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ABSTRACT: In this study, we used classical and simple Sonogashira couplings to construct three 1,3,4-oxadiazole-linked
conjugated microporous polymers (OXD-CMPs) through the reaction of 2,5-bis(4-bromophenyl)-1,3,4-oxadiazole (OXD-Br2) as a
common partner with the structurally diverse units of ethynyl triphenylamine, tetraphenylethene, and pyrene, respectively. We used
several methods, both spectroscopic and microscopic, to characterize the three OXD-CMPs. Each OXD-CMP displayed a high
thermal stability. The Py-OXD-CMP possessed pores having sizes in the range 1.20−2.25 nm and a high surface area (298 m2 g−1).
These OXD-CMPs interacted with singled-walled carbon nanotubes (CNTs), stabilized through noncovalent π−π interactions, to
afford OXD-CMP/CNT composites that were suitable for supercapacitor devices. Among our OXD-CMP/CNT composites, the
Py-OXD-CMP/CNT composite offered a specific capacitance of 504 F g−1 and a superior capacitance retention (91.1%) over 2000
cycles.

KEYWORDS: 1,3,4-oxadiazole, conjugated microporous polymers, Sonogashira coupling, carbon nanotubes, electrochemical performance

■ INTRODUCTION
Supercapacitors are attractive energy storage systems for
electronic devices (e.g., electronic vehicles, digital communica-
tions, and portable and wearable electronics) because of their
high charge/discharge rates, outstanding power densities, long
cycle lives, equilibrium rate performance, superior cycle
efficiencies, and environmentally friendliness.1−8 Depending
on their storage mechanisms, there are two types of super-
capacitors [pseudocapacitors or electric double-layer capacitors
(EDLCs)]; pseudocapacitors store energy electrochemically
(faradic reactions), while EDLCs store energy electrostatically
between the electrolyte solution and the electrode surface.9,10 A
variety of organic and inorganic substances have been used as
the electrodes for supercapacitors, including carbon nanotubes
(CNTs), activated carbons, metal oxides, sulfides, hydroxides,
and composites.11−15 Lately, porous organic materials [covalent
organic frameworks, covalent triazine framework, and con-
jugatedmicroporous polymers (CMPs)] have been employed as

EDLC electrodes on account of their low cost, chemical stability,
flexibility, and availability; these substances have a role in
determining the efficiency of the supercapacitor.16−29 CMPs are
novel polymeric materials that have attracted much attention for
their entirely π-conjugated skeletons, ease of preparation,
excellent rigidity, well-defined porosities, high surface areas,
great thermal stabilities, and good optoelectronic character-
istics.30−32 Various chemical and electrochemical methods have
been developed for the preparation of CMPs from suitable
building blocks by linking them through a range of coupling
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polymerizations.33,34 The resulting CMPs have been employed
in such fields as catalysis, hydrogen evolution, sensors, dye
adsorption, gas storage, photocatalysis, energy conversion, and
energy storage.35−43 Because of the relatively low conductivities
of CMPs, pyrolysis methods have often been used to improve
their capacitance when applied as electrodes for super-
capacitors.44−47 Nevertheless, the products of pyrolysis do not
always possess improved capacitance or cycling stability. For
example, Feng et al. found that polyarene-CMPs had a
capacitance of only 110 F g−1 after pyrolysis process48 and
Samy et al. reported that Py-FFC-CMP/poly(β-CD-BZ)
inclusion complexes materials, displayed the capacitance of
only 46 F g−1 at 0.5 Ag−1 after curing the sample at 300 °C.49 An
alternative and more efficient means of promoting the
conductivity of CMPs is to incorporate them with conducting
carbon materials (e.g., graphene and CNTs), leading to an
enhanced electrochemical performance.50−53 Because of their
nanostructures, remarkable mechanical characteristics, and
exceptional electrical and thermal conductivities, CNTs have
found applications in, for example, supercapacitors, fuel cells,
electronics, sensors, solar cells, and conductive films.54−56 High-
conductivity CMPs incorporating active CNTs can also
maintain high stability during the charge/discharge step,
resulting in supercapacitors displaying a more efficient perform-
ance. For instance, Duan et al. revealed a CoPc-CMP/CNT
possessing the capacitance of 365 F g−1.57 Lin and co-workers
prepared a CNT@Mn-MOF composite having the capacitance
of 203 F g−1.58 We constructed a TBN-Py-CMP/CNT
nanocomposite material with a high capacitance value (430 F
g−1).59

