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Conjugated microporous polymers (CMPs) were intensively exploited for many applications including opto-
electronics, CO, adsorption, and catalysis. Nevertheless, CMPs based electrochemical supercapacitors as energy
storing systems were largely unreconnoitered yet. This may be attributed mainly to some drawbacks relating to
low structural/electrochemical stabilization, and somewhat poor specific capacitance, in addition to depressed
energy density observed for most of the discovered CMPs. In this work, a set of novel carbazole-based CMPs with
redox activity, Cz-Cz CMP, Cz-TPA CMP and Cz-TP CMP, have been successfully prepared and examined as
dynamic electrodes for supercapacitors. The as-synthesized Cz-Cz and Cz-TPA CMPs possessed the highest and
very close values of specific surface areas of 623 and 618 m? g1, respectively, with the corresponding pore sizes
centered at of 0.49 and 0.40 nm, respectively. The electrochemical study of all CMPs has been measured by both
cyclic voltammetry (CV), and galvanostatic charge/discharge (GCD). The obtained CV curves resembled rect-
angle shapes, suggesting a typical electric double-layer manner over the potential range and the scan rates. The
Cz-TPA CMP were the best candidate with an electrochemical capacity of 271.82 F g™! at 0.5 A g™* current
density, and rapid rate of charge/discharge cycle. In addition, it owned the excellence in cycling stability that
was displayed to retain 99.87% of the capacitance after 2000 cycling times at 10 A g~1. From all analysis data,
one can conclude that, our polymers were among the best stable electrode materials.

1. Introduction

Currently, environmental issues linked to the burning of large
amounts of petroleum fuels, such as excessive CO2 emissions, and the
hazardous particulates released from automotive exhausts, have resul-
ted in another environmental problem: climate change [1]. Conse-
quently, scientists focused on solving this situation by finding novel and
efficient alternates of renewable energy storage [2,3]. One of the most
convenient solutions for energy shortage was the electrochemical en-
ergy storage [4]. Various devices based on electrochemistry principle
have been emerged, ranging from rechargeable batteries, to classical
capacitors and supercapacitors (SCs) with good features including,
safety, reasonable capacity intensity, rapid charge/discharge kinetics,
and high cycle stability [5,6]. SCs were the most advanced and prom-
ising type for this purpose with other key advantages, like cheapness,

* Corresponding author.

outstanding lifespan, and excellent rate efficiency [7-10]. There are two
mechanisms for storing energy in SCs. The first one follows the
non-faradaic procedures, in which the electrostatic ionic charges were
aggregated at the interface between electrolyte and electrode. The sec-
ond mechanism is the faradaic processes, that takes place at the solid
surface via the reversible redox reaction [11,12]. Therefore, the elec-
trode material is considered from the master parameters affecting the
efficacy of SCs [13]. Inorganic metal oxides, doped carbon, conjugated
polymers, and organic polymeric molecules such as covalent organic
frameworks (COFs), covalent triazine frameworks (CTFs), and
hyper-crosslinked polymers have been applied as electrodes for SCs
[14-26]. Unfortunately, inorganic materials have a number of disad-
vantages, including resources scarcity and environmental
contaminations.

In comparison, conjugated polymers (CPs) were deemed the
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cheapest solution for using as electrodes in SCs. For instance, polyaniline
possessed specific capacitance as 1221 F g_1 [27], which is much higher
than that of activated carbon electrode (<200 F g’l) [28], and ruthe-
nium oxide (1170 F g’l) [29]. However, conventional CPs like poly-
aniline possessed no porosity and not robust owing to their degradation
after few cycles [30]. On the other hand, organo-electrodes have
aroused more interests due to their excellent features such as good
electrochemical efficiency, minimum energy consuming, and ecological
friendly [31-33]. Conjugated microporous materials (CMPs), a form of
organic polymers, were among the most commonly used in SCs due to its
unique properties such as structural tunability, pore structures variety,
physicochemical stability, and delocalized conjugation [34,35]. Besides
their various applications in gas uptake and separation, dye adsorption,
organic photovoltaic, photocatalysis, energy and environmental fields
[36-43], they are also used as superior electrodes in SCs [44-50].
Introducing of nitrogen heteroatom has the ability to improve wetta-
bility and conductivity of CMP-electrode, in addition to endowing
pseudo-capacitance to the electrode which further enhances the elec-
trochemical efficiency [51,52].

