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Conjugated microporous polymers: their synthesis
and potential applications in flexible electrodes

Dun Zhou,* Kongging Zhang, 2 Shugi Zou,? Xiaobai Li**® and Hongwei Ma & *2°

Conjugated microporous polymers (CMPs) are a unique class of porous materials with 7 conjugated
systems and permanent intrinsic porosity, and have a wide range of applications. With the rapid
development of intelligent flexible electronic devices, the application of CMPs as a new electrode
material in batteries and supercapacitors has attracted more and more attention due to their high redox
activity, good physical and chemical stability, rich porous structure and large surface area. Although
CMPs are widely used as electrode materials, they usually exist in an amorphous or semi-crystalline
powder state with poor processing properties, thus limiting their application as flexible electrode
materials. It is particularly important to develop CMPs as flexible electrode materials. In this paper, first,
the synthesis of CMPs is reviewed. Second, the application of CMPs in flexible electronics is emphatically
introduced. Finally, the problems and challenges of CMPs in flexible electrode materials are discussed.
This review provides a comprehensive understanding of CMPs, which will facilitate the application of

rsc.li/materials-a

1 Introduction

In response to the imperatives of sustainable societal develop-
ment, a variety of renewable energy production technologies
have been developed in the past few decades. The development
of smart flexible electronic devices, including flexible super-
capacitors, flexible sensors and new mobile -electronic
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CMPs as high-performance flexible electrodes.

devices,'” is gradually becoming the trend of the future. Intel-
ligent flexible electronic devices require low-cost, well-cycled,
high-energy and high-power density energy storage materials
as energy storage systems. Therefore, the exploration and
development of functional flexible energy storage materials
(flexible electrode materials) have emerged as one of the most
prominent areas of current research.®® The introduction of
organic materials will directly affect the structure and electro-
chemical properties of the electrodes of electronic devices.'**?
As a novel material category, flexible porous organic functional
materials are regarded as candidates for next-generation elec-
tronic devices.">' In comparison with traditional ones, organic
porous materials offer the following advantages: (a) they are
inexpensive and possess excellent photoelectric properties. (b)
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These materials demonstrate stable electrochemical properties
and offer adjustable band gaps. For instance, the redox poten-
tial or theoretical charge storage capacity of the material can be
tailored through structural adjustments. (¢) When porous
organic materials are utilized as organic electrode materials,
their large number of micropores provides ample contact
points, thus enhancing electron and ion transport between the
electrode and the electrolyte.”*"” (d) Porous organic functional
materials are characterized by high specific surface area, cross-
linked polymer networks, intrinsic porosity and multiple func-
tionalities with the incorporation of various functional groups.

Conjugated microporous polymers (CMPs) are emerging as
a representative class of porous organic materials that allow
precise control of pore size, chemical characteristics, and the
overall structure. These polymers have a purely covalently
bonded m-conjugated backbone and a highly interconnected
network structure, with pore diameters typically measuring
2 nm or less.’®2* CMPs can be constructed in various forms,
including 2D*** and 3D* networks, dendritic polymers®**” and
branched polymers.”” Because of these fascinating properties,
CMPs have been developed for a range of corresponding
applications, encompassing heterogeneous catalysis,*®*?° gas
storage,* light-harvesting materials,**** chemical sensing,**
chemiluminescence,* photovoltaic materials*® and electrode
materials.’”*® Although CMPs are widely used as electrode
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materials, the insolubility and non-processability of CMPs are
recognized as serious bottlenecks which hinder their applica-
tion as flexible electrode materials. This problem arises from
their inherent rigid structure and existence as semi-crystalline
powders.*>** Much of the prior research on CMPs has concen-
trated on devising novel constructs and polymerization strate-
gies. These efforts typically involve adjusting the size of the
constructs to modulate the specific surface area and pore size
distribution of the resulting network, without strict morpho-
logical control.*® However, relatively few methods have been
reported for the preparation of CMPs of flexible nanostructures.

