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ABSTRACT: In this study, we prepared a series of conjugated
microporous polymers (CMPs) through Sonogashira−Hagihara
cross-couplings of a tetrabenzonaphthalene (TBN) monomer with
pyrene (Py), tetraphenylethylene (TPE), and carbazole (Car)
units and examined their chemical structures, thermal stabilities,
morphologies, crystallinities, and porosities. TBN−TPE-CMP
possessed a high surface area (1150 m2 g−1) and thermal stability
(Td10 = 505 °C; char yield = 68 wt %) superior to those of TBN−
Py-CMP and TBN−Car-CMP. To improve the conductivity of the
TBN-CMP materials, we blended them with highly conductive
single-walled carbon nanotubes (SWCNTs). Electrochemical
measurements revealed that the TBN−Py-CMP/SWCNT nano-
composite had high capacitance (430 F g−1) at a current density of 0.5 A g−1 and outstanding capacitance retention (99.18%) over
2000 cycles; these characteristics were superior to those of the TBN−TPE-CMP/SWCNT and TBN−Car-CMP/SWCNT
nanocomposites.

KEYWORDS: conjugated microporous polymers, tetrabenzonaphthalene, carbon nanotubes, π−π-stacking interaction, supercapacitors

■ INTRODUCTION

There is great demand at present to develop renewable energy
systems to mitigate environmental deterioration resulting from
the use of fossil fuels.1−5 Supercapacitors are storage energy
devices that function with characteristics between those of
conventional capacitors and batteries. Energy storage in a
supercapacitor occurs through electrostatic reactions between
electrolyte ions and carbon electrodes. Supercapacitors are
typically small in size and operate with large densities over wide
temperature ranges, with rapid charge/discharge rates and
outstanding cycle capacities.6−9 Supercapacitors have already
found applications industrially, particularly in electric trains and
buses, cranes, elevators, and continuous power supply systems.
The nature of the electrode materials plays an important role in
determining the performance of a supercapacitor.10 Many types
of materials have been applied as supercapacitor electrodes,
including hydroxides, electrochemically active organic mole-
cules, metal oxides, carbon materials, and sulfides.11−14 The use
of inorganic materials as electrodes results in environmental
pollution arising from their mining. Organic electroactive
materials have become useful electrode materials for super-
capacitors because of their flexibility, high sustainability,
availability of resources, and environmental friendliness.15,16

Conjugated microporous polymers (CMPs) are a subclass of
porous organic polymers that feature π-conjugation in their
microporous frameworks. Because of the diverse types of
available building blocks and reactions, CMP materials can be
prepared with a wide range of structures and properties. For
example, CMPs have been synthesized using common coupling
reactions (e.g., Sonogashira−Hagihara, Suzuki−Miyaura, and
Yamamoto coupling) as well as oxidative polymerization.17−23

CMPs typically have many attractive characteristics: facile
preparation, high surface area, porosity, strong activity toward
visible light, high thermal stability, and good optoelectronic
properties. As a result, CMPs are good candidates for use in such
applications as energy storage, gas separation, metal ion sensing,
production of solar fuels, gas adsorption, photocatalytic H2
production, and photoredox catalysis.4,24−41 Unfortunately,
CMP materials have generally displayed low conductivity,
decreasing their number of workable energy storage applica-

Special Issue: Emerging Materials for Catalysis and
Energy Applications

Received: March 28, 2021
Accepted: April 28, 2021

Forum Articlewww.acsami.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsami.1c05720
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 S
U

N
 Y

A
T

-S
E

N
 U

N
IV

 o
n 

Se
pt

em
be

r 
8,

 2
02

1 
at

 1
0:

02
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maha+Mohamed+Samy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Gamal+Mohamed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed.+F.+M.+EL-Mahdy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tharwat+Hassan+Mansoure"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tharwat+Hassan+Mansoure"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+C.-W.+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiao-Wei+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c05720&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05720?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05720?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05720?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05720?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05720?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/current?ref=pdf
https://pubs.acs.org/toc/aamick/current?ref=pdf
https://pubs.acs.org/toc/aamick/current?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c05720?rel=cite-as&ref=PDF&jav=VoR
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


tions.42−45 For example, Mohamed et al. found that a hyper-
cross-linked porous organic polymer based on (4-(5,6-diphenyl-
1H-benzimidazol-2-yl)triphenylamine (DPT) displayed a spe-
cific capacitance of 110 F g−1 at a current density of 0.5 A g−1;6

