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ABSTRACT: Extended π-conjugated microporous polymers
(CMPs) are useful as organic anode or cathode materials in
lithium-ion batteries (LIBs), overcoming the issue of small organic
molecules becoming soluble in the electrolytes during charge−
discharge cycles. In this study, we constructed two CMPs (Py-A-
CMP, TPE-A-CMP) containing anthraquinone (A) moieties (as
redox-active units and sources of CO groups) and applied them
as organic cathodes in LIBs. We synthesized the Py-A-CMP and
TPE-A-CMP through Sonogashira−Hagihara couplings of 2,6-
dibromoanthraquinone (A-Br2) with tetraethynylpyrene (Py-T)
and tetraethynyltetraphenylethene (TPE-T), respectively. The
TPE-A-CMP displayed high thermal decomposition temperatures (up to 539 °C) and char yields (up to 53 wt %). Electrochemical
tests revealed that Py-A-CMP and TPE-A-CMP delivered discharge capacities (196.6 and 164.7 mAh g−1 at a C-rate of 0.1C,
respectively) higher than those of other CMP materials. The capacity retention of TPE-A-CMP was 163 mAh g−1 (99.3%) over 400
cycles. The corresponding cells incorporating Py-T-CMP and TPE-T-CMP also exhibited excellent rate capability performance,
maintaining discharge capacities of approximately 79 and 49 mAh g−1, respectively, at a high charge/discharge rate of 5C. Scanning
electron microscopy confirmed the superior stability of both CMPs, revealing that these electrode materials remained intact, without
any surface crack formation, during long-term cycling.

KEYWORDS: conjugated microporous polymers, anthraquinone, Sonogashira−Hagihara couplings, thermal stability, lithium-ion batteries

■ INTRODUCTION

Our technical and industrial world demands greater energy
generation, conversion, and storage. Energy storage systems
(ESSs) allow us to stockpile energy created using conventional
and sustainable power sources (e.g., solar, water, wind, and
waste energy) for electric vehicles.1 Solar cells, fuel cells, and
rechargeable batteries have become fundamental tools for
energy storage, with lithium-ion batteries (LIBs) having gained
great popularity because of their low ecological footprint, high
energy density, and good cycle life. Nevertheless, LIBs have
major drawbacks, including their carbon anodes having a
theoretical capacity of only 372 mAh g−1, which must be
addressed.2−4 At present, lithium batteries often contain
poisonous metals, which bring into consideration huge energy
utilization and climate contamination, particularly for bulk
energy storage applications.5−7 Although industrially used LIBs
have electrodes of inorganic origin, these materials are
hazardous and scarce, leading to sustainability issues.8 The
advancement of organic cathode materials for battery-powered
applications has been moderate in comparison with that of
inorganic cathode materials.9−11 Organic materials have unique

advantages when used as cathode materials, including facile
molecular engineering,2,12 low cost, high abundance, environ-
mental friendliness, and high theoretical capacities.11 One of
the greatest attractions of organic molecules is their chemical
diversity.13 The most widely investigated organic materials for
LIBs include conjugated polymers,14,15 organic radical
polymers,11 organosulfur compounds,11,15−17 and CO- and
C/N-based compounds.16,17 Unfortunately, rapid capacity
decay and low cycling stability are often observed with these
organic materials due to their high solubility in electrolytes,
thereby limiting their applicability2,18 Many attempts have
been made to overcome this solubility issue, including the
addition of conductive carbons to ensure firmer structures2,19

and the polymerization of various molecules.20,21 Rapid
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capacity decay and low cycling stability can also arise because
of narrow band gaps and greater conjugation when
incorporating redox-active sites and organic conjugated
frameworks in porous organic molecules.11,22,23

Creative and challenging approaches will be needed to
address the notable drawbacks of present-day ESSs and
improve the capacities of their electrode materials. Research
into the development of superconductors has shifted recently
toward porous organic materials.11,24−28 These materials,
which are generally connected by covalent bonds, have
attracted much attention as advanced functional materials.
Porous organic polymers (POPs), including hypercrosslinked
polymers (HCPs), covalent organic frameworks (COFs), and
conjugated microporous polymers (CMPs), have been
prepared with various properties for a broad range of potential
applications.29−39 In addition, redox-active organic molecules
can be suitable for use as electrode materials because of their
excellent electrochemical performance, simple structural
design, and excellent chemical and physical properties.1

