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Lately, there has been growing interest in utilizing conjugated microporous polymers (CMPs) as favorable
electrodes for storing energy. However, certain synthesized CMPs have exhibited limitations such as
depressed conductivity as well as inefficient electrochemical properties, which have hindered their
feasible use. In this regard, we effectively synthesized microporous carbonaceous materials via
calcination followed by KOH activation processes for both TAT-Cz and TAT-BCz CMPs. The resulting
microporous carbons showed noteworthy characteristics, including a significantly large surface area (up
to 600 m? g~3), notable pore volume (reaching 0.75 cm® g4, superb thermal stabilization and char yield
(up to 791 °C and 90%), and amorphous nature. In particular, the thermal treatment of TAT-Cz CMP at
800 °C produced the TAT-Cz-800, which displayed a remarkable electrochemical capacitance of 1005 F
gt at 1.0 A g* current density. This outstanding capacitance value is comparable to those of other
porous carbon materials. Additionally, TAT-Cz-800 demonstrated the best coulombic efficiencies over
a span of 5000 cycles at 10 A g~* reaching 98.59%. Moreover, the excellent energy density for TAT-Cz-
800 carbons was determined to be 139.58 W h kg™ at a power density of 500 W kg™ Interestingly,
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Accepted 17th May 2024 a two-electrode symmetric SC holding TAT-Cz-800 displayed a superb electrochemical capacitance of

458 F g' at 1.0 A g% and a higher energy density up to 63.61 W h kg~*. The exceptional
DOI: 10.1039/d4ta01242a electrochemical efficacy of TAT-Cz-800 as an electrode for energy storage is likely due to its large

rsc.li/materials-a surface area, highly porous carbon structure, and high degree of nitrogen and oxygen contents.
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Introduction

The past decade has seen significant advancements and
increased focus on clean and sustainable energy sources due to
the growing concerns about environmental pollution, climate
changes, and the need to address energy security. To combat
these challenges, various countries have dedicated resources
and research to the development of clean and recyclable energy
technologies. Notable examples include solar energy, nuclear
power, wind energy, and innovations in energy storage like
supercapacitors (SCs)."* Among the spectrum of energy storage
technologies, SCs have garnered notable attention due to their
distinctive attributes such as remarkable power density, robust
cycle stability, rapid charge-discharge capabilities, and a safety
profile that remains intact. Despite some drawbacks, such as
lower energy density, these qualities position SCs as compelling
contenders for energy storage.*” There are two distinct cate-
gories of SCs, differentiated by their release mechanisms and
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energy storage modes: pseudocapacitors and electrochemical
double-layer capacitors (EDLCs).?

Conjugated microporous polymers (CMPs)*** represent
a novel class of porous organic polymers (POPs),"*** distin-
guished by their intricate networks of nanopores and extended
m-conjugation. The fabrication of CMPs has conventionally
involved employing C-N or C-C coupling reactions. These
reactions encompass methodologies such as Buchwald amina-
tion, cyclotrimerization, Schiff base reaction, phenazine rings
fusion, Suzuki reaction, Yamamoto reaction, Sonogashira
reaction, and oxidative polymerization.’*** The synthesized
CMPs have a diverse array of applications such as energy storage
and conversion, chemosensing, catalytic systems, gas separa-
tion, organic light-emitting diode (OLED) technologies, as well
as biological sciences.”*® Due to the diversity of building blocks
comprising CMP structures, their inherent structural tunability,
and their capacity for modifying m-conjugated segments, CMPs
offer several advantages over conventional electrode materials
when using in SCs applications.*?* CMPs are frequently
utilized in SCs, partly due to their cost-effectiveness and wide-
spread availability, however, certain synthesized CMPs exhibi-
ted limited electrical conductivity and inadequate redox
efficiency, impeding their practical applicability.
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The fabrication of porous carbon materials has garnered
considerable interest owing to their intriguing characteristics.
These encompass exceptional electrical conductivity, substan-
tial pore volumes, large surface areas, and robust stabilities.**?*¢
Consequently, porous carbons have found applications across
a spectrum of practical scenarios. Notable examples include
their use in gas separation and capture, catalytic processes, fuel
cell technologies, energy storage, water treatment, as well as
shielding electromagnetic interfaces.*”** As stated in the liter-
ature, the synthesis of porous carbonaceous materials pos-
sessing exceptional porosity and substantial surface area can be
accomplished through chemical activation techniques, appli-
cable to numerous polymer precursors. Notable examples of
these polymers encompass CMPs, metal-organic frameworks
(MOFs), porous aromatic frameworks (PAFs), and hyper-
crosslinked polymers (HCPs).>*™**

Porous carbons have been synthesized using a carboniza-
tion-activation approach. Typically, carbonization involves
heating organic precursors within a range of 400 to 1000 °C
under inert conditions. Carbonization yields nonporous solid
carbons, often referred to as biochar. The introduction of pore-
forming agents, also known as porogens, is employed during
the activation process to generate pores. The acquired biochar
subsequently engages in oxidation reactions utilizing activation
agents. These agents include O,, air, CO,, or H,O in physical
activation, and KOH, H;PO,, ZnCl,, or Na,CO; for chemical
activation.**® The chemical activation approach is commonly
applied to generate carbons exhibiting large surface areas
ranging from 1000 to 3000 m> g™, by the utilization of activa-
tion agents such as KOH or NaOH.*** When dealing with
electrode materials intended for SCs, the macropores within
porous carbons function as reservoirs for electrolyte ions. In
addition, mesopores function as channels for the diffusion of
ions, whereas micropores have a predominant role in ion
storage, as they significantly contribute to both great surface
area and electrochemical capacitance, surpassing the contri-
butions of mesopores and macropores.