Herein, three novel CMPs have been synthesized by adopting
carbazole-based crosslinker (Cz-3BO) to react with various di- and tri-
bromo monomers; namely: Cz-3Br, TPA-3Br, and TP-2Br. The pro-
duced porous polymers displayed not only high specific surface areas
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and thermal stabilities, but also represented excellent electrochemical
behavior reaching to 271.82 F g ™! as the best obtained value.

2. Results and discussions

The participating monomers 3,6-dibromo-9-(4-bromophenyl)-9H-
carbazole (Cz-3Br), tris(4-bromophenyl)amine (TPA-3Br) and 5,7-dibro-
mothieno[3,4-b]lpyrazine (TP-2Br) have been prepared according to liter-
ature procedures (Schemes S1-S3) [53-55]. Whereas the prime utilized
monomer 3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9-(4-(4,4,5,
5-tetramethyl-1,3,2- dioxaborolan-2-yl)phenyl)-9H-carbazole (Cz-3BO)
has been synthesized through Suzuki-Miyaura chemical reaction as drawn
in Scheme S4. The condensation reaction between -9HCz-3Br with bis
(pinacolato)diboron was applied using [1,1’-bis(diphenylphosphino)ferro-
cene]dichloropalladium(Il) catalyst at a definite temperature 110 °C in
dioxane solvent containing potassium acetate, to afford the desired Cz-3BO
in a very good yield. The chemical structure of this major building block
was affirmed through many analyses, such as the Fourier transform
infrared (FTIR) and nuclear magnetic resonance (NMR) techniques. FTIR
spectrum of Cz-3BO displayed the complete disappearance of absorption
band at 630 em ™! for C-Br bond of the corresponding bromide derivative
Cz-3Br (Fig. S1), and the generation instead of other spectral bands at 3045,
2981, 2928 and 1350 cm ™! characteristic of C-H aromatic, C-H aliphatic
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Fig. 1. (A) Chemical synthesis of (a) Cz-Cz, (b) Cz-TPA, and (c) Cz-TP CMPs. (B) FTIR spectra of the as-prepared (a) Cz-Cz, (b) Cz-TPA, and (c) Cz-TP CMPs. (C) Solid
state 13C NMR spectra of (a) Cz-Cz, (b) Cz-TPA, and (c) Cz-TP CMPs. (D) TGA curves of the studied polymers (a) Cz-Cz, (b) Cz-TPA, and (c) Cz-TP CMPs.
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and B-O stretching vibrations, respectively (Fig. $2). In addition, the 'H
NMR spectrum of Cz-3BO indicated the presence of two singlet signals
corresponding to phenyl rings at 8.06 and 8.15 ppm, as well as an addi-
tional singlet signal corresponding to methyl protons at 1.4 ppm (Fig. S3).
Subsequently, the 13C NMR spectrum of Cz-3BO represented some signals
in the range 128.41-140.20 ppm which were identified to carbon atoms of
phenyl rings, besides two intense peaks assigned to pinacolato carbon
nuclei at 83.52 and 24.31 ppm (Fig. S4). The electrochemical active CMPs
holding carbazole building block have been constructed via Pd catalysis
Suzuki coupling reaction of the master compound (Cz-3BO) with the above
stated three synthesized monomers, Cz-3Br, TPA-3Br, and TP-2Br, respec-
tively, in a co-solvent of DMF and H,0 (8:1, v/v) at a temperature 145 °C,
in the presence of K5COj3 in the reaction medium, as depicted in (Fig. 1A
and Schemes S5-S7). Chemical characterization of the yielded conjugated
polymers was also accomplished by the utilization of conventional FTIR
and solid state 3C NMR techniques. The composition of the generated
polymeric frameworks was initially examined using FTIR spectra, which
revealed that certain absorption bands centered at 2981, 2928, and 1350
em™Y, indicative of C-H aliphatic and B-O typical stretching vibrations for
Cz-3BO major monomer were perfectly passed. Furthermore, the sharp
C-Br absorption bands at 630, 666, and 626 cm’l, which correspond to the
implicated monomers Cz-3Br, TPA-3Br, and TP-2Br, respectively, vanished
(Fig. 1B and Figs. $5-57). Solid state 13C NMR was also used to determine
the typical polymerization between monomeric components leading to
polymeric networks. There were no signals for pinacolato carbon nuclei,
but there were broad peaks for aromatic carbons in the ranges of 114-146
ppm, 115-149 ppm, and 119-136 ppm, respectively, corresponding to
Cz-Cz CMP, Cz-TPA CMP, and Cz-TP CMP. In addition, a sharp signal was
observed at 175 ppm which assigned to C=N carbon of Cz-TP CMP
(Fig. 1C). The most prevalent property of these CMPs has been noticed in
their stiffness and high degree of crosslinking, which resulted in a signifi-
cant reduction in solubility and increasing of thermal stability. For the
application of our synthesized polymeric frameworks, their thermal sta-
bilities were investigated using thermogravimetric analysis technique
(TGA). This measurement was evaluated under a nitrogen stream at a
temperature ranging from ambient temperature to 800 °C. As described in
(Fig. 1D), all of the three CMPs under study possessed considerable thermal
stabilities, in which Cz-TP CMP represented the top value with a negligible
weight loss of nearly 10% (Tg4;0) up to 616 °C as a consequence of organic
groups decomposition. On the other bank, Cz-Cz CMP had the floor thermal
stability value which was located at 560 °C under the same conditions,
whilst, Cz-TPA CMP lies on an intermediate distance from them with
maintaining its stability till 597 °C. To complete this study, we also
monitored the produced char yield, Cz-Cz and Cz-TPA CMPs have nearly
the same char yield with observed amounts of 79 and 80%, respectively,
whereas the Cz-TP polymer owned a little small amount than them up to
76% (Table S1).