1,3,4-Oxadiazole is a heterocyclic molecule having a five-
membered ring. Because of their good luminescent and thermal
characteristics, materials containing oxadiazole units have been
used in, for example, coordination polymers, metal ion sensors,
liquid crystals, and organic light-emitting diodes.60−62 A few
research groups have synthesized CMPs containing OXD
moieties as electron-withdrawing groups. For example, Liu et

al. reported a TPA-OXD material that provided high CO
production from CO2 with high selectivity;63 the Yi group
prepared two CMP materials [Ph(ThXOD)3-CMP and Ph-
(PhXOD)3] through Suzuki coupling for the degradation of
methylene blue and rhodamine B under visible light.64 However,
this present study is the first to employ OXD-CMPs and OXD-
CMP/CNT materials for energy storage. We found that the
integration of CNTs with OXD-linked CMPs, stabilized
through noncovalent bonding interactions, afforded OXD-
CMP/CNT composites possessing greatly enhanced capaci-
tance and cycling stability when employed as electrodes for
supercapacitors. For this study, we synthesized three different
OXD-CMPs through simple Sonogashira couplings denoted as
TPA-OXD-CMP, Py-OXD-CMP, and TPE-OXD-CMP of
OXD-Br2 as a common monomer with ethynyl derivatives of
triphenylamine, tetraphenylethene, and pyrene, respectively
(Scheme 1). We used various spectroscopic and microscopic
methods to characterize our prepared OXD-CMPs. In addition,
we used transmission electron microscopy (TEM) to investigate
the formation of corresponding OXD-CMP/CNT composites
featuring the dispersion of the CNTs throughout the OXD-
CMP matrices.

■ EXPERIMENTAL SECTION
Materials. Copper iodide (CuI), Pd(PPh3)4, and triphenylphos-

phine (PPh3) were obtained from Sigma-Aldrich. Hydrazine hydrate
solution (NH2NH2·H2O), triethylamine (Et3N), dichloromethane
(CH2Cl2, DCM), and N,N-dimethylformamide (DMF) were pur-
chased from Acros. TPE-T and Py-T were synthesized using reported
procedures previously.59,65

Synthesis of Tris(4-((trimethylsilyl)ethynyl)phenyl)amine.
Pd(PPh3)4 (0.150 mmol), PPh3 (0.470 mmol), CuI (0.310 mmol),
and TPA-Br3 (2.07 mmol) in THF (50 mL). Trimethylsilyl acetylene
(1.42 g, 15.5 mmol) was added, and mixtures were refluxed for 3 days.
After cooling, the contents inside the flask were endowed for cooling
and then filtered off, extracted with DCM (50 mL), and then, the
solvent was evaporated and the pure tris(4-((trimethylsilyl)ethynyl)-
phenyl)amine (TPA-TMS) as a yellow solid was obtained after running

Scheme 1. Preparation of (a) TPA-OXD, (b) TPE-OXD, and (c) Py-OXD-CMPs
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column chromatography (Scheme S1). Fourier transform infrared
(FTIR) (Figure S1): 3035, 2109 (CC stretching). 1H NMR (Figure
S2): 7.34 (s, 6H), 6.97 (s, 6H), 0.257 (s, 27H, CH3) ppm. 13C NMR
(Figure S2): 148.14, 134.03, 124.83, 118.49, 105.83, 93.83, 0.09 ppm.
Synthesis of Tris(4-ethynylphenyl)amine. TPA-TMS (0.520 g,

0.970 mmol) and K2CO3 (1.00 g, 7.24 mmol) were stirred in MeOH
(25 mL) at 27 °C for 1 d. The solvent was evaporated and added H2O
(100 mL) to give tris(4-ethynylphenyl)amine (TPA-T) (0.45 g, 87%,
Scheme S1). FTIR (Figure S1, cm−1): 3276 (C−H), 2109 (CC
stretching), cm−1. 1H NMR (Figure S2): 7.39 (s, 6H), 7.03 (s, 6H),
3.04 (s, 3H) ppm. 13C NMR (Figure S2): 148.48, 134.03, 124.15,
117.8, 83.28 ppm.
Synthesis of N,N′-Bis(4-bromobenzoyl)hydrazine. In an ice

bath, Et3N (3.00 mL, 21.6 mmol) and 4-bromobenzoyl bromide (2.40
g, 9.09 mmol) in CHCl3 (50 mL) were added. Then, NH2NH2·H2O
(0.24 mL) was added and allowed for stirring over 12 h. The resulting
white solid was washed thoroughly with NaHCO3 solution (10%) and
water, and dried, and then used directly in the next step (Scheme S2).
FTIR (Figure S3): 3190 (NH), 3032, 1650 (CO) cm−1. 1H NMR

(Figure S4): 10.67 (NH), 7.74 (d, 4H), 7.85 (d, 4H) ppm, 13C NMR
(Figure S4): 166.21, 132.51, 129.65, 127.21 ppm.