For instance, Kuo et al. have synthesized bio-derived poly-
benzoxazine containing cyano group (VFBZ-CN). The thermal
calcination at 700 °C and 800 °C, accompanied by KOH acti-
vation, resulted in poly(VFBZ-CN)-700 and poly(VFBZ-CN)-800
respectively, which were applied as electrodes for SCs. The
highest capacitance was measured to be 506 F g~ ' for
poly(VFBZ-CN)-800 at 0.5 A g ' in a KOH solution.* Also, the
same group constructed meso/microporous carbons (TPE-
CPOP1-800 and TPE-CPOP2-800) via these procedures and
examined their electrochemical behavior. TPE-CPOP1-800
exhibited the highest capacitance of 453 F ¢ " at 0.5 A g "
with good cyclic stabilities for 10000 cycles at 20 A g %
Moreover, we have synthesized porous carbonaceous carbons
through calcination and KOH activation of
tetraphenylcyclopentadiene-based CMPs (CP-TCT-700 and
CPM-TCT-700) and applied them as cathodic electrodes for SCs.
The top capacitance was measured to be 83 F g~ * for CP-TCT-
700 at 1.0 A g~ * current density.™

Triazatruxene, or triindole with molecular structure resem-
bling a planar disk, adopts ordered columnar configurations
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through m-orbitals interaction which favors the charge carrier's
migration in one-dimension.*” This extended conjugation, in
which three carbazole building blocks share one benzene ring,
can readily undergoes functionalization at various locations.
Indeed, the capability for symmetric functionalization at the 3,
8, and 13 sites allows for an extensive expansion of its T-core.
Triazatruxene emerges as a compelling building unit for the
preparation of robust organic semiconductors, showcasing
potential in diverse optoelectronic applications.> Indeed,
certain derivatives of triazatruxene have been documented as
viable organic substances in the realm of OLEDs,**** organic
photovoltaics (OPVs),** and more recently, in organic thin-film
transistors (OTFTs).””

In this study, we focused on the fabrication of microporous
carbonaceous materials through the process of calcination and
KOH activation at a temperature of 800 °C. These materials were
derived from TAT-Cz and TAT-BCz CMPs, which were synthe-
sized by the Suzuki polymerization of TAT-3Br in the existence
of Pd(PPh;), catalyst with either Cz-3BO or BCz-4BO. To
understand their properties, we employed a range of analytical
measurements such as Fourier transform infrared (FTIR),
nuclear magnetic resonance (NMR), X-ray photoelectron spec-
troscopy (XPS), Raman spectra, thermal gravimetric analysis
(TGA), X-ray diffraction (XRD), and BET surface area analyses to
characterize their chemical composition, thermal stability,
crystallinity, and surface area of the derived materials. More-
over, we conducted electrochemical measurements for the
resulting polymers and their corresponding carbons, TAT-Cz-
800, and TAT-BCz-800, to evaluate their suitability for energy
storage applications.

Results and discussion

The significant surface area of some polymers renders them
promising candidates for enhancing the efficiency of SC elec-
trodes. Unfortunately, many reported polymers exhibit weak
electrical conductivity which can indeed hinder their successful
application. The addition of some conductive materials can
enhance conductivity, but it inevitably leads to a decline in
surface area. Recently, converting polymeric materials into their
corresponding carbonaceous materials was proved to effectively
resolve conductivity issues. This transformation significantly
enhances their electrical mobility while maintaining the
fundamental polymeric structure, resulting in electrodes with
reasonably high capacitances for SCs.*® Undoubtedly, the extent
to which the electrode material in EDLCs may be reached by
electrolyte ions is of utmost importance in determining the
effectiveness of SCs. Therefore, porous carbons are commonly
utilized as electrode components because of their large specific
surface area, remarkable thermo-chemical reliability, tunable
pore structure, exceptional mechanical characteristics, and
high electrical conductivity.*** To summarize, an ideal polymer
electrode for energy storage should feature a large specific
surface area, high wettability, and excellent conductivity, and
hence we have chosen to use porous carbon materials as elec-
trodes for storing energy instead of their polymer counterparts.
Therefore, we chose tribromotriazatruxene (TAT-3Br) as the
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starting material to facilitate Suzuki coupling polymerization
with  3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9-(4-
(4,4,5,5-tetramethyl-1,3,2  dioxaborolan-2-yl)phenyl)-9H-carba-
zole (Cz-3BO) and 3,3',6,6'-tetraboronic-pinacolate-9,9’-bicar-
bazole (BCz-4BO), resulting in the TAT-Cz and TAT-BCz CMPs,
respectively (Scheme 1). The precursors Cz-3BO, BCz-4BO, and
TAT-3Br were successfully synthesized with high yields
following established methods in the literature,** as outlined
in the corresponding synthetic routes presented in (Schemes
S1-S31). FTIR and NMR spectra analyses were employed to
confirm the effective synthesis of all utilized monomers (Fig.
S1-S97). The CMPs featuring the triazatruxene building block
were synthesized through a straightforward Suzuki polymeri-
zation reaction, in which TAT-3Br was reacted with both Cz-3BO
and BCz-4BO. This reaction was conducted in a co-solvent
mixture of DMF and H,O at 140 °C for 3 days, using
Pd(PPh;), catalyst in the reaction medium (Schemes S4 and
S57). Finally, the TAT-Cz-800 and TAT-BCz-800 microporous
carbons were obtained through the calcination and KOH acti-
vation of their corresponding CMPs at 800 °C under nitrogen
atmosphere. The reaction yields of the as-synthesized conju-
gated polymers were 75.60% for TAT-Cz and 81.35% for TAT-
BCz. Also, the calculated carbonization yields for the
produced carbonaceous materials were 72.25% and 68.13% for
TAT-Cz-800 and TAT-BCz-800, respectively. The isolated CMPs
exhibited very low solubility in water and various organic
solvents, indicating a high degree of crosslinking and poly-
merization. The FTIR and solid-state ">*C NMR techniques have
been utilized to evaluate the perfect polymerization of mono-
mers into polymers as well as the polymeric composition. The
complete absence of B-O and C-H stretching vibrations peaks
in the FTIR profile of TAT-CMPs, in comparison to its precursor
Cz-3BO (1350, 2981, and 2928 cm™ ') and BCz-4BO (1350, 2977,
and 2930 cm™'), along with the disappearance of the C-Br
absorption peak at 795 cm ™" in the TAT-3Br master monomer,
demonstrates the effective C-C bond formation between the
monomers, resulting in the desired polymers (Fig. S10 and
S11}). Furthermore, the FTIR spectroscopy of TAT-Cz CMP
revealed characteristic peaks related to C=C, C-H aliphatic,
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Scheme 1l Synthetic procedures of (a) TAT-Cz and (b) TAT-BCz CMPs.
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and C-H aromatic absorption bands at 1604, 2927, 2970 and
3053 cm™ ', respectively. In addition, the FTIR spectra of TAT-
BCz CMP showed peaks at 1576, 2927, 2969 and 3052 cm ™'
for the same stretching bonds, indicating the successful
formation of the conjugated polymers with slight shifts in these
vibrational frequencies compared to the starting monomers
(Fig. 1A).