they also reported two types of hyper-cross-linked porous
organic polymers based on tetraphenylanthraquinone materials
exhibiting capacitances at 0.2 A g−1 of 72.75 F g−1 for An-CPOP-
1 and 98.40 F g−1 for An-CPOP-2, respectively.46 Furthermore,
Khattak et al. prepared a diaminopyridine (DAP)−1,3,5-
triformylphloroglucinol (TFP) covalent organic framework
(COF) displaying a capacitance of 98 F g−1 at 0.5 A g−1.47 In
2018, our group revealed that the specific capacitances at 0.2 A
g−1 of TPA-COF-1, TPA-COF-2, TPA-COF-3, TPT-COF-4,
TPT-COF-5, and TPT-COF-6 were 51.3, 14.4, 5.1, 2.4, 0.34,
and 0.24 F g−1, respectively.48

Carbon nanotubes (CNTs) are highly conductive carbon
materials because of their unique structure and outstanding
mechanical properties.49,50 Most interestingly, CNT networks
can function as flexible substrates for CMPs to create active
flexible electrodes without the need for additives or binders,
thereby facilitating electrode preparation.51,52 Conductive
carbon materials (e.g., CNTs, graphene, activated carbons)
have been introduced to enhance the electrochemical perform-
ance of COFs, metal−organic frameworks (MOFs), and CMP
matrices.52−57 For example, Duan et al. reported CoPc-CMP/
CNTs-2 nanocomposites displaying excellent capacity retention
(89.2%) and a specific capacitance of 107.2 F g−1 at a current
density of 10 A g−1.52 Lin et al. prepared a CNTs@Mn-MOF
material displaying a specific capacitance (203.1 F g−1) higher
than that of the corresponding pure Mn-MOF (43.2 F g−1).57

Liu et al. found that TpPa-COF/single-walled CNT (SWCNT)
hybrid materials displayed a specific capacitance of 153 F g−1 at
0.5 A g−1 as well as good cycling stability.54

We suspected that the blending of CNTs with tetrabenzo-
naphthalene (TBN)-based CMPs would be a useful method for
constructing active electrodes for supercapacitors. In this report,

we describe the preparation of three TBN-CMPs (TBN−Py-
CMP, TBN−TPE-CMP, TBN−Car-CMP) through Sonoga-
shira−Hagihara cross-couplings of a TBN building block with
1,3,6,8-tetraethynylpyrene (Py-T), 1,1,2,2-tetrakis(4-
ethynylphenyl)ethene (TPE-T), and 3,3′,6,6′-tetraethynyl-
9,9′-bicarbazole (Car-T) units, respectively, in N,N-dimethyl-
formamide (DMF) and triethylamine (Et3N) in the presence of
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] as the
catalyst [Scheme 1]. We used Fourier transform infrared
(FTIR) spectroscopy, solid-state 13C nuclear magnetic reso-
nance (NMR) spectroscopy, thermogravimetric analysis
(TGA), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), the Brunauer−Emmett−Teller
(BET) method, and X-ray diffraction to examine the chemical
structures, morphologies, and properties of these TBN-CMP
materials. We blended these TBN-CMPs with SWCNTs (2 wt
%) to produce TBN-CMP/SWCNT nanocomposites stabilized
through strong noncovalent interactions. TEM confirmed the
dispersion of the SWCNTs within the TBN-CMP matrix.
Gratifyingly, the electrochemical performance of the TBN-
CMPs as electrode materials improved after their blending with
the SWCNTs.

■ EXPERIMENTAL SECTION
Materials. Dichloromethane (DCM), trifluoromethanesulfonic

acid (CF3SO3H), Et3N, CuI, triphenylphosphine (PPh3), and Pd-
(PPh3)4 were purchased from Sigma−Aldrich. Methanol and DMF
were purchased from Acros. 1,3,6,8-Tetrabromopyrene (Py-Br4),
3,3′,6,6′-tetrabromo-9,9′-bicarbazole (Car-Br4), and tetrakis(4-
bromophenyl)ethylene (TPE-Br4) were synthesized using previously
reported procedures.4,6,41,58−61

1,3,6,8-Tetrakis(2-(trimethylsilyl)ethynyl)pyrene (Py-TMS).
A mixture of Py-Br4 (1.00 g, 1.93 mmol), CuI (0.0590 g, 0.310
mmol), PPh3 (0.122 g, 0.460 mmol), and Pd(PPh3)4 (0.110 g, 0.150
mmol) in toluene (14 mL) and Et3N (14 mL) was stirred in a two-neck
flask for 15 min. Ethynyltrimethylsilane (1.52 g, 15.5 mmol) was added,
and then, the mixture was heated under reflux at 80 °C for 72 h. The