In recent years, researchers have provided extensive
summaries of the synthesis strategies of CMPs and their diverse
ranges of applications, offering valuable insights into
enhancing the performance of CMPs. However, there is
a paucity of comprehensive and in-depth reviews on the utili-
zation of CMPs as flexible electrodes for electronic devices.
Therefore, this review provides a comprehensive summary of
the research on CMPs in flexible electronic electrodes. First, we
provide a comprehensive introductory overview of the synthesis
of CMPs. Subsequently, we provide a comprehensive overview of
the potential flexible electronics applications of CMPs. The
emphasis is primarily on their utilization as anode materials for
batteries, cathode materials for batteries, and electrodes for
supercapacitors. Additionally, other applications such as ion
exchange membranes and luminescent materials are also dis-
cussed. Finally, reasonable conclusions and prospects on CMP
research in flexible electrode materials are given, aiming to
enhance contributions to this field (Fig. 1).

2 Synthetic reactions and methods of
CMPs

The network structure of CMPs can be commonly formed
through a chemical reaction involving two or more different
monomer molecules or via the coupling of a single monomer."”
As a result, the inherent diversity of monomer molecules and
reaction groups leads to an extensive range of network struc-
tures and molecular functions for CMPs.*> Designing an effi-
cient and straightforward synthesis route to precisely control
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Fig.1 General content overview: ynthetic reactions and methods for CMPs and application of CMPs in flexible electrodes.

the spatial network structure and photoelectric properties of
CMPs involves significant challenges for researchers. Currently,
some researchers have overcome this challenge by developing
a variety of reaction routes and strategies for the synthesis of
CMPs. Using these reaction routes and strategies, researchers
can design electrode materials with greater electrical conduc-
tivity, larger surface area, and higher electrochemical stability,
thereby advancing the development of high-performance
energy storage and conversion devices such as batteries,
supercapacitors, and electrochemical sensors. This section will
delve into the synthesis (including synthetic reactions and
methods) of CMPs in detail.

2.1 Synthetic reactions of CMPs

2.1.1 Sonogashira-Hagihara coupling reaction. The
formation of conjugated porous structures requires the cross-
coupling of modules with varying geometries, and the Sonoga-
shira-Hagihara cross-coupling reaction is a palladium/copper-
catalysed cross-coupling of organohalogenated substituents (-
F, Cl, Br, and I) with terminal alkyne.*® The Sonogashira—
Hagihara cross-coupling reaction allows the introduction of
lightweight alkyne/olefin support units, thereby enabling the
formation of conjugated polymers characterized by high

This journal is © The Royal Society of Chemistry 2024

specific surface area and stable micropores.* In 2014, Jiang
et al.** synthesised a newly designed hexaazatrinaphthalene
conjugated microcellular polymer (HATN-CMP) via the Sono-
gashira-Hagihara coupling reaction, which was used as energy
storage for lithium-ion batteries (LIBs) (Fig. 2a and b).
Compared with monomeric HATN, HATN-CMP showed
a capacity of 91 mA h g™ ' after 50 cycles (Fig. 2¢). HATN-CMP
retained 62% of its original capacity after 50 cycles (Fig. 2d).
In 2022, Mohamed et al.** reported two pyrene-4,5,9,10-tetrone
(PT) linked CMPs (PT-CMPs) as organic electrode precursors
for energy storage applications (Fig. 2e). The P-PT-CMP frame-
work demonstrates ultra-high capacitance of up to 400 F g~ '
(Fig. 2f) with up to 80% capacitance stability after 5000 cycles at
10 A g~ (Fig. 2g). The Sonogashira-Hagihara coupling reaction
offers a means to introduce conjugated structures into the
polymer backbone, enhancing charge transport capabilities and
electrochemical performance.

2.1.2 Suzuki-Miyaura coupling reaction. The Suzuki-
Miyaura reaction, in which organoboron reagents are cross-
coupled with aryl halogenated hydrocarbons catalyzed by zero-
valent palladium complexes, was first reported by Akira
Suzuki in 1979.*** With strong substrate adaptability and
functional group tolerance, the Suzuki-Miyaura reaction has

J. Mater. Chem. A, 2024, 12,17021-17053 | 17023
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(a) Synthesis of HATN-CMP networks. (b) The photos of HATN-CMP electrodes. (c) Cycle stability and (d) capacity retention ratio of

HATN-CMP.** Copyright 2014, Royal Society of Chemistry. (e) Synthetic pathway of TPE-PT-CMP and P-PT-CMP. (f) Capacitance retention and

(g9) Ragone curve.*® Copyright 2022, American Chemical Society.