Synthesis of OXD-Br2. A mixture of N,N′-bis(4-bromobenzoyl)-
hydrazine (1.42 g, 3.56 mmol) and POCl3 (30 mL) was heated at 90 °C
for 8 h. The mixture was poured into cold water to produce white
needles. The white product was washed with water and cold EtOH to
afford OXD-Br2 (85%, Scheme S2). FTIR (Figure S3): 3086, 1600, 742
cm−1. 1HNMR (Figure S4): 8.07 (d, 4H), 7.85 (d, 4H) ppm. 13C NMR
(Figure S4): 164.11, 133.52, 128.98, 126.11, 122.66 ppm.

Preparation of TPA-OXD-CMP, TPE-OXD-CMP, and Py-OXD-
CMP. OXD-Br2 (0.65 mmol) and TPA-T (0.31 mmol), TPE-T (0.23
mmol), or Py-T (0.34 mmol) were mixed in DMF and Et3N. CuI
(0.068 mmol), PPh3 (0.030 mmol), and Pd catalyst (0.031 mmol) were
added, and then, the mixture was degassed three times using a freezing
pump. The tube was heated at 115 °C for 3 days. The obtained CMP
was washed with THF, MeOH, and cold acetone and then dried at 90
°C for 18 h to afford TPA-OXD-CMP (yellow powder, 81%), TPE-
OXD-CMP (orange powder, 73%), or Py-OXD-CMP (dark red
powder, 75%) (Scheme 1).

Scheme 2. (a,b) Blending of the Py-OXD-CMP and CNTNanocomposite in THF Solution with the Ultrasonication Process; (c)
Formation of the Py-OXD-CMP/CNT Nanocomposite; (d) Dispersion of CNT Throughout the Py-OXD-CMP Matrix (TEM
Image)
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Preparation of OXD-CMP/CNT Nanocomposites. OXD-CMP
(2 wt %) and CNTs (2 wt %) weremixed well in THFwith stirring for 1
day. The THF was evaporated, and the residue heated in an oven for 24
h to afford an OXD-CMP/CNT nanocomposite, which was
characterized using TEM (Scheme 2).

■ RESULTS AND DISCUSSION

Synthesis and Characterization of OXD-CMPs. We
prepared TPA-OXD, TPE-OXD, and Py-OXD-CMPs through
Sonogashira couplings of OXD-Br2 with TPA-T, TPE-T, and

Figure 1. (A) FTIR, (B) 13C NMR, (C) TGA, and (D) XRD profiles of (a) TPA-OXD, (b) TPE-OXD, and (c) Py-OXD-CMPs.

Figure 2. (a) N2 sorption and (b) PSD curves of TPA-OXD, TPE-OXD, and Py-OXD-CMPs.
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Py-T, respectively, using anhydrous DMF and Et3N as solvents
and Pd as the catalyst (Scheme 1). We characterized these three
OXD-CMPs using various methods. The FTIR spectra of the
OXD-CMPs all featured absorption peaks near 2209 cm−1

representing symmetrical CCbonds, confirming the existence
of alkyne linkages in their structures. In addition, a signal
appeared near 3045−3035 cm−1 for vibrations of the aromatic
C−H units [Figure 1A]. The solid-state NMR spectra of the
three OXD-CMPs had signals at 81 and 78.5 ppm, representing
CC carbon nuclei in the OXD-CMP structures. In addition, a
broad signal appeared in the spectrum of each of these OXD-
CMPs at 164 ppm, representing the O−C−N carbon nuclei of
the OXD rings, as well as signals in the range 116−146 ppm for
the aromatic carbon nuclei. A distinct signal appeared at 142
ppm in the spectrum of TPE-OXD-CMP [Figure 1B],
corresponding to ethylene groups of the TPE moieties. We
used thermogravimetric analysis (TGA) to examine the thermal
stabilities of these three OXD-CMPs. The weights of TPA-
OXD-CMP, TPE-OXD-CMP, and Py-OXD-CMP remained
constant up to 400 °C, with subsequent 10 wt % weight losses of
471, 464, and 420 °C, respectively; their char yields at 800 °C
were 66, 62, and 61 wt %, respectively [Figure 1C and Table S1].
The X-ray diffraction (XRD) pattern of each of the three OXD-
CMPs featured a broad band at a value of 2θ of approximately
13°; the absence of any ordered diffraction peaks illustrated their
amorphous nature [Figure 1D].
We performed N2 sorption analyses at 77 K to evaluate the