CMPs are particularly useful for their good stability, excellent

processability, and ease of fabrication.1,40 Indeed, organic
CMPs can be synthesized readily on large scales from
renewable raw materials, at low temperatures and with low
amounts of generated waste.1 The amalgamation of organic
CMPs with other substances (e.g., organic frameworks,
nanoarchitectures, colloids, and porous materials) can produce
smart materialsanother advantage to their use in
ESSs.1,21,41−43 A variety of redox-active organic molecules
have been explored as active materials, containing, for example,
CO, nitroxyl, phenoxy, and viologen units; among them,
quinones (especially anthraquinones) have been widely applied
as active materials because of their structural diversity, tunable
redox potentials, high theoretical capacities (owing to their
ability to add 2e−/2Li+ per quinone unit), high rates of redox
reactions, and environmental friendliness.44−53 With their
many appealing properties, CMPs have found applications in
catalysis,54 gas storage and separation,55 sensing,56 and light
harvesting.57

Conjugated porous polymers (CPPs) have also received
much attention because of their high physical and chemical

Figure 1. Schematic representation of the preparation of (a) Py-A-CMP and (b) TPE-A-CMP. Electrochemical lithiation and delithiation of (c)
Py-A-CMP/Li and (d) TPE-A-CMP/Li cells.
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stabilities, high specific surface areas, and tunable porous
structures; they are typically categorized as either crystalline
porous materials or amorphous polymers. Among them, CMPs
and COFs have become popular for electrochemical energy
storage applications for the following reasons: (i) the ease of
construction of various molecules and active sites for electrode
application; (ii) their ability to facilitate charge transport (i.e.,
through electrolyte infiltration, due to high porosity, thereby
controlling stress/strain during electrochemical reactions); (iii)
charge delocalization facilitated as a result of π-conjugated
structures; and (iv) the ability to form two-dimensional (2D)
and three-dimensional (3D) structures with high surface areas,
thereby improving electrochemical kinetics. The uncompli-
cated structures and feasible tunability of CMPs (with a
diversity of redox-active moieties) can result in LIBs displaying
high reversibility and cyclability, with all of the properties of
CMPs suitable for exploitation to collaboratively improve the
performance.58 For example, Si et al. prepared a PT-BTA CMP
(featuring pyrene-4,5,9,10-tetraone moieties as redox-active
groups) as a cathode material for LIBs, observing a capacitance
of 166.7 mAh g−1 and good cycling stability.59 A HATN-CMP
(based on hexaazatrinaphthalene units) has been used as a
cathode material in LIBs, providing a capacitance of 147 mAh
g−1.60 Liu and co-workers reported an AQ@N-ZIF-8 cathode
having a high specific capacity (240 mAh g−1 at 0.1C).61 In
addition, Yang and co-workers found that a 3D-Azo-CTF
cathode material for LIBs exhibited good capacity retention,
cycle life, and capacitance (205.6 mAh g−1).62 Zhuang et al.
prepared BQbTPL through Diels−Alder reactions; it displayed
an excellent performance rate, high capacitance charge (152.9
mAh g−1), and a stable structure.63

To the best of our knowledge, this paper is the first to report
CMP materials containing pyrene and tetraphenylethylethene
(TPE) units (as core building blocks) and anthraquinone units
(as redox-active groups) for application as organic cathodes in
LIBs. We have prepared two CMPs, named Py-A-CMP and
TPE-A-CMP, through Sonogashira−Hagihara cross-couplings
of 2,6-dibromoanthraquinone (A-Br2) with tetraethynylpyrene
(Py-T) and 1,1,2,2-tetrakis(4-ethynylphenyl)ethene (TPE-T)
in the presence of a Pd catalyst (Figure 1a,b). We characterized
these materials in terms of their chemical structures,
Brunauer−Emmett−Teller (BET) surface areas, pore size
diameters, morphologies, thermal stabilities, and crystallinities.
We then investigated the electrochemical performance of our
as-prepared CMP-based polymers as cathode materials; Py-A-
CMP and TPE-A-CMP displayed high initial capacities (180
and 161 mAh g−1, respectively), with superior rate capabilities
and capacitively controlled lithium-ion kinetics as calculated.
These compounds also demonstrated high Coulombic
efficiencies (99.9%) throughout the duration of testing.

■ EXPERIMENTAL SECTION
Materials. Palladium tetrakis(triphenylphosphine) [Pd(PPh3)4]

and lithium bis(trifluoromethanesulfonyl)imide (LiTFSi, 99%) were
obtained from Sigma-Aldrich. Potassium carbonate (99.9%),
benzophenone (99%), anhydrous triethylamine (Et3N, 99%),
methanol (MeOH), bromine (Br2), chloroform (CHCl3), titanium
tetrachloride (TiCl4, 99.9%), acetone (CH3COCH3), triphenylphos-
phine (PPh3, 99%), pyrene (98%), zinc (Zn, 98%), tetrahydrofuran
(THF), 2,6-diaminoanthraquinone (A-2NH2), copper(I) iodide (CuI,
99%), anhydrous magnesium sulfate (MgSO4, 99.5%), (trimethylsilyl)
acetylene (98%), 1,3-dioxolane (DOL, 99.5%), and dimethoxyethane
(DME) were purchased from Alfa Aesar. Poly(vinylidene difluoride)
(PVDF) was purchased from Acros. Other solvents were used as

received commercially, without any purification. Tetraphenylethylene
(TPE), 1,1,2,2-tetrakis(4-bromophenyl)ethene (TPE-Br4), and
1,3,6,8-tetrabromopyrene (Py-Br4) were prepared according to a
previous report (Figures S1−S7).24,30,32,36