Scheme 1. Synthesis of (a) TBN−Py-CMP, (b) TBN−TPE-CMP, and (c) TBN−Car-CMP
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cooled mixture was filtered to remove any catalyst. After the toluene
and Et3N were removed from the reaction mixture by a rotary
evaporator, the product residue was purified by extraction with DCM.
The combined extracts were concentrated using a rotary evaporator.
Methanol was added to the residue, forming a red precipitate (Py-
TMS), which was filtered off and dried at 60 °C (0.85 g, 85%; Scheme
S1). Temperature for onset of decomposition: 350 °C. FTIR (KBr,
cm−1, Figure S1): 3053 (aromatic C−H stretching), 2908 (aliphatic
C−H stretching), 2100 (CC stretching), 1618 (C=C stretching). 1H
NMR (500 MHz, CDCl3, δ, ppm, Figure S2): 0.413 (s, 36H, CH3), 8.3
(s, 2H), 8.57 (s, 4H). 13C NMR (600MHz, CDCl3, δ, ppm, Figure S3):
135.70, 132.40, 127.80, 119.20, 103.50, 101.60. (+)ESI-MS m/z 587.3
(calcd for C36H42Si4) (Figure S4).
1,3,6,8-Tetraethynylpyrene (Py-T). A solution of Py-TMS

(0.440 g, 0.820 mmol) and K2CO3 (0.900 g, 6.52 mmol) in anhydrous
methanol (15 mL) was stirred at room temperature overnight. After
filtration, the solution was concentrated to afford a brown solid (0.36 g,
94%; Scheme S1). Temperature for onset of decomposition: 350 °C.
FTIR (KBr, cm−1, Figure S5): 3279 (≡C−H), 3065 (aromatic C−H
stretching), 2186 (CC stretching), 1618 (C=C stretching). 1HNMR
(500 MHz, CDCl3, δ, ppm, Figure S6): 8.68 (s, 4H), 8.38 (s, 2H), 3.67
(s, 4H). 13C NMR (125 MHz, CDCl3, δ, ppm, Figure S7): 133.80,
130.80, 129.10, 127.80, 84.50, 59.70. (+)ESI-MS m/z 298.8 (calcd for
C24H10) (Figure S8).
1,1,2,2-Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)ethane

(TPE-TMS). A mixture of TPE-Br4 (1.00 g, 1.54 mmol), CuI (0.0470 g,
0.240 mmol), PPh3 (0.100 g, 0.380 mmol), and Pd(PPh3)4 (0.0860 g,
0.120 mmol) in THF (14 mL) and Et3N (14 mL) was stirred in a two-
neck flask at 50 °C for 30 min. Ethynyltrimethylsilane (1.21 g, 12.3
mmol) was added dropwise, and then, the mixture was heated under
reflux at 50 °C for 3 days. The resulting mixture was filtered and
concentrated. The residue was purified through flash chromatography
(SiO2; DCM) to give a white powder (0.75 g, 75%; Scheme S1).
Temperature for onset of decomposition: 200 °C. FTIR (KBr, cm−1,
Figure S9): 3060 (aromatic C−H stretching), 2920 (aliphatic C−H
stretching), 2155 (CC stretching), 1618 (C=C stretching). 1HNMR
(500 MHz, CDCl3, δ, ppm, Figure S10): 7.24 (d, J = 8.4 Hz, 8H), 6.88
(d, J = 8.4Hz, 8H), 0.22 (s, 36H, CH3).

13CNMR (125MHz, CDCl3, δ,
ppm, Figure S11): 144, 141, 132.7, 132, 122.3, 105.6, 95.8, 0.07.
(+)ESI-MS m/z 717.4 (calcd for C46H52Si4) (Figure S12).
1,1,2,2-Tetrakis(4-ethynylphenyl)ethene (TPE-T). Amixture of

TPE-TMS (0.440 g, 0.650 mmol) and K2CO3 (0.900 g, 6.52 mmol) in
methanol (10 mL) was stirred at room temperature overnight. The
pale-yellow precipitate was filtered off and dried [0.37 g, 93%; Scheme
S1]. Tm: 155.5 °C. FTIR (KBr, cm−1, Figure S13): 3273 (≡C−H),
3042 (aromatic C−H stretching), 2109 (CC stretching), 1617 (C=C
stretching). 1H NMR (500 MHz, CDCl3, δ, ppm, Figure S14): 7.24 (d,
J = 8.4 Hz, 8H), 6.93 (d, J = 8.4 Hz, 8H), 3.06 (s, 4H, ≡C−H). 13C
NMR (125 MHz, CDCl3, δ, ppm, Figure S15): 143.8, 141.6, 132.36,
132, 121.24, 83.6 (≡C−Ar), 77.88 (≡C−H). (+)ESI-MS m/z 428
(calcd for C34H20) (Figure S16).
3,3′,6,6′-Tetrakis((trimethylsilyl)ethynyl)-9,9′-bicarbazole