porous characteristics of the OXD-CMPs. Acoording to the N2
isotherms, TPA-OXD-CMP, TPE-OXD-CMP, and Py-OXD-
CMP provided IUPAC type-II isotherms with surface areas of
76, 96, and 298 m2 g−1, respectively [Figure 2a and Table S1].
The pore size distributions of the OXD-CMPs, assessed using
nonlocal density functional theory, were 1.96 and 2.76 nm for
TPA-OXD-CMP, 1.96 and 2.63 nm for TPE-OXD-CMP, and
1.20 and 2.25 nm for Py-OXD-CMP. Thus, the surfaces of the
OXD-CMPmaterials featured interfacial micropores [Figure 2b
and Table S1].
TEM images for three OXD-CMPs verified their microporous

morphologies (pore diameters: <50 nm) [Figure 3A(a1−a3)].
The surface morphologies of the OXD-CMPs displayed an
aggregated sphere morphology for TPA-OXD-CMP, sphere
structure for TPE-OXD-CMP, and nanorod structure for the Py-
OXD-CMP sample based on SEM images [Figure 3B(b1−b3)].

Figure 4 displays TEM photos of the singled-walled CNT
(SWCNT) and the OXD-CMP/CNT nanocomposites (TPA-

CMP/CNT, TPE-CMP/CNT, and Py-CMP/CNT). As
revealed in the photograph in Figure 4(a1), the CNTs
aggregated when added in THF, as confirmed using TEM
[Figure 3a]. Gratifyingly, when the OXD-CMPs were added to
the aggregated CNTs, the OXD-CMPs/CNT complexes
dissolved [Figure 4b1,c1,d1] as a result of π-stacking
interactions among the CNT nanoparticles and the OXD-
CMPs. The TEM images in Figure 4b−d reveal the remarkable
dispersions of the CNTs throughout the matrices of the OXD-
CMPs.56,59,66−68

Electrochemical Performance of OXD-CMP and Their
CNT Nanocomposites.We performed CV and GCD analyses
in the three-electrode system to test the electrochemical activity
of the OXD-CMP materials and their blends with the SWCNTs
in 1MKOH as the aqueous electrolyte. Figure 5a−f presents the
CV curves of the OXD-CMPs and the OXD-CMP/CNT
nanocomposites, measured at various scan rates from 5 to 200
mV s−1. The CV curves of all of the samples were rectangular in

Figure 3. (A) TEM and (B) SEM images of (a1,b1) TPA-OXD, (a2,b2) TPE-OXD, and (a3,b3) Py-OXD-CMPs.

Figure 4. (a−d) TEM photos of the (a) pure CNTs, (b) TPA-OXD,
(c) TPE-OXD, and (d) Py-OXD-CMPs/CNT nanocomposites. (a1−
d1) Photographs of the (a1) CNTs, (b1) TPA-OXD, (c1) TPE-OXD,
and (d1) Py-OXD-CMPs/CNT nanocomposites in THF.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c00100
ACS Appl. Energy Mater. 2022, 5, 3677−3688

3681

https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00100/suppl_file/ae2c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00100/suppl_file/ae2c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00100/suppl_file/ae2c00100_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00100?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shape with the appearance of humps, even when recorded at 200
mV s−1, originated from their EDLC with minor pseudocapa-
citance.57,59,69 The pseudocapacitance arose from the presence
of heteroatoms (i.e., N andO atoms).57,59,69 The current density
increased upon increasing the scan rate, indicating facile kinetics
and good rate capability.57,59,69 Figure 5b,d,f reveals that the
introduction of the CNTs into the OXD-CMPs increased the
CV integrated areas, relative to those of the pure OXD-CMPs,
suggesting the enhanced specific capacitance of the OXD-CMP/
CNT nanocomposites.
Figure 6a−f shows the GCD patterns of the OXD-CMPs and

the OXD-CMP/CNT nanocomposites at different current
densities. The GCD curves of all of the pure and CNT-
supported OXD-CMPs were triangular in shape at all of the
current densities, but featuring slight bends, suggesting both
pseudocapacity and EDLC features.57,59,69 In addition, the
OXD-CMP/CNT nanocomposites showed longer discharging
times than those of the pure OXD-CMPs. These results
confirmed that the CNTs enhanced the capacitance perform-
ance of the OXD-CMPs. Furthermore, the higher Coulombic
efficiencies of our OXD-CMPs and their nanocomposites due to
the fast intercalation and surface diffusion of the electrolyte ions
during the charging process and slow deintercalation of the
electrolyte ions during the discharging process which suggests
OXD-CMP materials may be utilized as a promising hybrid
battery-type supercapacitor.6