1,3,6,8-Tetrakis(2-(trimethylsilyl)ethynyl)pyrene (Py-TMS).
Pd(PPh3)4 (0.330 g, 0.450 mmol), PPh3 (0.366 g, 1.38 mmol), Py-
Br4 (3.00 g, 5.79 mmol), CuI (0.120 g, 0.930 mmol), and Et3N/
toluene (1:1, v/v; 80 mL) were charged into a two-neck round-
bottom flask (100 mL), and then the mixture was heated under N2 for
30 min at 50 °C. After 30 min, ethynyltrimethylsilane (4.56 g, 46.4
mmol) was added dropwise over 10 min, and then the mixture was
heated under reflux for 48 h at 80 °C. The remaining residue was
extracted with water and CH2Cl2 to afford Py-TMS as an orange solid
(2.80 g, 93%: Scheme S1). The temperature for onset of
decomposition: 350 °C. Fourier transform infrared spectroscopy
(FTIR) (KBr, cm−1, Figure S8): 3053 (aromatic C−H stretching),
2908 (aliphatic C−H stretching), 2100 (CC stretching). 1H NMR
(500 MHz, CDCl3, δ, Figure S9): 8.60 (s, 4H), 8.30 (s, 2H), 0.413 (s,
CH3).

13C NMR (125 MHz, CDCl3, δ, Figure S10): 135.70, 132.40,
127.80, 119.20, 103.50, 101.60. (+)ESI-MS m/z 587.3 (calcd for
C36H42Si4) (Figure S11).

1,3,6,8-Tetraethynylpyrene (Py-T). A mixture of Py-TMS (1.59
g, 2.60 mmol) and K2CO3 (2.81 g, 20.4 mmol) in MeOH (40 mL)
was stirred in a one-neck round-bottom flask (50 mL) for 24 h at
room temperature. The reaction mixture was poured into 50 mL of
water to remove K2CO3. The resulting brown precipitate was filtrated
and dried at 60 °C to afford a brown solid (1.20 g, 75%: Scheme S1).
Temperature for onset of decomposition: 350 °C. FTIR (KBr, cm−1,
Figure S12): 3279 (C−H), 2186 (CC stretching). 1H NMR
(500 MHz, CDCl3, δ, Figure S13): 8.70 (s, 4H), 8.40 (s, 2H), 3.70 (s,
4H). 13C NMR (125 MHz, CDCl3, δ, Figure S14): 133.80, 130.80,
129.10, 127.80, 84.50, 59.70. (+)ESI-MS m/z 298.8 (calcd for
C24H10) (Figure S15).

1,1,2,2-Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)ethane
(TPE-TMS). Pd(PPh3)4 (0.260 g, 0.360 mmol), PPh3 (0.300 g, 1.14
mmol), TPE-Br4 (3.00 g, 4.62 mmol), CuI (0.141 g, 0.430 mmol),
and Et3N/toluene (1:1, v/v; 40 mL) were charged into a two-neck
round-bottom flask (100 mL), and then the mixture was heated under
reflux for 30 min at 50 °C under N2. Ethynyltrimethylsilane (3.64 g,
37.0 mmol) was added dropwise over 10 min and then the mixture
was heated under reflux for 48 h at 80 °C. The remaining residue was
extracted with water and CH2Cl2 to afford TPE-TMS as a pale-yellow
powder (2.00 g, 66%: Scheme S2). The temperature for onset of
decomposition: 200 °C. FTIR (KBr, cm−1, Figure S16): 3060
(aromatic C−H stretching), 2155 (CC stretching). 1H NMR (500
MHz, CDCl3, δ, Figure S17): 7.24 (d, 8H), 6.90 (d, 8H), 0.22 (s,
CH3).

13C NMR (125 MHz, CDCl3, δ, Figure S18): 144, 141, 132.7,
132, 122.3, 105.6, 95.8. (+)ESI-MS m/z 717.4 (calcd for C46H52Si4)
(Figure S19).