Additionally, the chemical structure of our polymers under
study was emphasized by solid state >*C NMR spectroscopy.
This analysis displayed wide peaks in the range 64.93-
81.71 ppm for TAT-Cz CMP and 73.83-89.83 ppm for TAT-BCz
CMP, attributed to aliphatic carbons of TAT monomer.
Furthermore, there are broad bands assigned to the aromatic
carbons in the polymeric structures which were located in the
range of 114.91-146.33 ppm for TAT-Cz polymer and 117.88-
147.51 ppm for TAT-BCz polymer (Fig. 1B).

The synthesized CMPs as well as their corresponding
carbonaceous materials exhibited a notable degree of stiffness
and rigidity, as evidenced by their limited solubility in various
solvents. TGA has been utilized to investigate the thermal
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Fig.1 (A) FTIR analyses; and (B) solid state *C NMR spectra of TAT-Cz,
and TAT-BCz CMPs.
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properties of polymers and carbon materials in a specific range
of temperature (40 to 800 °C) under a stream N, gas. The TGA
profiles obtained, as represented in Fig. S12,7 indicated that
whole studied materials, both prior and next carbonization,
exhibited significant thermal stability. Specifically, TAT-Cz
CMP, TAT-BCz CMP, TAT-Cz-800, and TAT-BCz-800 had 10%
weight loss degradation temperatures (Tq410) of 536 °C, 521 °C,
791 °C, and 545 °C, respectively. In conclusion, the study also
included an assessment of char yields, with TAT-Cz CMP
showing an 81% yield, TAT-BCz CMP with a 76% yield, TAT-
BCz-800 yielding 79%, and the highest char yield of 90% was
observed for TAT-Cz-800 (Table S17).

Fig. S13t represents the results of XPS tests conducted on the
prepared microporous carbons. It contains elements including
C, N and O, indicating the successful doping of nitrogen, as well
as oxygen atoms into the porous carbon substrate. The TAT-Cz-
800 microporous carbons displayed three prominent XPS
signals: the C 1s signal at 282.81 eV, the N 1s signal at 377.47 eV,
and the O 1s signal at 530.32 eV.

In addition, TAT-BCz-800 exhibited distinct peaks in the XPS
spectrum, including the C 1s signal at 283.54 eV, the N 1s signal
at 377.47 eV, and the O 1s signal at 531.87 eV. To examine the
composition of carbon atoms in our carbonaceous materials,
fitting analyses have been utilized, in which the C 1s signal of
TAT-Cz-800 revealed three distinct peaks located at 283.96 €V,
284.72 eV, and 285.65 eV, characteristic of C=C, C=N, and C=
O, respectively, whereas the corresponding C 1s fitting peaks for

(@) (b)
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TAT-BCz-800 were centered at 283.98 eV, 284.87 eV, and
285.42 eV, respectively.®* (Fig. 2a and d) Furthermore, fitting of
the N 1s peak of TAT-Cz-800, revealing four peaks at 376.53 eV,
377.63 eV, 378.86 eV, and 380.05 eV, which were assigned to
pyridinic nitrogen, pyrrolic nitrogen, quaternary nitrogen, and
oxidized nitrogen functionalities, respectively.*® The
corresponding N 1s fitting values were 375.75 eV, 377.31 eV,
378.29 eV, and 379.21 eV, respectively, for TAT-BCz-800 (Fig. 2b
and e). Additionally, doing fitting analysis for the O 1s signal
resulted in three featured values characteristics for quinone
oxygen, ether oxygen, and carboxylic oxygen functional
groups.®” In case of TAT-Cz-800 carbons, these values were
analyzed to be 530.86 eV, 531.47 eV, and 532.38 eV, respectively,
whereas for TAT-BCz-800 carbon material, the corresponding
values were fitted to be 530.65 eV, 531.35 eV, and 532.89 €V,
respectively (Fig. 2c and f).