Figure 7 presents the specific capacitances of all of the OXD-
CMP-based samples, determined from their GCD curves using
eq S1. At a current density of 0.5 A g−1, the capacitance of the Py-
OXD-CMP/CNT nanocomposite (504 F g−1) was excellent
and much higher than those of the other OXD-CMP-based
samples (Py-OXD-CMP: 359 F g−1; TPE-OXD-CMP: 313 F
g−1; TPE-OXD-CMP/CNT nanocomposite: 437 F g−1; TPA-
OXD-CMP: 292 F g−1; and TPA-OXD-CMP/CNT nano-
composite: 360 F g−1) [Figure 7a−c]. We attribute this behavior
to the higher surface area (298 m2 g−1), the existence of micro-
and mesoporosity (pore sizes: 1.96 and 2.76 nm), and the
presence of various types of N and O heteroatoms, all of which
ensured greater accessibility of the electrolyte to the electrode
surface.57,59,69,70 Upon increasing the current density, the
capacitances of all of the OXD-CMP-based samples decreased
due to the difficult ion adsorption and diffusion inside the
smallest pores at higher current densities.57,59,69 Recently, our
group prepared three types of TBN-CMPs based on
tetrabenzonaphthalene (TBN), carbazole (Car), TPE, and Py
units and then blended them with CNTs to improve their
conductivity.59 Electrochemical analysis revealed that our TBN-
Py-CMP/CNT sample had an excellent capacitance of 430 F g−1

compared with other TBN-CMPs/CNT precursors due to the
strong interaction between CNTs and TBN-Py-CMP via π−π
stacking.59 In addition, Mei et al. prepared copper porphyrin-
linked CMP (CuTAPP-CMP) CNTs;69 electrochemical testing
revealed that the CuTAPP-CMP/CNT nanocomposite had a

Figure 5.CV patterns of (a) TPA-OXD-CMP, (b) the TPA-OXD-CMP/CNT nanocomposite, (c) TPE-OXD-CMP, (d) the TPE-OXD-CMP/CNT
nanocomposite, (e) Py-OXD-CMP, and (f) the Py-OXD-CMP/CNT nanocomposite.
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specific capacitance of 207.8 F g−1 with an excellent long cycle
performance.
Accordingly, we examined the durability of our samples

through GCD measurements over 2000 cycles at a current
density of 10 A g−1. The TPA-OXD-CMP, TPE-OXD-CMP, Py-
OXD-CMP, TPA-OXD-CMP/CNT, TPE-OXD-CMP/CNT,
and Py-OXD-CMP/CNT displayed good cycling stability
(Figure 7d−f), with capacitance retentions of 86.1, 84.2, 80.4,
91.1, 88.1, and 86.4%, respectively, of their original capacitances
after 2000 cycles; thus, the cycling stability of the OXD-CMPs
improved after their blending with the CNTs. Furthermore,
Figure 8 and Table S2 presented the excellent energy storage
performance of the OXD-CMPs/CNT precursor compared
with other CMP/CNT materials.57,59,69

We calculated the energy and power densities using eqs S2
and S3, respectively, to construct a Ragone plot [Figure 9a−c],
which revealed that the energy density of the Py-OXD-CMP/
CNT nanocomposite (70.1 W h kg−1) was higher than those of
our other tested OXD-CMP-based samples (Py-OXD: 50 W h
kg−1; TPE-OXD: 43.5 W h kg−1; TPE-OXD/CNT nano-
composite: 60.7W h kg−1; TPA-OXD: 40.6W h kg−1; and TPA-
OXD/CNT nanocomposite: 49.9 W h kg−1) at a power density
of 250 W kg−1.