Tetrakis(4-ethynylphenyl)ethylene (TPE-T). A mixture of
TPE-TMS (1.0 g, 1.33 mmol) and K2CO3 (1.80 g, 13.31 mmol) in
anhydrous MeOH (15 mL) was stirred in a one-neck round-bottom
flask (50 mL) for 24 h at room temperature. The reaction mixture was
poured into 50 mL of water to remove K2CO3. The resulting
precipitate was filtrated and dried at 60 °C to afford TPE-T as a pale-
yellow powder (1.40 g, 77%, Scheme S2). Tm: 155.5 °C. FTIR (KBr,
cm−1, Figure S20): 3273 (C−H), 2109 (CC stretching). 1H
NMR (500 MHz, CDCl3, δ, Figure S21): 7.24 (d, 8H), 6.93 (d, 8H),
3.06 (s, 4H, C−H). 13C NMR (125 MHz, CDCl3, δ, Figure S22):
83.6 (C−Ar), 77.88 (C−H). (+)ESI-MS m/z 428 (calcd for
C34H20) (Figure S23).

2,6-Dibromoanthraquinone (A-Br2). tert-Butyl nitrite (12 mL)
was added to a solution of A-2NH2 (3.00 g, 12.6 mmol) and CuBr2
(7.04 g, 31.5 mmol) in dry MeCN (100 mL) in a 250 mL flask. After
heating the mixture under reflux for 24 h at 70 °C, 6 M HCl (200
mL) was added dropwise. The brown solid was filtered off and
washed with MeCN, MeOH, and water to afford A-Br2 (2.20 g, 73%).
Mp: 285−287 °C. 1H NMR (500 MHz, CDCl3, δ, Figure S24): 8.44
(d, 2H), 8.20 (d, 2H), 7.94 (d, 2H). 13C NMR (125 MHz, CDCl3, δ,
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Figure S25): 179.66, 135.89, 132.97, 130.41, 128.83, 128.68, 127.60.
(+)ESI-MS m/z 366 (calcd for C14H6Br2O2) (Figure S26).
Py-A-CMP. A solution of Py-T (150 mg, 0.470 mmol), A-Br2 (137

mg, 0.750 mmol), CuI (9 mg, 0.05 mmol), PPh3 (13 mg, 0.050
mmol), and Pd(PPh3)4 (57 mg, 0.050 mmol) in dimethylformamide
(DMF) and Et3N (10 mL) was heated at 110 °C for 72 h. The
resulting insoluble solid was filtered off and washed with THF,
MeOH, and acetone. The solid was dried under vacuum at 90 °C for
24 h to afford a dark-brown solid (80%). FTIR (KBr, cm−1): 3057
(aromatic C−H), 2201 (CC), 1674.44 (CO), 1586 (CC).
TPE-A-CMP. TPE-A-CMP was prepared as a yellow-brown solid

(85%) using the method described above, from TPE-T (150 mg,
0.470 mmol), A-Br2 (126 mg, 0.750 mmol), CuI (9 mg, 0.05 mmol),
PPh3 (13 mg, 0.050 mmol), and Pd(PPh3)4 (57 mg, 0.050 mmol).
FTIR (KBr, cm−1): 3056.65 (aromatic C−H), 2212.13 (CC),
1669.33 (CO), 1585.56 (CC).
Py-A-CMP and TPE-A-CMP Electrodes for Electrochemical

Measurements. Slurries for the working electrodes were prepared
by mixing 40% of the active material (Py-A-CMP or TPE-A-CMP),
50% of the carbon-based conductive material (super P), and 10% of
the binder (PVDF) in N-methyl pyrrolidone (NMP, 1 mL) and then
stirring thoroughly for 24 h at room temperature. Each slurry was
uniformly cast onto an Al foil using a doctor’s blade and then dried at
100 °C for 12 h. The electrodes were punched in circular pieces using
an electrode puncture device and transferred to an Ar-filled glovebox,
where coin cells were fabricated against a Li foil (as the counter
electrode) using a Celgard 2500 PP membrane and 1.0 M LiTFSi in
DOL/DME (1:1, v/v) as the electrolyte. Cyclic voltammetry (CV)
and alternating current (AC) impedance spectroscopy were
performed using a CHI 750 (CH instruments); battery character-
ization was performed using a LANHE CT 2001A.