a wide range of applications in organic synthesis. It finds
extensive usage in the synthesis of derivatives of polyolefins,
styrene and biphenyls, thereby facilitating the synthesis of
various natural products and organic materials. In 2016, Cooper
et al.*® synthesized a series of CMPs exhibiting various light
colors (CP-CMPO, CP-CMP3a-f, CP-CMP4a-f, and CP-CMP5a-f)
by incorporating a small number of doped comonomers
serving as chromophores within the network. Interestingly, the
intrinsic microporosity of these materials led to a notable
increase in the absolute fluorescence quantum yield in the solid
state (Fig. 3a). In 2019, Xu et al.*® synthesized two series of CMPs
by the Suzuki-Miyaura reaction, and employed them as anodes
for potassium-ion batteries (KIBs) (Fig. 3b). The polymer PyBT
exhibits excellent electrochemical performance and cycling
stability for KIBs, with a reversible capacity of up to 428 mA h
g ' at 30 mA g~ (Fig. 3c) and a capacity retention of 272 mA h
g " after 500 cycles at 50 mA g~ (Fig. 3d). This work highlights
the role of the electronic structure in the rational design of CMP
anodes for KIBs with high capacity and long cycle life.

In 2020, Jiang et al®*® prepared a novel CMP, TzThBT,
incorporating redox-active substances of triazine (Tz), thio-
phene (Th) and benzothiadiazole (BT), using Pd-catalyzed
Suzuki-Miyaura cross-coupling polycondensation. They
discovered its potential as an anode material for LIBs and
observed remarkable storage performance for lithium-ions. The
polymer anode exhibited a high Li* storage capacity of up to
1599 mA h g~ ! at a current rate of 50 mA g~ . With excellent rate

17024 | J Mater. Chem. A, 2024, 12, 17021-17053

behavior (363 mA h ¢! at 5 A g*') and long-term cycling
capability of 326 mA h ¢~ in more than 1500 cycles at 5 A g™,
this polymer anode offers considerable potential for next-
generation LIBs (Fig. 3e). In 2023, Kuo et al*' prepared
a series of CMPs, namely TPP-ThZ, TPP-Th, and TPP-Bz CMPs,
characterized by high thermal stability, smooth structure and
tunable surface area by using TPP as a constant linker and
incorporating three monomers (ThZ, Th, and Bz). It was found
that the ability of CMPs for Cr(vi) reduction increased with the
increase of thiophene content, owing to different thiophene
content, topology and molecular structure (Fig. 3f). Exploiting
their redox properties, the development of these CMPs into an
electrode for LIBs would result in excellent electrochemical
properties.

2.1.3 Heck coupling reaction. First discovered by Richard
F. Heck and Tsutomu Mizoroki in the late 1960s, the Heck
reaction is one of the most widely used C-C coupling reactions
in organic chemistry. This reaction employs a Pd (0) catalyst to
couple aryl halides or alkenyl halides with terminal olefins.
Notably, the reaction needs to be performed under alkaline
conditions and exhibits high regioselectivity and stereospeci-
ficity.> In 2013, Liang et al.>® constructed a new class of lumi-
nescent microporous organic polymers by the Heck coupling
reaction of aromatic halides with 1,3,5-tris(4-vinylphenyl)
benzene (Fig. 4a). These polymers exhibit notable characteris-
tics including large specific surface area, narrow pore size
distribution and strong luminescence performance. As a result,

This journal is © The Royal Society of Chemistry 2024
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they hold great promise for various applications in organic
photovoltaic cells and photocatalytic fields.

2.1.4 Buchwald-Hartwig coupling reaction. The Buch-
wald-Hartwig (B-H) coupling reaction, catalyzed by palladium
under alkaline conditions, facilitates the formation of C-N
bonds between amines and aryl halides, which is crucial for
synthesizing aromatic amines.** In 2014, Liao et al.*>® synthe-
sized a conjugated microporous polytriphenylamine network
through B-H coupling, with a Brunauer-Emmett-Teller (BET)
surface area of up to 530 m> g~ !, CO, absorption of up to
6.5 wt% at 1 bar and 303 K, along with a selectivity of up to 75%
for CO,-N, gas mixtures (Fig. 4b). In 2016, Liao et al.*® syn-
thesised HCMP by B-H cross-coupling using hexa(4-
bromophenyl)benzene (HBB) as the nucleus and arylenedi-
amine as the linker (Fig. 4c). HCMP has a moderate surface area
of up to 430 m”> g !, a narrow pore size distribution, and
uniform ultramicropores with sizes less than 1 nm. The porous
properties are controlled by the strut length and stiffness of the
linker, while the porosity and absorption properties can be
modulated by changing the oxidation state of the HCMP. In