(Car-TMS). A solution of Car-Br4 (1.00 g, 1.54 mmol), PPh3 (0.100 g,
0.380 mmol), and Pd(PPh3)4 (0.0860 g, 0.120 mmol) in THF (14 mL)
and Et3N (14 mL) was stirred in a two-neck flask at 50 °C for 30 min.
Ethynyltrimethylsilane (1.21 g, 12.3 mmol) was added, and then, the
mixture was heated under reflux at 50 °C for 3 days. The resulting
solution was filtrated to remove any catalyst and concentrated. The
residue was purified through flash chromatography (SiO2; DCM) to
give a white powder (0.89 g, 89%, Scheme S1).Tm: 130 °C. FTIR (KBr,
cm−1, Figure S17): 3060 (aromatic C−H stretching), 2920 (aliphatic
C−H stretching), 2155 (CC stretching), 1618 (C=C stretching),
1284 (C−N stretching). 1H NMR (500 MHz, CDCl3, δ, ppm, Figure
S18): 8.31 (s, 4H), 7.47 (d, 4H), 6.75 (d, 4H), 0.31 (s, 36H, CH3).

13C
NMR (125 MHz, CDCl3, δ, ppm, Figure S19): 140.33, 132.13, 126.21,
122.56, 117.55, 109.8, 105.7, 93.86. (+)ESI-MS m/z 717.2 (calcd for
C44H88N2Si4) (Figure S20).
3,3′,6,6′-Tetraethynyl-9,9′-bicarbazole (Car-T). A solution of

Car-TMS (0.440 g, 0.650 mmol) and K2CO3 (0.900 g, 6.52 mmol) in
methanol (10 mL) was stirred at room temperature for 12 h. The pale-

yellow precipitate was filtered off and dried (0.35 g, 80%, Scheme S1).
Temperature for onset of decomposition: 180 °C. FTIR (KBr, cm−1,
Figure S21): 3285 (≡C−H), 3065 (aromatic C−H stretching), 2105
(CC stretching), 1620 (C=C stretching), 1286 (C−N stretching).
1HNMR (500MHz, CDCl3, δ, ppm, Figure S22): 8.32 (s, 4H), 7.51 (d,
4H), 6.84 (d, 4H), 3.09 (s, 4H, ≡C−H). 13C NMR (125 MHz, CDCl3,
δ, ppm, Figure S23): 140.24, 132.02, 125.61, 122.24, 116.61, 109.77,
84.33 (≡C−Ar), 76.67 (≡C−H). (+)ESI-MS m/z 428 (calcd for
C32H16N2) (Figure S24).

2,7,10,15-Tetrabromotetrabenzonaphthalene (TBN-Br4). In a
two-neck flask under a N2 atmosphere, TPE-Br4 (3.00 g, 4.60 mmol)
was added to dry DCM (230 mL), and then, the flask was cooled in ice
for 1 h. CF3SO3H (2.76 mL) was added slowly; the resulting mixture
was stirred for 1 h at 0 °C and then at ambient temperature for 4 h.
Methanol (50 mL) was poured into the flask, and then, the mixture was
stirred at ambient temperature overnight. The precipitate was filtered
off and washed many times with THF, methanol, and acetone to give a
pale brown solid (1.85 g, 62%). Tm > 300 °C. FTIR (KBr, cm−1, Figure
S25): 3079 (aromatic C−H stretching), 566 (C−Br stretching). 1H
NMR (500 MHz, CDCl3, δ, ppm, Figure S26): 8.76 (d, 4H), 8.42 (d,
4H), 7.74 (dd, 4H). 13C NMR spectrum of TBN-Br4 could not be
provided for this compound because of its poor solubility in organic
solvents. (+)ESI-MS m/z 644.1 (calcd for C26H12Br4) (Figure S27).