The XPS data were summarized in Table S2. As expected,
both TAT-Cz-800 and TAT-BCz-800 carbons had higher carbon
content, accounting for 80.23% and 83.57%, respectively.
However, owing to nitrogen and oxygen doping, the carbon
percentage of TAT-Cz-800 is relatively decreased, and the
introduced nitrogen content was 11.06% for TAT-Cz-800
compared to 8.45% for TAT-BCz-800. It can also be observed
that the relative oxygen content increased slightly, from 7.98%
for TAT-BCz-800 to 8.71% for TAT-Cz-800. Heteroatom doping
of microporous carbons can enhance hydrophilicity, stability,
specific capacitance, and electrochemical efficiency as well.*
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Fig. 2 XPS analyses of (a) C 1s peak, (b) N 1s peak, and (c) O 1s peak of TAT-Cz-800; (d) C 1s peak, (e) N 1s peak, and (f) O 1s peak of TAT-BCz-

800.
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From Table S3,f the doping nitrogen of TAT-Cz-800 was
composed of 32.5%, 42.2% 12.6%, and 12.7% attributed to N-
pyridinic, N-pyrrolic, N-quaternary, and N-oxidized, respec-
tively. The corresponding values for TAT-BCz-800 were 28.7%,
38.9%, 19.8%, and 12.6%, respectively. N-Quaternary
compounds have the ability to enhance redox processes, as
well as boost the rate of electronic transfer and conductivity.*-*°
N-Pyridinic and N-pyrrolic functionalities can enhance electro-
chemical performance by providing abundantly accessible
defects, thus facilitating sufficient energy storage and active
centers.”” They also contribute significantly to pseudocapaci-
tance, thereby making a substantial contribution to electro-
chemical capacities.””> The oxygen content of TAT-Cz-800
mainly consisted of 39.3%, 18.7%, and 42.0% which related to
O-quinone, O-ether, and O-carboxylic, respectively, whereas the
TAT-BCz-800 exhibited the corresponding values as 38.8%,
23.6%, and 37.6%, respectively. The presence of pseudocapa-
citance from the oxygen-containing functionalities is depen-
dent on a reversible faradaic redox mechanism.”>”* Acidic
functionalities, particularly carboxyl groups, undergo reactions
with hydroxyl ions in alkaline solutions, leading to improved
electrochemical efficiency.””® Consequently, the TAT-Cz-800
with higher nitrogen and oxygen contents had greater electro-
chemical capacitance and power density than the TAT-BCz-800
counterpart.

Besides that, XPS was effectively determined the chemical
bonding characteristics as well as the carbon and nitrogen
contents of the starting TAT-Cz and TAT-BCz polymers. The XPS
survey spectrum revealed two prominent signals: C 1s signal at
285.67 €V for the TAT-Cz and TAT-BCz CMPs, in addition to N 1s
signals at 401.09 eV and 400.64 eV, for the TAT-Cz and TAT-BCz
CMPs respectively (Fig. S147).

As shown in (Fig. S15a and ct), two peaks were observed in
the high-resolution spectrum of the C 1s signal which was
mainly assigned to C=C (284.05 eV for TAT-Cz CMP and
284.02 eV for TAT-BCz CMP) and C-N (284.79 eV for TAT-Cz
CMP and 284.93 eV for TAT-BCz CMP). In addition, the N 1s
spectrum of the TAT-Cz polymer has been fitted for only one
peak at 399.63 eV characteristic of C-N, whereas for TAT-BCz
CMP, it had a broad peak at 399.57 eV which was attributed
to C-N and N-N functional groups. (Fig. S15b and df) The
elemental compositions and percentage of every functionality
were given in Tables S2-S4.F

By comparing the XPS results before and after calcination
and KOH activation processes, one can conclude that there is
a perfect conversion of polymers into their corresponding
doped carbons with varying compositions. There is no oxygen
content in the original polymers, but high carbon content and
oxygen-doping appeared in the produced carbon materials.
These results have exactly resembled those of reported carbon
materials**”” with definite chemical structure as represented
in (Fig. S167).

The XRD patterns revealed the presence of three sharp
diffraction peaks at 26 of 21.31°, 29.76°, and 30.78°, assigned to
the graphitic stacking of the (002) and (100) planes.”” Further-
more, a notable XRD peak at a value of 43.42°, corresponding to
the (101) plane, confirmed the existence of a graphitic

This journal is © The Royal Society of Chemistry 2024
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structure.” These results underscore the successful conversion
of the polymeric precursors into their corresponding carbon
materials. As a result, both TAT-Cz-800 and TAT-BCz-800
exhibited irregular and amorphous carbon structures, contrib-
uting to substantial porosity, large surface area and outstanding
energy storage capacity”® (Fig. 3a).

Raman spectroscopy has been utilized to extra investigate
the structural nature of the as-synthesized carbonaceous
materials. The Raman spectra of TAT-Cz-800 revealed two
prominent bands: the D band at 1323 cm ™", signifying a defec-
ted carbon structure, and the G band at 1579 cm ™!, linked to the
symmetry and crystallization of carbon materials. Moreover, the
D and G Raman signals for TAT-BCz-800 were detected at 1329
and 1581 cm ™, respectively.*®* Remarkably, the G-band posi-
tion in TAT-BCz-800 closely resembled that of graphene
(1581 em ™), signifying a more graphenoid structure compared
to TAT-Cz-800. The D band to the G band intensity ratio (Ip/Ig)
provides insights into carbon graphitization degree.** The
calculations showed I/I intensity ratios of 1.20 for TAT-Cz-800
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Fig. 3 (a) XRD analysis and (b) Raman spectra of TAT-Cz-800 and
TAT-BCz-800.
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and 1.26 for TAT-BCz-800, indicating that TAT-BCz-800 had
a greater graphitization degree and a more ordered carbon
structure compared to TAT-Cz-800 (Fig. 3b).*

Again, the successful transformation of the utilized conju-
gated polymers into their corresponding microporous carbons
has been confirmed by comparing the XRD and Raman analyses
of the polymers before and after carbonization process. XRD
analysis of both TAT-Cz, and TAT-BCz CMPs revealed no
diffraction peaks, demonstrating the polymers’ amorphous
nature in contrast to the sharp diffraction signals of their
resulting carbons. (Fig. S17}) In addition, Raman profiles of the
polymers exhibited faint and shifted G and D bands in
comparable to those of their carbonaceous materials (Fig. S187).