This journal is © The Royal Society of Chemistry 2024

2019, Pan et al.” synthesized four novel luminescent CMPs,
LPCMP1-4, characterized by high specific surface area, high
chemical stability and thermal stability using B-H crosslinking.
They achieved this by modifying the chemical structure of the
building blocks, altering the ratio of bromine and amine
building blocks, and adjusting the surface area and pore size
distribution of polymers through the BX]J (Bristol-Xi'an Jiao
tong) method. The studies have shown that LPCMP exhibits
highly sensitive and selective fluorescence quenching of nitro-
aromatic compounds and can be used as a fluorescence sensor
for nitroaromatic hydrocarbons (Fig. 4d). Insertion of an aryl-
amine bridge (-NH-) into the CMP skeleton via a Heck coupling
reaction can improve the discharge capacity of CMP electrodes,
resulting in an interesting strategy for high-performance
advanced LIB cathode materials.

2.1.5 Yamamoto reaction. Yamamoto coupling, also
known as Yamamoto polymerization, is a cross-coupling reac-
tion in which halogenated aromatic hydrocarbons form C-C
bonds catalysed by the transition metal Ni.*®** In 2010, Cooper

et al® developed Yamamoto coupling based on tetra(4-

J. Mater. Chem. A, 2024, 12,17021-17053 | 17025
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iodophenyl)methane and tetra(4-bromophenyl)-1,3,5,7-ada-
mantane monomers to prepare CMPs of high specific surface
area (3160 and 3180 m* g™ ") (Fig. 5a). In 2009, Thomas et al.**
prepared a series of spirobifluorene-based porous network
structures (YSN-CMPs) with high specific surface areas up to
1275 and 1255 m> g~ " using Yamamoto coupling (Fig. 5b). Their
findings indicated significant influences of the bond length and
structure of structural elements on the pore structure and BET
surface area of CMPs. In 2020, Liu et al® designed and
synthesized ferrocene-based CMPs (FcCMPs) by Yamamoto
coupling using 1,10-dibromoferrocene and 5,10,15,20-
tetrakis(4-bromophenyl)porphyrin (FcCMP-1) or tetrakis(p-bro-
mophenyl)methane (FcCMP-2) as building blocks (Fig. 5c).
Their results demonstrated the exceptionally thermal and
physicochemical stability of FcCMPs, with BET surface areas of
638 m*> ¢~ ' and 422 m® g~ for FcCMP-1 and FcCMP-2, respec-
tively. Additionally, due to the interaction between the electron-
rich conjugated structure of the polymer and the methyl violet
of the cationic group, FcCMP exhibits excellent MV adsorption
and desorption properties. In 2022, Zhu et al.® synthesized Pt(u)
N-confused porphyrin and Pt(i1) porphyrin-based CMPs via the
Yamamoto coupling reaction (Fig. 5d). They investigated the
structure and property differences of Pt-N;C and Pt-Ny,
revealing that CMP-PtNCP and CMP-NCP exhibited enhanced
near-infrared light absorption and narrower band gap
compared to traditional symmetric porphyrin-based CMPs.
Owing to the asymmetric structure of NCP macrocycles, NCP-
based CMPs offer new opportunities for further study of asym-
metric metal coordination centers for multipurpose catalysis.

17026 | J Mater. Chem. A, 2024, 12, 177021-17053

2.1.6 Oxidative coupling polymerization. Oxidative
coupling  polymerization, also known as  dehy-
dropolycondensation, refers to the method of oxidative dehy-
drogenation coupling of compounds containing active
hydrogen to form polymers under the action of oxidation cata-
lysts. This process encompasses the polymerization of various
compounds such as phenols, acetylenes, aromatic amines,
aromatic hydrocarbons, mercaptans and others. Based on
different oxidative types, oxidative coupling polymerization is
divided into electrochemical oxidation and chemical oxidation.
Commonly used chemical oxidants include FeCl;, AlCl;, etc.***°
In 2018, Chang et al.*” prepared conjugated microporous poly-
bisindolyl maleimide (PBIM) with excellent electrochemical
performance as an anode material for LIBs via FeCl; catalyzed
oxidative coupling polymerization of bisindole maleimide
(Fig. 6a). Due to the reversible cation-7 interaction and unique
aromatic structure containing N-heteroatoms, the anode
material exhibits high capacity (1172 mAh g~ ', 50 mA g~ '), high
cycle life (1000 cycles), and high-rate performance (214 mA h
g ', 2.5C) (Fig. 6b and c). This method offers an efficient
strategy and basic platform for the structural design of indole-
based CMP anode materials for high-performance LIBs.