TBN−Py-CMP.A solution of TBN-Br4 (140 mg, 0.220 mmol), Py-T
(100 mg, 0.330 mmol), CuI (4.00 mg, 0.0200 mmol), PPh3 (5.60 mg,
0.0200 mmol), and Pd(PPh3)4 (20.0 mg, 0.0200 mmol) was heated in
DMF (5 mL) and Et3N (5 mL) at 110 °C for 3 days. The resulting
precipitate was filtered off and washed well with THF, methanol, and
acetone. The solid was dried in an oven under vacuum at 100 °C
overnight to give a deep-red solid (0.19 g, 73%). FTIR (KBr, cm−1):
3051 (C−H aromatic), 2197 (CC), 1635 (C=C).

TBN−TPE-CMP. A solution of TBN-Br4 (100 mg, 0.150 mmol),
TPE-T (100 mg, 0.230 mmol), CuI (3.00 mg, 0.0150 mmol), PPh3
(4.00 mg, 0.015 mmol), and Pd(PPh3)4 (20.0 mg, 0.0150 mmol) in
DMF (5mL) and Et3N (5mL) was heated under reflux at 110 °C for 72
h. After cooling, the precipitate was filtered off, washedmany times with
THF, methanol, and acetone, and dried to afford a yellow solid (0.23 g,
85%). FTIR (KBr, cm−1): 3075 (C−H aromatic), 2199 (CC), 1635
(C=C).

TBN−Car-CMP. A solution of TBN-Br4 (100 mg, 0.150 mmol),
3,3′,6,6′-tetraethynyl-9,9′-bicarbazole (100 mg, 0.230 mmol), CuI
(3.00 mg, 0.0150 mmol), PPh3 (4.00 mg, 0.0150 mmol), and
Pd(PPh3)4 (20.0 mg, 0.0150 mmol) in DMF (5 mL) and Et3N (5
mL) was heated under reflux at 110 °C for 72 h. The yellow precipitate
was filtered off; washed thoroughly with THF, MeOH, and acetone;
and dried (0.22 g, 81%). FTIR (KBr, cm−1): 3063 (C−H aromatic),
2202 (CC), 1617 (C = C).

TBN-CMP/SWCNT Nanocomposites. A mixture of a TBN-CMP
monomer and an SWCNT (2 wt %) in THF was sonicated at room
temperature for 10 h. The solvent was evaporated at 60 °C over 24 h in
an oven. The resulting TBN-CMP/SWCNT (2 wt % SWCNT)
nanocomposite was imaged using TEM (Scheme 2).

■ RESULTS AND DISCUSSION
Synthesis of TBN−Py-CMP, TBN−TPE-CMP, and TBN−

Car-CMP. Scheme 1 displays our schematic route for the
preparation of the three types of TBN-CMPs, through
Sonogashira couplings of TBN-Br4 with Py-T, TPE-T, and
Car-T, respectively, in a mixture of DMF and Et3N (1:1) in the
presence of a palladium catalyst. All of the resultant CMP
polymers were insoluble in most common solvents. The
chemical structures of these three microporous polymers were
confirmed using FTIR spectroscopy and solid-state NMR
spectroscopy. FTIR spectra [Figure 1(A)] confirmed the
presence of the alkyne linkers of the three conjugated polymers
through the appearance of a stretching absorption band for
−CC− bonds near 2200 cm−1. In addition, absorption bands
at 3075−3051 and 1628 cm−1 appeared in the FTIR spectra of
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these three polymers, representing the stretching of aromatic
C−H and C=C units. Figure 1(B) presents the solid-state 13C
NMR spectra of TBN−Py-CMP, TBN−TPE-CMP, and TBN−

Car-CMP, recorded at room temperature. The signals of the
aromatic carbon nuclei in these frameworks appeared in the
range of 121−139 ppm, with signals at 78 ppm representing
their alkyne groups. The spectrum of TBN−TPE-CMP [Figure
1B-(b)] featured an additional peak at 141 ppm, representing
the ethylene group in the TPE unit. TGA [Figure 1(C) and
Table 1] revealed that all three TBN-CMPs were stable under

N2 at temperatures of up to 430 °C, with the 10% weight losses
for TBN−Py-CMP, TBN−TPE-CMP, and TBN−Car-CMP
occurring at 439, 505, and 480 °C, respectively, along with char
yields of 58, 67, and 54 wt %, respectively. All of the prepared
CMPs had amorphous structures, with no crystalline diffraction
peaks appearing in their X-ray diffraction patterns [Figure
1(D)], consistent with other reported microporous net-
works.61,62

Scheme 2. (a) Blending TBN-CMP with SWCNT in THF
Solution, (b) Ultrasonication of TBN-CMP with SWCNT in
THF Solution, (c) Formation of TBN-CMP/SWCNT
Nanocomposites through π−π-Stacking, and (d) TEM
Images of TBN-CMP/SWCNT