Elemental analysis has been utilized to elucidate the chem-
ical composition of the as-synthesized polymers and their
produced carbons. The results demonstrated that both TAT-Cz-
800 and TAT-BCz-800 carbons are rich in carbon content with
enough doped nitrogen and oxygen heteroatoms. The carbon
content of TAT-BCz-800 had a value of 86.36% which is slightly
higher than that of TAT-Cz-800 (78.18%). On the other hand, the
TAT-Cz-800 was richer in both nitrogen and oxygen function-
alities (13.22% and 8.60%, respectively) compared to those
values of TAT-BCz-800 (8.29% and 5.35%, respectively). The
obtained data were in full agreement with the XPS analysis,
proposed chemical structure, and the electrochemical perfor-
mance of the prepared porous carbon materials (Table S57).

Generally, carbonization of COFs typically leads to the
collapse of the pore architecture, which in turn causes a decline
in the specific area of the surface. In contrast, CMPs that have
strong covalent C-C bonds are able to preserve the integrity of
these bonds even at high temperatures, which helps to prevent
the pore structure from collapsing.®* Chemical activation can
enhance the specific surface area and provide ordered pore size
distribution of carbonaceous materials, thereby mitigating the
reduction in the specific surface area caused by pore collapse to
some extent.’**¢ Furthermore, the activation on carbon mate-
rials leads to an increase in oxygen-containing functional
groups which significantly enhances electrochemical effi-
ciency.*” Consequently, we have used this strategy of carbon-
ization and KOH activation to improve the electrochemical
efficiency of our polymers. To determine the porosity parame-
ters of the triazatruxene-based CMPs and their corresponding
carbons, low-temperature N, sorption isotherms have been
measured. The microporosity characteristics for the as-
synthesized polymers and the carbonaceous materials were
confirmed and presented in (Fig. 4a and b) which follow the
type-II isothermal profile. At lower relative pressure, there is
a decline of N, uptake within the porous structure. However,
a significant increase in N, uptake has been noticed as the
relative pressure increased to be greater than 0.95 indicating the
existence of additional macropores alongside the primary
micropores. This phenomenon may be assigned to the inter-
particulate cavities resulting from the loose packing of tiny
particles. The hierarchical structures and the high degree of
microporosity were also proved by the hysteresis loop observed
in the figures. The obtained BET surface area of TAT-Cz polymer
was 485 m” g~ ', whereas the TAT-Cz-800 carbonaceous material
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curves of (c) TAT-Cz CMP and TAT-Cz-800; (d) TAT-BCz CMP and
TAT-BCz-800.

exhibited a higher BET surface area value, reaching 600 m* g .
The same behavior was observed for the second couple, in
which the TAT-BCz polymer before carbonization had a lower
surface area value (128 m”> g~') in comparable to the corre-
sponding carbon materials obtained after calcination (384 m>
g 1). Therefore, both TAT-Cz and TAT-BCz polymers with the
smallest BET surface areas were suggested to have a lower
electrochemical efficiency than their corresponding carbon
materials. The observed pore sizes were centered at 0.96 nm for
TAT-Cz CMP, 1.07 nm for TAT-Cz-800, 1.03 nm for TAT-BCz
CMP and 1.80 nm for TAT-BCz-800. Moreover, The calculated
pore volumes were 0.36, 0.75, 0.09 and 0.16 cm® g~ corre-
sponding to TAT-Cz CMP, TAT-Cz-800, TAT-BCz CMP and TAT-
BCz-800, respectively, indicating the existence of interfacial
micropores on the surface of our electrode materials (Fig. 4c,
d and Table S67).

The morphological characteristics of both the triazatruxene-
based polymers and their carbonized counterparts were inves-
tigated through scanning electron microscope (SEM) and
transmission electron microscope (TEM). SEM analysis of TAT-
Cz and TAT-BCz CMPs revealed the accumulation of particles of
varying sizes, creating porous structures with numerous cavi-
ties. Moreover, TAT-Cz-800 and TAT-BCz-800 exhibited a flower-
like morphology characterized by micro-sized cavities. The
random aggregation of nanoparticles in these materials led to
the formation of larger pores, which are well-suited for facili-
tating the ions diffusion within the electrode material
(Fig. 5a-d). The polymers’ external morphology was analyzed
using TEM. All the CMPs and the produced carbons exhibited
aggregated particles with diverse shapes (Fig. 5e-h). The low-
magnification HR-TEM photos confirmed the highly uniform
and microporous structure for both TAT-Cz-800 and TAT-BCz-
800 carbon materials. Their pore diameters were found to be
smaller than 2.0 nm. (Fig. S19t) This hierarchical and porous
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Fig.5 SEM photos of (a) TAT-Cz CMP, (b) TAT-BCz CMP, (c) TAT-Cz-800, and (d) TAT-BCz-800. TEM photos of (e) TAT-Cz CMP, (f) TAT-BCz

CMP, (g) TAT-Cz-800, and (h) TAT-BCz-800.

nature is beneficial in accelerating ion transfer, thereby
enhancing the rate capacity of SCs.*