■ RESULTS AND DISCUSSION

Preparation of Anthraquinone-Enriched CMPs (Py-A-
CMP and TPE-A-CMP). We used Sonogashira−Hagihara
coupling to prepare Py-A-CMP and TPE-A-CMP, featuring
pyrene and tetraphenylethene units, respectively, as electron-
donating moieties and anthraquinone as the electron-with-
drawing moieties, as presented in Figure 1a,b. The
Sonogashira−Hagihara couplings of 2,6-dibromoanthraqui-
none (A-Br2) with 1,3,6,8-tetraethynylpyrene (Py-T) and
tetraethynyltetraphenylethene (TPE-T), respectively, in the
presence of catalytic Pd(PPh3)4 at 110 °C for 3 days, afforded
a red powder for Py-A-CMP and a yellow solid for TPE-A-
CMP. The resulting CMPs were carefully washed with DMF,
THF, acetone, and MeOH to remove any excesses of the
unreacted monomers and Pd catalyst. Figure 2 presents the
FTIR spectra of A-2NH2, A-Br2, Py-A-CMP, and TPE-A-CMP
measured at room temperature. The FTIR spectrum of A-
2NH2 (Figure 2a) featured five major absorption bands at
3419 and 3336 cm−1 for the stretching of the amino groups,
3056 cm−1 for stretching of the C−H aromatic units, 1663
cm−1 for the CO groups, and 1620 cm−1 for the CC units.
The FTIR spectrum of A-Br2 (Figure 2b) featured absorption
bands centered at 3089 and 1669 cm−1, representing stretching
of the aromatic C−H and CO bonds in the anthraquinone
moiety; the absence of any absorption bands of the amino
groups confirmed the complete conversion of A-2NH2 to A-
Br2. The FTIR spectra of Py-A-CMP and TPE-A-CMP (Figure
2c,d) featured absorption peaks at 3056, 2212−2200, 1669−

Figure 2. FTIR spectra of (a) A-2NH2, (b) A-Br2, (c) Py-A-CMP, and (d) TPE-A-CMP. Solid-state 13C NMR spectra of (e) Py-A-CMP and (f)
TPE-A-CMP. TGA profiles of (g) A-Br2, (h) Py-A-CMP, and (i) TPE-A-CMP. (j, k) PXRD analyses of (j) Py-A-CMP and (k) TPE-A-CMP.
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1674, and 1586−1594 cm−1 representing the stretching
vibrations of aromatic C−H bonds, terminal and internal
alkyne groups, and CO and CC bonds, respectively. The
presence of absorption peaks for CO groups in the FTIR
spectra of both Py-A-CMP and TPE-A-CMP indicated the
successful incorporation of redox-active (anthraquinone)
moieties in the conjugated frameworks. Furthermore, the
signals for the stretching vibrations of the terminal alkyne C−
H bonds of Py-T and TPE-T (Figures S9 and S15) were
absent in the spectra of both Py-A-CMP and TPE-A-CMP,
indicating that complete Sonogashira−Hagihara cross-coupling
had occurred between the reactants to form polymeric
frameworks. The solid-state 13C NMR spectra confirmed the
completeness of the Sonogashira−Hagihara cross-couplings to
form the Py-A-CMP and TPE-A-CMP framework structures
(Figure 2e,f). The solid-state 13C NMR spectrum of Py-A-
CMP featured signals for carbon nuclei at 179.40, 143.65−
116.79, and 81.04 ppm, representing the CO groups in the
anthraquinone units, the aromatic −CC− units, and the
alkyne triple bonds, respectively; for TPE-A-CMP, these
signals appeared at 180.54, 141.40−120.13, and 80.43 ppm,
respectively. Taken together, the FTIR and solid-state 13C
NMR spectra confirmed the successful syntheses and
introduction of anthraquinone redox units as building blocks
in these two CMPs. We used thermogravimetric analysis
(TGA) under a N2 atmosphere to investigate the thermal
stability of A-Br2, Py-A-CMP, and TPE-A-CMP in terms of

their thermal degradation temperatures at 10% weight loss
(Td10) and residue remaining at 800 °C (char yield). Figure
2g−i reveals that the value of Td10 and the char yield of the A-
Br2 monomer were 268 °C and 0 wt %, respectively. After
polymerization, the value of Td10 and the char yield of Py-A-
CMP were 435 °C and 58 wt %, respectively; for TPE-A-CMP,
they were 539 °C and 53 wt %, respectively. Because of the
higher thermal stabilities of both Py-A-CMP and TPE-A-CMP,
compared with that of the monomer (A-Br2), after
Sonogashira−Hagihara crosslinking, we suspected that these
materials would be suitable organic cathode materials for LIBs
and that they might have other potential applications in, for
example, energy storage. Powder X-ray diffraction (PXRD)
patterns (Figure 2j,k) of Py-A-CMP and TPE-A-CMP revealed
no crystalline characteristics and no long-range-ordered
structures [consistent with the transmission electron micros-
copy (TEM) images, as seen in the Supporting Information].
We measured the BET specific surface areas (SBET), total

pore volumes (Vtotal), and pore size diameters of Py-A-CMP
and TPE-A-CMP through N2 adsorption−desorption analysis
at 77 K (Figure 3 and Table S1). The values of SBET and Vtotal
for Py-A-CMP were 123 m2 g−1 and 0.41 cm3 g−1, respectively;
for TPE-A-CMP, they were 514 m2 g−1 and 0.31 cm3 g−1,
respectively (Figure 3a,b). In addition, the pore size
distribution [determined using nonlocal density functional
theory (NL-DFT)] of Py-A-CMP featured dual pore sizes
centered at 2.10 and 5.25 nm (Figure 3c), indicating the