Nitrogen gas sorption assays at 77 K were used to assess the manifest
surface areas and porosity properties of the as-synthesized polymers
(Table 1). The microporous structures for the obtained CMPs were
depicted in [Fig. 2(a-c)], which displayed the type I isothermal curves
with a decline Ny adsorption at low relative pressure (P/Pp). A hysteresis
loop was appeared in the figures which considered as an indication of a
hierarchical network structures with a high microporosity degree.
Furthermore, when the relative pressure reached 0.8, nitrogen adsorp-
tion increased significantly, implying the presence of some macropores
in addition to the main micropores. This could be attributed to the
interparticulate gaps caused by the loose packing of tiny particles, as

Table 1
BET parameters of the as-prepared CMPs.

CMPs SBET (m2 g’l) Pore size (nm) Pore volume (cm3 g’l)
Cz-Cz CMP 623 1.40 0.49
Cz-TPA CMP 618 1.29 0.40
Cz-TP CMP 412 1.03 0.38
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shown in the SEM images (Fig. 3(a—c)). The produced CMPs exhibited
calculated BET surface areas with excellent outputs which ranged from
the minimum value at 412 m? g~ for Cz-TP CMP, and 618 m? g~! for Cz-
TPA CMP, to the highly porous Cz-Cz CMP with a maximum value
estimated at 623 m? g~!. The nonlocal density functional theory was
applied to estimate the pore volumes of the polymers, which were
calculated to be 0.49 cm® g~! for Cz-Cz CMP, 0.40 cm® g~! for Cz-TPA
CMP and the lowest value for Cz-TP CMP as 0.38 cm® g~!. From the
illustration, we can see that both Cz-Cz and Cz-TPA CMPs show uniform
pore size and the pore diameter is mainly around 1.4 nm. Finally, the
pore size distribution of the measured samples represents their pore
diameters as 1.40 nm, 1.29 nm, and 1.03 nm corresponding to Cz-Cz, Cz-
TPA, and Cz-TP CMPs, respectively, [Fig. 2(d-f)]. As we showed before,
Cz-Cz and Cz-TP have the top and floor values of specific surface areas,
respectively, (Table 1), this behavior could be referred to the difference
degree of cross-linking of the polymers. The reactive connectivity of the
initial monomers varies, ranging from three-substituted active locations
like Cz-3Br and TPA-3Br to two-substituted active positions like TP-2Br.
Besides that, Cz-Cz CMP displayed the highest surface area (623 m? g 1)
which is very close to that of Cz-TPA CMP (618 m? g’l) because both of
them nearly have the same shorter monomer length. On the other side,
the longer monomer length of TP-2Br reflected in a minimum surface
area of the corresponding Cz-TP CMP (412 m? g™ ).

The morphological character for the produced CMPs was examined
using a scanning electron microscope (SEM) in conjunction with a
transmission electron microscope (TEM). The irregular stacking mor-
phologies of polymeric surfaces was proved and represented by SEM, in
which they were homogeneous and consisting of small spherical parti-
cles with loosely packing. In other words, aggregated tiny particles with
nano-scaled diameters were observed. As previously demonstrated in
BET investigations, this shape may supply some outside macropores
originating from interstitial gaps [Fig. 3(a-c)]. In addition, TEM dis-
played and confirm the microporous structures for the CMPs which
resulted from the highly cross-linked frameworks. Spherical shaped
nanoparticles have been recognized with an internal diameter in the
range of 100-500 nm. The HR-TEM investigation of the resultant
polymeric materials exhibited both the amorphous and porous proper-
ties [Fig. 3(d-D)].