The electrochemical characteristics of the developed conju-
gated polymers and their carbonaceous materials were assessed
through a three-electrode technique, involving cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD) methods,
in a1 M KOH alkaline electrolyte. A comparison of the produced
CV and GCD plots for both TAT-Cz and TAT-BCz polymers with
those of TAT-Cz-800 and TAT-BCz-800 carbons has been
studied. These CV analyses were performed over a potential
window of —1.0 to 0.0 V against the Hg/HgO reference electrode,
with varying sweep rates (5 mV s~ to 200 mV s~ ') (Fig. 6a, b and
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Fig. 6 CV profiles of (a) TAT-Cz CMP, and (b) TAT-Cz-800. The
corresponding GCD profiles of (c) TAT-Cz CMP, and (d) TAT-Cz-800,
recorded at various current densities in the three electrodes system.
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8a, b). The materials being investigated represented CV profiles
with a nearly rectangular shape, occasionally accompanied by
minor humps specially for the synthesized CMPs. These CV
curves remained fairly consistent by raising the potentials from
5t0 200 mV s~ ', affirming their stabilization, and indicating the
EDLC nature of their capacitance. The appearance of such small
humps in the CV profiles is indeed indicative of pseudocapa-
citance, which can be referred to the heteroatoms content and
electron-rich phenyl groups within the materials' frameworks.
This phenomenon of induced pseudocapacitance enhances
reversibility of redox reactions during the charge and discharge
procedures.®®

The intrinsic specific surface areas as well as the existence of
numerous electron-enriched phenyl rings in the as-prepared
CMPs and their corresponding carbon materials contributed
to the excellent coherence of their CV curves across different
scan rates. Carbon materials doped with heteroatoms (i.e.
oxygen and nitrogen), serves to boost not only their electro-
chemical performance but also their stability, morphology, and
hydrophilicity through the introduction of various functional-
ities linked to their surfaces.®* Consequently, the existence of
heteroatoms, combined with unique morphologies, played
a vital role in generating significant pseudocapacitance. Addi-
tionally, the improved mobility of phenyl electrons contributed
to superior contact with the KOH electrolyte, ultimately leading
to increased electrochemical performance. Moreover, as the
sweep rate potential rises, a noticeable rise in current density is
observed, and the CV curves maintain their rectangular shapes
without distortion. This observation suggests great rate capa-
bility and facile kinetics.*

In addition, the GCD analyses were performed on the
studied CMPs and their carbons at various current densities,
spanning from 1.0 to 20 A g~ " (Fig. 6c, d and 8c, d). The ob-

tained GCD curves exhibited triangular shapes with

J. Mater. Chem. A, 2024,12,15373-15385 | 15379


https://doi.org/10.1039/d4ta01242a

Published on 18 May 2024. Downloaded by National Sun Y at Sen University on 6/15/2026 7:24:36 PM.

Journal of Materials Chemistry A

inconsiderable curvature, which further supports the presence
of both pseudocapacitance and EDLC mechanisms for storing
energy. These observations are likely attributed to the presence
of heteroatoms.”

The microporous carbons demonstrated prolonged GCD
discharge periods in comparison to their respective
triazatruxene-based polymers, signifying an enhancement in
the GCD capacitance after the calcination and activation
processes. These results strongly suggest that the carbonization
and activation strategy promote electrochemical efficacy devoid
of compromising the fundamental EDLC of the carbons.”
Moreover, the surface area of the electrode material in EDLCs is
critical as it allows for the penetration of KOH ions, significantly
contributing to the improvement of SC performance. Hence,
microporous carbons are a preferred choice for SC electrodes
due to their exceptional properties, such as large surface area,
excellent conductivity, and great thermo-chemical stability.*

N-Doping can enhance the asymmetric valence charge, spin
density, and electron transfer ability of carbon materials. In
addition, the N-pyridinic and N-pyrrolic located at the edges of
nano-carbons can provide additional pseudocapacitance
through the protonation/deprotonation reaction.”® Additionally,
the incorporation of oxygen-containing functional groups with
strong electronegativity of oxygen atoms augments the active
positions on the carbon materials, expediting charge transfer
and promoting interaction between the carbons and electrolyte
ions. This enhances wettability and pseudocapacitance.** Also,
deprotonation from oxygen-bearing functionalities significantly
contributes to improved wettability.?® In addition, the insertion
of oxygen-containing functionalities increases the roughness of
the carbonaceous materials, which is crucial for improving
hydrophilicity and wettability.”® Moreover, the wettability of
carbon electrodes is determined by the polarity of the oxygen-
containing functionalities. The inherent non-polarity of
carbon electrodes poses challenges for complete infiltration
into polar solutions.®”

The wettability of electrodes based on carbon materials plays
a crucial role in the performance of SCs utilizing inorganic
electrolytes.”® Enhancing the wettability of carbons facilitates
ion transfer, improves charge transfer, and diminishes internal
resistance. This enables electrodes to attain great capacity, and
prolonged cycle lifetimes.” Studies have indicated that the
presence of oxygen-rich groups can improve the ability of
carbon-based materials to be wetted by liquids.'**'** When
contact angles are small (below 90°), the liquid spreads effec-
tively on the solid surface, suggesting relatively high wetta-
bility.**> Hydrophobic and hydrophilic functional groups carry
oxygen. Highly polarized oxygen atoms that reside in hydro-
philic clusters interact with hydrogen atoms in water molecules
via dipolar forces, improving wettability.**