To further explore the practical application prospect of OXD-
CMPs/CNT nanocomposites as supercapacitor, the assembled
symmetric supercapacitor was tested in a two-electrode system.
CV and GCD curves of OXD-CMPs/CNT nanocomposites
were recorded within the potential window of 0.10 to−0.90 V at
sweep rates (5−200 mV s−1) and current densities (0.50−20 A
g−1), respectively, and presented in Figure 10. As shown in
Figure 10a−c, the CVs at different scan rates have rectangular
shape even at a high scan rate (200 mV s−1), suggesting an
EDLC behavior. The humps present in the CV profiles were due
to the pseudocapacitance behavior, arising from the presence of
heteroatoms (i.e., N and O atoms). In addition, as the scan rate
increases, the corresponding current at the same potential also
increases, indicating that the symmetric capacitor has good
reversibility. Moreover, the GCD curves of the OXD-CMPs/
CNT symmetric cell (Figure 10e,f) are triangular in shape,
indicating that they have a good capacitance performance. At a
current density of 0.5 A g−1, the capacitance of the Py-OXD-
CMP/CNT nanocomposite (409.4 F g−1) was excellent and
higher than those of the other OXD-CMPs/CNT nano-
composite-based samples (TPA-OXD-CMP/CNT nanocom-
posite: 346 F g−1; TPE-OXD-CMP/CNT nanocomposite:
299.6 F g−1) [Figure S5a] in a good agreement with three
electrode results. Furthermore, the durability test of the OXD-

Figure 6.GCD curves of (a) TPA-OXD-CMP, (b) the TPA-OXDCMP/CNT nanocomposite, (c) TPE-OXD-CMP, (d) the TPE-OXD-CMP/CNT
nanocomposite, (e) Py-OXD-CMP, and (f) the Py-OXD-CMP/CNT nanocomposite.
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CMPs/CNT symmetric cell was performed under at a current
density of 10 A g−1 for 1000 cycles (Figure S5b). The Py-OXD,

TPA-OXD, and TPE-OXD-CMPs/CNT displayed good
cycling stability (Figure S5b), with capacitance retentions of
100, 68, and 39.4%, respectively, of their original capacitances

Figure 7. (a−c) Specific capacitances and stability profiles (e−f) of the OXD-CMPs and OXD-CMPs/CNT nanocomposites.

Figure 8. Specific capacitances of the OXD-CMPs/CNT nano-
composites and those of other CMP/CNT materials reported
previously for energy storage applications.

Figure 9. Ragone plots of (a) TPA-OXD-CMP, the TPA-OXD CMP/
CNT nanocomposite, (b) TPE-OXD-CMP, the TPE-OXD-CMP/
CNT nanocomposite, (c) Py-OXD-CMP, and the Py-OXD-CMP/
CNT nanocomposite.
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after 1000 cycles, indicating that the Py-OXD-CMP/CNT
sample has a higher cycling stability performance. The Ragone
plot for the OXD-CMPs/CNT symmetric cell is constructed
and presented in Figure S5c. The Py-OXD-CMP/CNT
nanocomposite exhibited a high energy density of 14.21 W h/
kg at a power density of 250 W/kg, and when the power density
increased to 10 000 W/kg, the energy density was maintained at
3.16 W h/kg compared with other OXD-CMPs/CNT and
reported materials [Figure S6]. To verify the practical
applications, the Py-OXD-CMP/CNT symmetric cell illumi-
nates a red light-emitting diode, as displayed in Figure S7. Figure
S8 and Table S3 display the Nyquist plots of Py-OXD, TPA-
OXD, and TPE-OXD-CMPs/CNT nanocomposites. In the
high-frequency region, all samples showed an obvious semi-
circular feature, which represent the charge transfer resistance
(Rct). The Py-OXD-CMP/CNT nanocomposite has the
smallest Rct (7.282 Ω) compared to those of TPA-OXD-
CMP/CNT (10.19 Ω) and TPE-OXD-CMP/CNT (22.96 Ω)
nanocomposites, indicating that the charge transfer resistance of
electrons in the electrode is the smallest.

■ CONCLUSIONS

We have prepared three CMPs through Sonogashira coupling of
a brominated-oxadiazole (OXD-Br2) building block with TPA,

TPE, and Py moieties, respectively. We then integrated these
three OXD-CMPs with CNTs to produce OXD-CMP/CNT
nanocomposites, which we evaluated as electrodes for super-
capacitor systems. The Py-OXD-CMP/CNT electrode dis-
played an excellent specific capacitance (504 F g−1) and cycling
stability (91.1% capacitance retention). Our results suggest the
promise of OXD-CMPs/CNT nanocomposites in higher-
performance charge energy storage.
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