Figure 1. (A) FTIR spectra of (a) TBN-Py-CMP, (b) TBN-TPE-CMP, and (C) TBN-Car-CMP, recorded at 25 °C. (B) 13C NMR spectra of (a)
TBN-Py-CMP, (b) TBN-TPE-CMP, and (c) TBN-Car-CMP. (C) TGA curves of (a) TBN-Py-CMP, (b) TBN-TPE-CMP, and (c) TBN-Car-CMP.
(D) XRD profiles of (a) TBN-Py-CMP, (b) TBN-TPE-CMP, and (c) TBN-Car-CMP.

Table 1. Thermal Stabilities and Porosity Properties of
TBN−Py-CMP, TBN−TPE-CMP, and TBN−Car-CMP

sample
Td5
(°C)

Td10
(°C)

char yield
(wt %)

surface area
(m2/g)

pore size
(nm)

TBN−Py-
CMP

343 439 58 473 1.05

TBN−TPE-
CMP

405 505 68 1150 1.07

TBN−Car-
CMP

380 480 54 762 1.04, 2
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To determine the porosities of the three TBN-CMPs, we
examined their N2 sorption behavior at 77 K. As illustrated in
Figure 2(A), the three CMPs all provided type II isotherms with
a sharp increase in the lower P/P0 region (<0.02). This behavior
confirmed that the surfaces of these materials featured
substantial micropores, with specific surface areas and total
pore volumes (at P/P0 = 0.99) of 473 m2 g−1 and 0.678 cm3 g−1,
respectively, for TBN−Py-CMP; 1150 m2 g−1 and 1.426 cm3

g−1, respectively, for TBN−TPE-CMP; and 762 m2 g−1 and
0.600 cm3 g−1, respectively, for TBN−Car-CMP. Furthermore,
we used nonlocal density functional theory (NLDFT) to
estimate the pore sizes of these three CMPs from their N2

sorption isotherms. The pore size distribution (PSD) curves
[Figure 2(B)] revealed that TBN−Py-CMP and TBN−Car-
CMP possessed micropores (average diameters: 1.05 and 1.07

nm, respectively), whereas TBN−TPE-CMP possessed both
micropores and lower mesopores (average diameters of 1.04 and
2.00 nm, respectively). Furthermore, SEM imaging [Figure
2(C) revealed that the TBN-CMPs featured aggregated small
particles with diameters of less than 20 nm. TEM images [Figure
2(D)] showed that the TBN-CMPs featured microporous
structures.
Figure 3 displays photographs of the pure SWCNTs, solutions

of the pure TBN-CMPs in THF, and the TBN-CMP/SWCNT
nanocomposites. The SWCNTs formed a precipitate in THF
[Figure 3(a2)], confirmed by the TEM image in Figure 3(a). All
of the TBN-CMPs formed clear solutions in THF [Figure
3(b1,c1,d1)]; the addition of TBN-CMPs to the SWCNTs led
to dissolving of the nanotubes [Figure 3(b2,c2,d2)], indicating
that noncovalent interactions (π−π-stacking) occurred between

Figure 2. (A) N2 adsorption/desorption isotherms of (a) TBN-Py-CMP, (b) TBN-TPE-CMP, and (c) TBN-Car-CMP. (B) Pore size distribution
curves of (a) TBN-Py-CMP, (b) TBN-TPE-CMP, and (c) TBN-Car-CMP. (C) SEM images of (c1) TBN-Py-CMP, (c2) TBN-TPE-CMP, and (c3)
TBN-Car-CMP. (D) TEM images of (d1) TBN-Py-CMP, (d2) TBN-TPE-CMP, and (d3) TBN-Car-CMP.
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the TBN-CMPs and SWCNTs, forming soluble complexes. The
TEM images in Figure 3(b−d) confirmed the uniform
dispersion of the SWCNTs (2 wt %) in the TBN-CMP
matrices. TGA [Figure S28 and Table S1] showed that the 10%

weight losses for TBN−Py-CMP/SWCNT, TBN−TPE-CMP/
SWCNT, and TBN−Car-CMP/SWCNT occurring at 306,
198.50, and 274.50 °C, respectively, along with char yields of
57.54, 42.04, and 50 wt %, respectively.