Figure 3. N2 adsorption/desorption measurements of (a) Py-A-CMP and (b) TPE-A-CMP. Pore size distributions of (c) Py-A-CMP and (d) TPE-
A-CMP.
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presence of a mesoporous architecture. In contrast, the TPE-A-
CMP featured a single peak at 1.56 nm (Figure 3d), revealing
the presence of a microporous structure. Furthermore, the
BET isotherm of Py-A-CMP was a combination of types I and
III, according to the IUPAC classification; for TPE-A-CMP, it
was a combination of types I and II. The obtained TPE-A-
CMP sample had a higher BET surface area than Py-A-CMP,
which might be attributed to the molecular orientation of the
TPE molecule during the polymerization, which increases the
degree of polymerization. Scanning electron microscopy
(SEM) images (Figure S27a,b) revealed surface morphologies

of aggregated spherical particles with irregular shapes for Py-A-
CMP and aggregated fibers with a highly collapsed network for
TPE-A-CMP. Furthermore, the TEM images of both these
materials showed they had a uniform microporous structure
(Figure S27c,d).

Electrochemical Behavior of Py-A-CMP and TPE-A-
CMP as Organic Cathodes for LIBs. Carbonyl compounds
are known to possess the ability to store large amounts of
energy. Our structural characterization of both the Py-A-CMP
and TPE-A-CMP revealed that they possessed abundant
quinone groups and high degrees of conjugation, suggesting

Figure 4. Electrochemical performance of as-prepared cells. CV curves of (a) Py-A-CMP and (b) TPE-A-CMP, recorded at a scan rate of 0.2 mV
s−1. Galvanostatic cycle life performance of cells prepared with (c) Py-A-CMP and (d) TPE-A-CMP for 400 cycles at a charge/discharge rate of
0.1C. Galvanostatic discharge profiles of (e) Py-A-CMP and (f) TPE-A-CMP at 0.1C.
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significant redox activity and the feasibility of preparing high-
energy-storage LIBs. We performed various electrochemical
measurements of the organic cathodes in the most appropriate
electrolyte (1.0 M LiTFSi in DOL/DME) over the potential
ranges of 1.7−3.0 V (vs Li/Li+) for Py-A-CMP and 1.8−3.0 V
(vs Li/Li+) for TPE-A-CMP. We evaluated the CV perform-
ance of half-cells prepared using Py-A-CMP and TPE-A-CMP
as working electrodes and pure Li metal as the counter and

reference electrodes. Figure 4a,b displays the CV profiles of Py-
A-CMP and TPE-A-CMP, respectively, measured at a scan rate
of 0.2 mV s−1. The profile of Py-A-CMP featured two pairs of
weak and strong peaks at 2.51/2.36 and 2.31/2.13 V. The two
cathodic peaks near 2.36 and 2.13 V are attributed to the
reduction of CO to C−OLi bonds (lithiation), and the
other two anodic peaks at 2.31 and 2.51 V are due to the
oxidation of C−OLi to CO bonds (delithiation).
Furthermore, the CV profile of Py-A-CMP exhibited
extraordinary overlapping of the CV curves, implying
extraordinary electrochemical stability and reversibility of the
cell during lithiation and delithiation. The CV profiles of TPE-
A-CMP in Figure 4b featured a phenomenon similar to that of
Py-A-CMP. The CV curves contained two pairs of strong and
weak peaks at 2.49/2.30 and 2.37/2.30 V, respectively. In the
cathodic scan, the two peaks at 2.30 V are attributed to the
reduction of CO to C−OLi bonds (lithiation), and the
peaks at 2.37 and 2.49 V are due to the oxidation of C−OLi to
CO bonds (delithiation).59,63 The first three CV cycles
exhibit that the curves are almost overlapped, confirming the
high electrochemical stability and reversibility of the TPE-A-
CMP during the redox reactions. Figure 4c,d displays the
galvanostatic cycle life performance of cells at 0.1C with either
Py-A-CMP or TPE-A-CMP as an electrode-active material.
During the first 50 cycles, both Py-A-CMP and TPE-A-CMP
delivered as high discharge capacities as 196.6 and 164.7 mAh
g−1, respectively. The comparative increase in the practical
discharge capacities to that of the theoretical capacities (181.20
and 162.74 mAh g−1 for Py-A-CMP and TPE-A-CMP,
respectively,) of both the electrode materials can be attributed

Figure 5. Rate performance of as-prepared cells incorporating (a) Py-A-CMP and (b) TPE-A-CMP, measured at various current densities between
0.2 and 20C. Nyquist plots of cells incorporating (c) Py-A-CMP and (d) TPE-A-CMP, measured before cycling.

