tafel slope of Py-DPABT CMP-500 and Py-DPA-BT-700, (d) capacitive current density as a function of
scan rate, (e) Nyquist plots (inset shows the equivalent circuit diagram), and (f) chronoamperometry (i-t) plot of Py-DPABT CMP-500.

conductivity. Py-DPABT CMP-500 has lower resistance and
higher conductivity, highlighting its abilities as a better
substrate for electrodes for the storage of energy applications.
Figure S22a illustrates the graph between log i and log v for the
coin cell supercapacitor, showing a value of b close to 0.9,
which approximates 1. This indicates that capacitive processes
are more dominant than intercalation in this scenario. The coin
cell supercapacitor possesses an outer charge of 22.8 C g™* and
a total charge of 37.8 C g~ (Figures S22b and S22c). Figure
§22d presents the percentage of diffusion-controlled and
surface contributions across various applied scan speeds.
Electrochemical Hydrogen Production Performance
of Py-DPABT CMP-500 and Py-DPABT CMP-700. The
electrocatalytic HER activity of the synthesized samples was
studied using a three-electrode system. Linear sweep
voltammetry (LSV) measurements were carried out in a 1 M
KOH solution, where a sharp increase in cathodic current
indicated hydrogen generation via water splitting at specific
negative potentials. As shown in Figure 9a, the carbonized
samples demonstrated superior HER activity compared to the
bare glassy carbon (GC) electrode. Notably, lower over-
potential values were associated with enhanced electrocatalytic
performance for HER. Py-DPABT CMP-500 required an
overpotential of only 325 mV to achieve a current density of 10
mA cm™? significantly outperforming Py-DPABT CMP-700,
which required 797 mV. This difference highlights the superior
electrocatalytic efficiency of Py-DPABT CMP-500. Further-
more, the lower overpotentials required to reach higher current
densities (50 and 100 mA cm™2) for Py-DPABT CMP-500
further confirmed its promising HER activity (Figure 9b). The
Tafel plots provided additional insights into the catalytic
kinetics, as shown in Figure 9c. Py-DPABT CMP-500
exhibited a Tafel slope of 169 mV dec™’, compared to 226
mV dec™' for Py-DPABT CMP-700, indicating that Py-
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DPABT CMP-500 possessed faster reaction kinetics during the
HER. Cy is a key parameter for understanding the dual-layer
behavior at the interface of the electrode—electrolyte. To
determine Cg, cyclic voltammograms (CVs) were taken in
nonfaradaic regions at various scan rates, and the Cy was
calculated from the slope of the AJ versus scan rate plots. The
CV profiles of the samples (Figure S23) exhibited a rectangular
shape, indicative of the double-layer capacitance behavior of
the catalysts. As shown in Figure 9d, Py-DPABT CMP-500
displayed an exceptionally high C, value of 72.8 mF cm™?,
which is approximately 121 times greater than that of Py-
DPABT CMP-700 (0.6 mF cm™2). In addition to LSV, Tafel
slopes, and double-layer capacitance, the R at the electrode—
electrolyte interface, derived from Nyquist plots, provides
valuable insights into electrocatalytic activity. As depicted in
Figure 9¢, Py-DPABT CMP-500 exhibited a significantly lower
R, value of 88 Q compared to 195 Q for Py-DPABT CMP-
700. This lower R, value indicates superior charge transfer
capabilities at the interface of the electrode—electrolyte. The
enhanced outcomes of Py-DPABT CMP-500 can be attributed
to its high surface area and extended conjugated z-electronic
structure, which provide a large electrode—electrolyte inter-
facial area and facilitate efficient charge transfer. A current—
time (i-t) stability test was used to evaluate the catalysts’
endurance over time. As shown in Figure 9f, Py-DPABT CMP-
500 exhibited remarkable stability, maintaining a nearly
constant current density at —0.32 V vs RHE over 18 h. This
result underscores the excellent electrochemical stability of Py-
DPABT CMP-500 for alkaline HER applications.

B CONCLUSIONS

In summary, we developed N- and S-doped microporous
carbons (Py-DPABT CMP-500) through a one-step carbon-
ization process using Py-DPABT CMP as the atomic source at
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500 °C. These materials serve as excellent candidates for CO,
capture and as organic electrodes in supercapacitors (SCs).
The resulting Py-DPABT CMP-500 showed exceptional ability
to SAgpr of 423 m* ¢! and CO, uptake up to 3.55 mmol g~".
Doped with N and S heteroatoms, the material showed
exceptional electrochemical properties, such as a specific
capacitance of 973 F g~'. The exceptional capacitance is
attributable to its high SApgy, and the occurrence of
electrochemically active heteroatoms is retained after the
carbonization process. In addition to CO, uptake and
supercapacitor applications, the HER of Py-DPABT CMP-
500 was investigated in a 1 M KOH electrolyte using a three-
electrode system. The material achieved a current density of 10
mA cm> with an overpotential of 325 mV and exhibited a
Tafel slope of 169 mV dec™'. This study introduced a simple
method for producing high-value carbon materials from CMP,
examining their possible uses in HER applications, gas capture,
and high-performance energy storage systems.
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