Figure 3. TEM images of (a) the pure SWCNTs and the (b) TBN−Py-CMP/SWCNT, (c) TBN−TPE-CMP/SWCNT, and (d) TBN−Car-CMP/
SWCNT composites. Photographs of (a1,a2) the pure SWCNTs, (b1) TBN−Py-CMP, (b2) the TBN−Py-CMP/SWCNT complex, (c1) TBN-TBE-
CMP, (c2) the TBN−TPE-CMP/SWCNT complex, (d1) TBN−Car-CMP, and (d2) the TBN−Car-CMP/SWCNT complex.

Figure 4. (a,b) CV curves of (a) TBN−Py-CMP and (b) the TBN−Py-CMP/SWCNT composite. (c,d) GCD curves of (c) TBN−Py-CMP and (d)
the TBN−Py-CMP/SWCNT composite, measured at various currents. (e) Specific capacitances of TBN−Py-CMP and the TBN−Py-CMP/SWCNT
composite, measured at current densities from 0.5 to 20 A g−1. (f) Cycling stabilities of TBN−Py-CMP and the TBN−Py-CMP/SWCNT composite,
measured at 10 A g−1 over 2000 cycles.
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Electrochemical Performance. We estimated the electro-
chemical performance of the three TBN-CMPs and their
composites with the SWCNTs through cyclic voltammetry
(CV) and galvanostatic charge−discharge (GCD) measure-
ments in a three-electrode system with 1M aqueous KOH as the
electrolyte. We compared the CV profiles of all of the TBN-
CMPs and TBN-CMP/SWCNT materials at various sweep
rates from 5 to 200 mV s−1 [Figures 4(a,b), 5(a,b), and
S29(a,b)]. The corresponding CV curves of all of the TBN-
CMP and TBN-CMP/SWCNT samples had rectangular shapes
featuring humps, indicating that their capacitive responses
originated from electric double-layer capacitance (EDLC).4,6

The distinct appearance of humps in the rectangular shapes was
indicative of pseudocapacitance arising from the presence of the
nitrogen heteroatoms (in the case of TBN−Car-CMP) and
electron-rich phenyl rings, for which reversible radical redox
processes occurred during charge and discharge processes.63 In
addition, the current density increased upon increasing the
sweep rate from 5 to 200 mV s−1 while retaining the shape of the
CV curves, indicating good rate capability and facile kinetics.47

The GCD measurements of all of the TBN-CMPs and TBN-
CMP/SWCNT samples were performed at current densities
varying from 0.5 to 20 A g−1 [Figures 4(c,d), 5(c,d), and
S29(c,d)]. These GCD curves had triangular shapes featuring a
slight bend, suggesting both pseudocapacity and EDLC
characteristics.49 The discharging times of the TBN-CMP/
SWCNT materials were longer than those of the TBN-CMPs,

indicating that the capacitance of the TBN-CMP materials was
significantly improved after combining them with the SWCNTs.
We estimated the specific capacitances of the TBN-CMP and
TBN-CMP/SWCNT materials from their GCD curves. At a
current density of 0.5 A g−1, the specific capacitances of the
TBN−Py-CMP, TBN−TPE-CMP, TBN−Car-CMP, TBN−
Py-CMP/SWCNT, TBN−TPE-CMP/SWCNT, and TBN−
Car-CMP/SWCNT materials were 31, 18.45, 18.90, 430, 156,
and 53 F g−1, respectively [Figures 4(e), 5(e), and S29(e)]. For
comparison, Li et al. synthesized a series of nanostructured
pyrene/graphene composites (PGCs)64 and found that the
optimized PGC electrode exhibited a specific capacitance of
310.7 F g−1 at a current density of 1.5 A g−1 as well as excellent
cycle stability (capacitance retention of 99% after 15 000 cycles).
They attributed this excellent performance to the high
electrochemical activity of pyrene, the highly conductive and
porous structure, and the improved wettability between the
electrode and electrolyte. Therefore, decoration with pyrene can
improve the hydrophilicity of an SWCNT surface, with the
hydrophilic characteristics offering spaces for ready access of
electrolyte ions, leading to rapid mass transport and enhanced
electrochemical performance.64

In addition, the porous structure of an SWCNT provides
diffusion channels and more efficient transport of electrolyte
ions, thereby improving the capacitance.We examined the cyclic
stability of our CMPs, before and after their blending with the
SWCNTs, at a current density of 10 A g−1. The capacitance