Figure 6. Values of b determined from the relationship between the
peak current and the scan rate, plotted as log ip with respect to log v.
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to any (or combination) of the following factors: (i) error in
weighing of the electrode material, (ii) contribution from the
added conductive agents, and (iii) presence of a double layer.64

During these cycles of the cell incorporating Py-A-CMP, the
capacity decreased gradually to 140 mAh g−1 from the original
capacity; further, as the cycles increased toward 400 cycles, the
capacity was maintained at over 120 mAh g−1. In the case of
TPE-A-CMP, we observed a gradual increase in the capacity to
as high as 178.4 mAh g−1, which can be attributed to the full
utilization of available sites for lithiation and delithiation. After
400 charge/discharge cycles, the TPE-A-CMP electrode
exhibited a high discharge capacity of 163.6 mAh g−1 (99.3%
retention) and a high Coulombic efficiency of almost 100%.
Figure 4e,f displays the galvanostatic charge/discharge curves
of Py-A-CMP and TPE-A-CMP at different C-rates,
respectively. Figure 4e features two less-conspicuous dis-
charge/charge plateaus, in good agreement with the CV
profiles; similar curves appeared for the cell prepared with
TPE-A-CMP, which is in agreement with its CV curves (Figure
4f). The discharge capacities of Py-A-CMP at 0.2, 0.5, 1, 2, 5,
10, and 20C were characterized by discharge capacities of
190.1, 166, 142, 111, 79, 56, and 40 mAh g−1, respectively
(Figure 4e). For the TPE-A-CMP, the discharge capacities at
0.2, 0.5, 1, 2, 5, 10, and 20C were 169.2, 138.1, 96.5, 78.4, 49.0,
33.6, and 19.0 mAh g−1, respectively (Figure 4f). Both cells
exhibited considerable rate performances with high discharge
capacities.
Furthermore, Figure 5a shows a reversible high capacity of

160 mAh g−1 when the current density returned to 0.2C after
long-term cycling. Figure 5b shows that the discharge capacity

quickly returned to 168 mAh g−1 when the specific current
returned to 0.2C after cycling. In both cases, when the current
density returned to 0.2C, the discharge capacities were closer
to their initial capacities. Moreover, both compounds exhibited
good rate capability performance, but the discharge capacities
of Py-A-CMP were higher than those of the TPE-A-CMP.
Next, we used electrochemical impedance spectroscopy (EIS)
to investigate both samples before cycling (Figure 5c,d for Py-
A-CMP and TPE-A-CMP, respectively). The spectra suggested
that the resistance of Py-A-CMP is lower than that of TPE-A-
CMP.
The charge-transfer resistances (Rct) of Py-A-CMP and

TPE-A-CMP are 154 and 170 Ω, respectively, which explains
why the Py-A-CMP electrode exhibits better C-rate perform-
ance. Interestingly, the electrochemical performance of these
compounds was good when compared with that of similar
types of compounds reported previously as cathode materials
for high-energy-storage LIBs. The AC impedance character-
istics suggested that our compounds would be ideal candidates
for use in high-performance LIBs due to their highly porous
network structures, which would facilitate the conduction of Li
ions. Therefore, we extended our study to investigate the
reaction kinetics of the Py-A-CMP- and TPE-A-CMP-based
cathode materials for LIBs, by recording their CV curves at
various sweep rates between 0.1 and 1.0 mV s−1, as shown in
Figure S28a,b for CV curves at different scan rates. The
evolution of the CV curves upon increasing the sweep rate
corresponded to a linear increase in the current, governed by
the following equations.65

Figure 7. SEM images of prepared cells incorporating Py-A-CMP measured (a) before and (b) after 100 cycles and TPE-A-CMP measured (c)
before and (d) after 100 cycles.
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=i avb (1)

= +i a b vlog log log (2)

where i is the peak current, v is the scan rate, and a and b are
arbitrary constants. The fitted curve of log v with respect to
log i describes the value of constant b, which demonstrates
whether the cell is diffusive or capacitive in nature. If the value
of b approaches 1, it implies capacitive behavior; if it is close to
0.5, it represents the diffusive behavior of cells incorporating
CMP-based polymers. Figure 6 reveals that the calculated
values of b for Py-A-CMP and TPE-A-CMP were 0.92 and
0.79, respectively. Because both values were greater than 0.5, a
significant portion of the capacitive behavior dominated the
total capacity of the cell because of the presence of redox-active
moieties in both compounds. Thus, most of the capacity
originated from the capacitive behavior, implying fast kinetics
of Li+ ions in the energy storage devices.59