Moreover, the oxygen-containing advantages of carbon
electrodes increase their adsorption ability for various
substances, preventing electrode materials from dissolving into
the electrolyte promoting an uninterrupted connection within
the two materials throughout long-term cycling, and facilitating
high stability."**
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In summary, an optimal electrode material for SCs should
exhibit several key attributes, including a substantial surface
area, excellent conductivity, fast ion transfer, and effective
hydrophilicity. Consequently, carbon-based materials have
become the preferred choice for SC electrodes, surpassing
organic polymers, as they fulfill these critical requirements. The
capacitances of the as-synthesized CMPs and the produced
carbons were determined using calculations based on their
GCD curves. The determined GCD capacitances for TAT-Cz
CMP, TAT-Cz-800, TAT-BCz CMP, and TAT-BCz-800 were 17,
1005, 20, and 907 F g, respectively, at 1.0 A g~ * (Fig. 7a and
9a). Water contact angle investigations were conducted to
compare the hydrophilic behavior of the as-prepared polymers
and their corresponding carbon materials. (Fig. S201) The
contact angles of TAT-Cz CMP, TAT-BCz CMP, TAT-BCz-800,
and TAT-Cz-800 have been measured to be 70.1°, 54.0°, 33.1°,
and 20.6°, respectively, confirming increased hydrophilicities
for all materials especially the carbon materials due to their
higher heteroatoms-doping. The TAT-Cz-800 with the highest
nitrogen content and oxygen-containing functional groups had
the maximum hydrophilicity at all which has been translated
into the highest wettability to give the greatest electrochemical
performance.' The higher capacitance of TAT-Cz-800 can be
assigned to various reasons. To begin with, the higher nitrogen
content in TAT-Cz-800 significantly enhances charge trans-
portation throughout its structure. Also, the higher oxygen-
containing functional groups contribute to this effect by
increasing the wettability. Furthermore, the superior specific
capacitance of TAT-Cz-800 across the whole current densities
range, can be ascribed to its high porosity, great BET surface
area, and accessible morphology. These integrated factors
collectively contribute to its superior electrochemical efficacy
compared to TAT-BCz-800. Therefore, the existence of higher
degree of heteroatoms within the polymer framework, along
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Fig.7 (a) GCD specific capacitances of TAT-Cz CMP and TAT-Cz-800
recorded at current densities from 1.0 to 20 A g%, (b) Ragone plots. (c)
Cycling retention of the electrodes, recorded at a current density of
10 A g~* over 5000 cycles. (d) Nyquist plots of cells holding the as-
synthesized materials in the three electrodes system.
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with the subsequent steps of carbonization and KOH activation
at higher temperatures, have been identified as crucial factors
that enhance the electrochemical efficiency of the CMPs in SC
applications.

According to Ragone plots, the energy density for TAT-Cz-800
and TAT-BCz-800 carbons were determined to be 139.58 and
125.97 W h kg !, respectively, while operating at a power
density of 500 W kg *. These values significantly outperformed
those of TAT-Cz CMP (2.39 W h kg™') and TAT-BCz polymer
(2.8 W h kg™ "). In summary, the enhanced energy density values
of the carbon materials were mainly due to their great surface
area and exceptional conductivity (Fig. 7b and 9b). By

This journal is © The Royal Society of Chemistry 2024
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comparison of the electrochemical analyses we obtained with
those from previously reported efficient electrode materials, our
prepared carbons have showcased themselves as some of the
most dependable candidates for SCs applications.

We have also assessed the capacitance retention of our
materials by subjecting them to 5000 GCD cycles at 10 A g~ *
(Fig. 7c and 9c). Remarkably, the cyclic stability of the resulting
microporous carbon materials, TAT-Cz-800 (98.59%) and TAT-
BCz-800 (98.89%), surpassed those of their initial polymer
counterparts, TAT-Cz CMP (97.5%) and TAT-BCz CMP (96%).
These materials demonstrated outstanding cyclic stability even
at higher current densities over extended cycling.

To gain a deeper understanding of ion transport behavior and
internal resistance before and after carbonization, we conducted
electrochemical impedance spectroscopy (EIS) and analyzed
Nyquist plots for all polymers and their carbons (Fig. 7d and 9d).
The EIS analyses of the carbonaceous materials displayed subtle
arcs at elevated frequency, indicating resistive charge transfer
(RCT) as well as mass transfer operations. The intersections of
these semi-circles with the x-axis represent the equivalent series
resistance (ESR), which comprises the contact resistance between
the electrode and the current collector, besides the intrinsic
resistance within the electrode material and the electrolyte.*

The significant surface areas of our synthesized carbon
materials offer a substantial contact area for interaction between
the electrodes and KOH ions, suggesting the existence of addi-
tional active positions for energy storage. The resultant carbons
were featured by depressed values of ESR in agreement with their
large surface areas. Furthermore, the presence of heteroatoms on
the surface of electrodes enhanced wettability.’” The Nyquist
curves represented the resistance of TAT-Cz CMP, TAT-Cz-800,
TAT-BCz CMP and TAT-BCz-800 to be 11.17, 10.38, 11.83, and
9.74 Q, respectively, displaying lower resistance and delivering
higher specific capacitance of our electrode materials.

The Bode curves of frequency-dependent resistance magnitude
are depicted in Fig. S21.1 The obtained plots for the triazatruxene-
based polymers and their corresponding carbonaceous materials
represented negative-sloped diagonal lines at lower frequencies
and depressed values of ohmic resistance at elevated frequencies.
This observation validates their advantageous electrochemical
characteristics. In addition, the Bode patterns of the frequency-
dependent phase angle have been investigated for all studied
materials. (Fig. S221) The determined knee frequencies at 45°
phase angle for TAT-Cz CMP, TAT-Cz-800, TAT-BCz CMP and TAT-
BCz-800 were 242.06, 2.86, 197.67 and 41.35 Hz, respectively. It was
reported in literature that the rate efficacy for electrodes is directly
related to the value of knee frequency, and hence, as the knee
frequency value increases, the rate efficiency becomes better.'*® By
studying the produced values of all materials, one can conclude
that our polymers and their corresponding carbons possessed
outstanding electrochemical efficiencies.

To gain a better understanding of the capacitive contribution
of TAT-Cz-800 and TAT-BCz-800 carbon materials, we have
examined the relationship between electrical current (i) and the
scan rate potential (v) using the following power law equation.*”

i=a’ (1)
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The slope of a log(7) versus log(v) plot was employed to esti-
mate the value of “b”, where “a” represents a constant value.
The TAT-Cz-800 exhibited calculated b value of 0.97 and 0.81 for
the anodic and cathodic peaks, respectively (Fig. 10a), while the
TAT-BCz-800 exhibited calculated b value of 0.70 and 0.44 for
the anodic and cathodic peaks, respectively (Fig. 10b).