Figure 5. (a,b) CV profiles of (a) TBN−TPE-CMP and (b) the TBN−TPE-CMP/SWCNT composite. (c,d) GCD profiles of (c) TBN−TPE-CMP
and (d) the TBN−TPE-CMP/SWCNT composite, measured at various currents. (e) Specific capacitances of TBN−TPE-CMP and the TBN−TPE-
CMP/SWCNT composite, measured at current densities from 0.5 to 20 A g−1. (f) Cycling stabilities of TBN−TPE-CMP and the TBN−TPE-CMP/
SWCNT composite, measured at 10 A g−1 over 2000 cycles.
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retentions of TBN−Py-CMP, TBN−TPE-CMP, and TBN−
Car-CMP after 2000 cycles were 96.98, 95.21, and 96.86%,

respectively; for the TBN−Py-CMP/SWCNT, TBN−TPE-
CMP/SWCNT, and TBN−Car-CMP/SWCNT composites,

Figure 6. Ragone plots of (a) TBN−Py-CMP, (b) TBN−Py-CMP/SWCNT composite, (c) TBN−TPE-CMP, (d) TBN−TPE-CMP/SWCNT
composite, (e) TBN−Car-CMP, and (f) TBN−Car-CMP/SWCNT composite electrodes in 1 M KOH.

Figure 7. Specific capacitance profiles of the (a) TBN−Py-CMP/SWCNT, (b) TBN−TPE-CMP/SWCNT, and (c) TBN−Car-CMP/SWCNT
composites, recorded at various current densities.
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they were 99.18, 97.56, and 96.95%, respectively, revealing that
both the cycling stability and capacitance retention improved
after dispersion of the CMPs with the SWCNTs [Figures 4(f),
5(f), and S29(f)].
We recorded Ragone plots to evaluate the performance of the

TBN-CMP supercapacitor electrodes before and after blending
with the SWCNTs (Figure 6). The energy and power densities
of the TBN-CMP/SWCNT composite electrodes were higher
than those of the TBN-CMPs, due to the large surface area and
high conductivity of the SWCNTs. Finally, the TBN−Py-CMP/
SWCNT composite had a higher specific capacitance (430 F
g−1) and better capacitance retention (99.18%) after 2000 cycles
when compared with the TBN−TPE-CMP/SWCNT and
TBN−Car-CMP/SWCNT composites (Figure 7). We attribute
the excellent energy storage performance of the TBN−Py-
CMP/SWCNT composite to the strong π-stacking interactions
between TBN−Py-CMP and the highly conductive SWCNTs.
Table S2 summarizes the specific capacitances of TBN−Py-
CMP, TBN−TPE-CMP, TBN−Car-CMP, TBN−Py-CMP/
SWCNT, TBN−TPE-CMP/SWCNT, and TBN−Car-CMP/
SWCNT compared to other porous materials. In this regard,
Duan et al. reported a composite of cobalt phthalocyanine-
linked conjugated microporous polymer hybridized with carbon
nanotubes (CoPc-CMPs/CNTs) having capacitances of 365
and 289.1 F g−1 at 0.5 and 1 A g−1, respectively.52 In addition,
Zhang et al. reported a CNTs@Mn-MOF composite exhibiting
a capacitance of 203.1 F g−1 at 1 A g−1.57 Moreover, Lu et al.
reported the synthesis of a GN/PPy/CNT composite, which
showed a capacitance of 361 F g−1 at 0.2 A g−1.65 Gao and his
group reported that hierarchical graphene/polypyrrole (GNS/
PPy) nanosheet composites exhibited high capacitance of 318.6
F g−1 at 2 mV s−1.66 Furthermore, our group recently reported
An-CPOP-1, An-CPOP-2, and DPT-HPP with capacitances of
72.75, 98.4, and 110 F g−1, respectively, at 0.5 A g−1.6,47

■ CONCLUSION
We have used Sonogashira coupling to prepare three new
microporous conjugated polymers based on brominated TBN.
TGA and BET measurements revealed that TBN−TPE-CMP
possessed a high degradation temperature (505 °C), a high char
yield (68%), a large surface area (1150 m2 g−1), and a high total
pore volume (1.426 cm3 g−1) and featured pores of two sizes
(1.04 and 2.00 nm). We blended our TBN-CMP materials with
SWCNTs to prepare TBN-CMP/SWCNT nanocomposites for
use as electrodes for supercapacitors. Among the three TBN-
CMP/SWCNT composites, the TBN−Py-CMP/SWCNT
electrode featured the highest specific capacitance (430 F g−1)
at 0.5 A g−1, in addition to excellent capacitance retention
(99.18%) over 2000 cycles at 10 A g−1. We attribute the good
performance of the TBN−Py-CMP/SWCNT supercapacitor
electrode to the strong π-stacking between TBN−Py-CMP and
the highly conductive SWCNTs.
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