Furthermore, to investigate the structural stability of the
prepared Py-A-CMP and TPE-A-CMP electrodes, we recorded
their SEM images before and after 100 deep charge/discharge
cycles (Figure 7). Both cathode materials maintained their
pristine morphologies, which were also confirmed with the
formation of solid electrolyte interphases (SEIs) on the
electrode surfaces. Moreover, no significant variations in
thickness or any signs of crack-growth initiation were evident
from the cross sections of each electrode, even after 100 cycles,
confirming the compact structures of both the Py-A-CMP and

TPE-A-CMP electrodes. We attribute the extraordinary long-
term cycling capability of both electrodes to the excellent
stability of their CMP-based polymer networks by virtue of
their highly porous network structures providing large free
spaces for Li+ ions during lithiation and delithiation, thereby
not only improving the cycling stability but also preventing the
dissolution of the electrode materials in the electrolyte
solution.
We used density functional theory (DFT) to examine the

electronic structure of the polymers and provide further insight
into the improved electrochemical performance of the two
polymers. The electronic structure is an essential factor in the
charge storage ability and redox properties of CMPs. The
hybrid functional B3LYP was used with the basis set 6-31G(d).
The dispersion correction D3BJ was used, which is necessary
to account for long-range and noncovalent interactions. We
considered several conformers for the ground-state geometry
of the monomers and selected the one with the lowest energy.
We then used the harmonic vibrational frequency to confirm
this global minimum. Calculations of the highest occupied
molecular orbital−lowest unoccupied molecular orbital
(HOMO−LUMO) energy gap and molecular electrostatic
potential (MESP) were done on the optimized geometries at
the same level of theory. Figure 8a,b displays the frontier
molecular orbitals of Py-A-CMP and TPE-A-CMP. For both
polymers, the lowest unoccupied molecular orbital (LUMO)
was highly delocalized and spread over the whole molecule.

Figure 8. Highest occupied molecular orbital (HOMO) and LUMO distributions of (a) Py-A-CMP and (b) TPE-A-CMP, along with their
energies and band gaps, determined at the B3LYP/6-31G(d) level of theory. Molecular electrostatic potentials (MESPs) of (c) Py-A-CMP and (d)
TPE-A-CMP, measured at the B3LYP/6-31G(d) level of theory.
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The distribution of the LUMO has an essential impact on the
electrochemical performance of any polymer; moreover, a
small band gap for a polymer implied higher electron
conductivity. Figure 8c,d presents the molecular electrostatic
potential (MESP) analyses of the two polymers. High
delocalization led to decreasing charge density over the
redox-active sites (CO groups in both polymers). Low
negative-charge density around the active sites could weaken
their interactions with Li+ ions, leading to faster diffusion of Li+

ions through the CMP pores. Both polymers featured extended
π-conjugation (leading to better electron conduction), highly
delocalized LUMO distributions, small band gaps, and
decreased negative-charge density at their active sites (CO
groups). These factors resulted in these polymers displaying
improved electrochemical performance, higher electron
mobilities, and better diffusion of Li+ ions, ensuring higher
charge storage abilities with enhanced cycling and rate
performance and low degrees of self-discharge over time.
Thus, these CO group-enriched polymers functioned as
reliable cathode materials for high-performance LIBs. As
presented in Table S2, our two new materials Py-A-CMP
and TPE-A-CMP displayed excellent performance when
employed as cathode materials in LIBs, when compared with
other reported CO group-based materials, including DAAQ-
COF (145 mAh g−1),66 IEP11-E12 (21.3 mAh g−1),48 Tb-
DANT-COF (80.1 mAh g−1),67 BQbTPL (95.8 mAh g−1),63

DTP-ANDI-COF (21 mAh g−1),68 AQ (100 mAh g−1),69

HATN-CMP (147 mAh g−1),60 PT-BTA (166.7 mAh g−1),59

and P15AQ (148 mAh g−1).70

■ CONCLUSIONS
We have used Sonogashira−Hagihara coupling to construct
two types of CMPs featuring anthraquinone moieties as their
redox-active groups. We investigated the chemical structures,
porosities, thermal stabilities, theoretical characteristics, and
morphologies of these two CMPs. When we applied Py-T-
CMP and TPE-T-CMP as organic cathode materials, the LIBs
exhibited outstanding high discharge capacities of 196.6 and
164.7 mAh g−1 at 0.1C, respectively, with good rate capability
performance arising from the presence of active CO groups,
poor solubility, and highly conjugation structures. Both of
these CMP materials have the ability to deliver high
performance for energy storage devices, and they have the
potential to become important materials when used as CMPs
that afford 3D polymeric network structures facilitating redox
mechanisms. Finally, our new CMP materials appear to be
better organic cathode materials for LIBs, when compared with
other previously reported porous CMPs.
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