3. Electrochemical performance

The electrochemical behavior of the carbazole-bearing CMPs has
been studied by the utilization of both cyclic voltammetry (CV), galva-
nostatic charge/discharge (GCD) in a system containing three electrodes
immersed in aqueous HySO4 (1 M) as electrolyte. The potential used for
examination of the CV performance was in the range between 0.1 and
0.6 V at several sweep rates from the value of 5 mV/s to 200 mV/s [Fig. 4
(a-c)]. The obtained CV curves of the tested samples resembled rectangle
shapes, suggesting a typical electric double-layer manner over the po-
tential range as well as the scan rates. The calculated specific capaci-
tance was resulted from the capacitance vs. scan rates plot, with the
maximum capacitance value at 271.82 F g_1 for Cz-TPA CMP, whereas,
the Cz-Cz, and Cz-TP CMPs displayed the lower values of capacitance
which located at 43.70 F g™* (at 0.5 A) and 67.38 F g~ '(at 1 A),
respectively, all measured at 5 mV/s scan rate [Fig. 5(a)]. As represented
in BET analysis, Cz-Cz CMP has the highest surface area (623 m? g™ 1),
the largest pore size (1.40 nm) than the corresponding values of Cz-TPA
and Cz-TP, that facilitate the penetration of ions to the electrode surface.
As a consequence, a quick electrolytic ions transfer was happened at the
electrode/electrolyte interface [56,57], resulting in a notable electric
double layer capacitance (EDLC) efficiency for Cz-Cz CMP. Interestingly,
Cz-TP CMP owned the lowest surface area and pore size as well, but
demonstrated a higher capacitance value compared to Cz-Cz CMP. This
attitude can be explained in terms of increasing the nitrogen content in
Cz-TP CMP compared to Cz-Cz CMP, which is directly proportional to
the capacitance performance [24]. Although Cz-Cz, and Cz-TPA CMPs
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Fig. 2. N sorption isotherms of (a) Cz-Cz, (b) Cz-TPA, and (c) Cz-TP CMPs; The corresponding pore size distribution curves of (d) Cz-Cz, (e) Cz-TPA, and (f) Cz-

TP CMPs.

Fig. 3. SEM photos of (a) Cz-Cz, (b) Cz-TPA, and (c) Cz-TP CMPs; TEM photos of (d) Cz-Cz, (e) Cz-TPA, and (f) Cz-TP CMPs.

have nearly the same chemical composition, similar surface areas, and
identical nitrogen content, but different specific capacitance were
noticed. This was in fact as a result of different planarity between
Cz-3Br, and TPA-3Br monomers and hence their corresponding poly-
mers that resulted in different capacitance [58]. The resultant specific
capacities were superior to those of other porous materials (Table S2).
Fig. 5 explained the GCD profiles of the polymeric frameworks at diverse

current density (0.5-20 A g~!). Nearly triangular-shaped GCD curves
were revealed for all synthesized CMPs, which confirms the suggestion
of EDCL as the major mechanism for storing energy [Fig. 4(d-f)]. The
Cz-TPA, and Cz-TP CMPs were proved to be the excellent choice for
using as electrode material, owing to the longest discharge time than
that of Cz-Cz CMP at all current densities. Furthermore, at 10 A g’l,
Cz-TPA CMP was found to have an effective average stability of 99.87%
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after 2000 cycles, while the Cz-Cz and Cz-TP CMPs represented slightly
lower values of average stability to be 98.78%, and 99.86%, respec-
tively, at the same conditions [Fig. 5(b)]. By matching these values with
those of reported stable electrodes such as metal oxides [59,60] and
MOF-derived metal oxides [61-63], the prepared conjugated polymers
were among the best stable electrode materials.

4. Conclusion

A new series of electrochemically active polymers based on a
nitrogen-rich carbazole moiety have been developed, built, and tested as
effective electrodes for high-performance supercapacitors. The existing
nitrogen atoms induced pseudocapacitance by promoting the charge
mobility and insertion of negative charges on the surfaces of polymer
frameworks. The obtained carbazole-based CMPs represented prime
thermal stabilities and char yields, as well as outstanding surface areas
according to TGA and BET measurements. Cz-TPA CMP have the highest
specific capacitance of 271.82 F g ! at 0.5 A g~! current density with a
capacitance retention of 99.87% over 2000 cycles at current density of
10 A g L. These findings of excellent capacitance and sturdy cycle life
provide insights for the future design and synthesis of N-rich electro-
active CMPs to be used in energy storage devices.
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