These observations indicated the potential coexistence of
capacitive and diffusion-controlled energy storage mechanisms
for these two carbonaceous materials."® The superior rate
capacity of TAT-Cz-800 is evidenced by its higher capacitive
contribution compared to that of TAT-BCz-800. The capacitive
contribution to overall capacity has been quantified by the

utilizing of the following relation.*”

i(V) = kyv + kov'"? 2)

For a constant potential V, the total current is represented by
i(V), where k,"? and kv are the currents produced from the
diffusion-controlled mechanism and capacitive effects, respec-
tively. At 5 mV s, the capacitive contributions of the TAT-Cz-
800 and TAT-BCz-800 were estimated to be 78% and 21% of
the total capacity, respectively. As the scan rate potential
increased from 5 to 200 mV s, the capacitive contribution
raised to 96% for the TAT-Cz-800, and 63% for the TAT-BCz-800
(Fig. 10c and d).

To delve deeper into the practical application potential of
TAT-based microporous carbons in SCs, the assembled
symmetric coin SC has been investigated within a two-electrode
system. The CV and GCD profiles have been measured across
the potential range of 0.3 to —0.2 V. This was conducted at
various sweep rates ranging from 10 to 200 mV s~ ' and current
densities spanning from 1.0 to 20 A g~ (Fig. 11). As depicted in
Fig. 11a and b, the CVs maintain a rectangular shape across
various scan rates, even at a high rate of 200 mV s~'. This
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Fig. 11 CV profiles of (a) TAT-Cz-800, and (b) TAT-BCz-800. The
corresponding GCD profiles of (c) TAT-Cz-800, and (d) TAT-BCz-800,
recorded at various current densities in the two electrodes system.

behavior was observed particularly for the TAT-Cz-800 carbons
which indicates an EDLC manner. In addition, with the esca-
lating scan rate, there's a concurrent rise in the current
observed at the identical potential, signifying the excellent
reversibility of the symmetric capacitor. Furthermore, the GCD
profiles of the carbon-based symmetric cell exhibit a triangular
shape, suggesting robust capacitance efficiency (Fig. 11c and d).
Notably, the electrochemical capacitance of the TAT-Cz-800 had
an impressive value of 458 F g~ ' at 1.0 A g ' surpassing the
capacitance of the TAT-BCz-800 (287 F g '), aligning well with
the outcomes from the three-electrode experiments (Fig. 12a).
As evident, the two-electrode coin system yields different
specific capacitance values compared to the three-electrode
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system. In the three-electrode system, the obtained electro-
chemical capacitance value is typically four times higher than that
for the two-electrode coin system. This disparity arises because the
coin system includes double-layer loading at both electrodes, akin
to having two capacitors in series, in comparable to the three-
electrode system which has only one double layer. Hence, the
specific capacitance resulted from the coin system is often known
as the device capacitance (Cqevice), Whereas the specific capacitance
of the three-electrode system is referred as the material capaci-
tance (Cpaterial), Which correlated by the following equation:'®

Cmalerial = 4Cdevice (3)

The Ragone plot, illustrating the performance of the TAT-based
symmetric cell, has been represented in Fig. 12b. Notably, the TAT-
Cz-800 electrode showed an impressive energy density of
63.61 W h kg™* at a power density of 500 W kg . Even at an
escalated power density of 10 000 W kg, it maintained an energy
density of 10.56 W h kg™', which was greater than those of the
TAT-BCz-800 electrode and previously reported materials. In
addition, Fig. S2371 displayed the Nyquist plots of TAT-Cz-800 and
TAT-BCz-800 electrode materials. At high-frequency values, all
samples demonstrate a distinct semicircular feature, representing
the R... Remarkably, the TAT-BCz-800 demonstrated the smallest
R.(2.16 Q) in comparison to the TAT-Cz-800 (1.65 Q), implying the
least resistance for electron charge transfer within the electrode.

Moreover, the Bode plots were utilized to estimate both the
resistance characteristics and the knee frequencies for the
synthesized carbon materials. As shown in Fig. S24,7 these
carbon-based electrodes represented negative slopes' lines at
lower frequencies, and minimal ohmic resistance at elevated
frequencies, and the calculated knee frequencies at 45° phase
angle were 11.18 and 41.75 Hz, for TAT-Cz-800 and TAT-BCz-
800, respectively.

Conclusions

In this study, an easy synthetic approach was employed to
construct nitrogen-rich triazatruxene-based CMPs and their
corresponding carbonized forms at elevated temperature. The
characterization encompassing BET, TGA, SEM, and TEM
revealed that the produced carbon materials exhibited

This journal is © The Royal Society of Chemistry 2024
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exceptional attributes, including high specific surface area (up
to 600 m” g~ '), remarkable thermal stability (T4;0 of 791 °C and
a char yield of 90%), and a microporous carbon structure.
Furthermore, the optimized porous carbon material known as
TAT-Cz-800 displayed impressive traits in terms of redox effi-
ciency, electrical conductivity, and physical robustness. Conse-
quently, its electrode material manifested a peak
electrochemical capacitance of 1005 F g~ ' at a current density of
1.0 A g~ '. Notably, this efficacy remained stable, with a reten-
tion stability of 98.59% after undergoing 5000 cycles at 10 Ag ™.
Furthermore, a two-electrode SC holding TAT-Cz-800 displayed
a prime capacitance (458 Fg~ ') at 1.0 A g™ ', and an outstanding
energy density (63.61 W h kg™ !). These findings validate the
efficacy of employing carbonization and KOH activation of
polymeric organic materials as a viable tactic for high perfor-
mance SCs and offer valuable insights for the design of various
electrodes for energy storage applications.
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