2.1.7 Schiff-base reaction. In 2023, Han et al.®® synthesised
two imine-linked triazine-based CMPs using a Schiff-base
reaction. The CMPs were integrated with carbon nanotubes
(CNTs), respectively, using an in situ-growth strategy
(CNT@TAPT-TPA and CNT@TAPT-BTPA), and then used as
anode materials for LIBs (Fig. 6d). Longer cycling stability
(specific capacity of 350.9 mA h g~ " after 2000 cyclesat 1 Ag™")

This journal is © The Royal Society of Chemistry 2024
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and better rate capability (177.9 mA h g~' at 5 A g~ ') were
observed for LIBs (Fig. 6e and f). This study provides a rational
strategy of molecular design for the development of organic de-
activated materials for LIBs.

2.1.8 Heterocycle linkages. In 2021, Wang et al.* developed
visible photoactive triazine-based CMPs (T-CMPs) with high
photocatalytic performance and investigated the relationship
between their structure and photocatalytic activity (Fig. 7a).
Their findings revealed that the photocatalytic performance
could be significantly improved by increasing the content of
triazine units in CMPs. Specifically, the hydrogen evolution rate
of T-CMP-1 (3214.3 pumol h™' g™ ') containing more triazine
units was much higher than that of T-CMP-2 (242.1 pmol h™*
g™ "). The results provide a strategy for designing CMPs with
high photocatalytic performance suitable for solar-driven
hydrogen evolution reactions.

In 2022, Mohamed et al.”® designed a highly efficient and
inexpensive, donoracceptor (D-A) system based on CMPs
featuring thiazole[5,4-D]thiazole (ThTh) linkages (Fig. 7b). This
system separates hydrogen from H,O under visible light
without adding any catalyst and uses ascorbic acid (AA) as
a sacrificial electron donor. The results show that Py-ThTh-CMP
has the highest photocatalytic activity attributed to its high
planarity of the Py cell, highly extended conjugation (electron-
rich), the strongest absorption in the visible region, narrowest

This journal is © The Royal Society of Chemistry 2024

band gap, and strong interaction between the 7 orbitals of Py
(donor) and ThTh (acceptor) units. This results in a hydrogen
evolution rate (HER) of 1874 pmol g * h™". This study provides
a new method for the preparation of efficient photocatalysts
and promotes the practical development of efficient hydrogen
evolution.

In 2023, Bai et al.”* designed and synthesized two redox-
active truxene-based CMPs (Tx-TzTz-CMP-1 and Tx-TzTz-CMP-
2) linked by thiazolo[5,4-d]Jthiazole for the photocatalytic
reduction of CO, to CH, (Fig. 7c). The polymer Tx-TzTz-CMP-2,
featuring an extended w-conjugated system, exhibited
a remarkable CH, reduction yield of up to 300.6 umol g~ * h™*
and achieved 71.2% selectivity, without the need for any metal
cocatalyst and photosensitizer. We note that the use of high-
density m-conjugated aromatic heterocyclic linked CMPs for
battery electrodes can effectively improve the electrochemical
energy storage performance of materials.

2.1.9 Phenazine ring fusion reaction. In 2011, Jiang et al.”
designed and synthesised nitrogen-rich Aza-fused CMPs for
supercapacitor energy storage (Fig. 7d). The Aza-CMPs provided
a high capacity of 946 F g~ *, which was significantly higher than
that of other CMPs at that time. A capacity of 378 F g~ was
observed at a high current density of 10 A g~ with no decrease
in 10000 cycles (Fig. 7e and f). Based on the results of this

J. Mater. Chem. A, 2024, 12,17021-17053 | 17027
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research, the great potential of para-CMPs as high-energy
storage devices has been demonstrated.

2.1.10 Cyclotrimerization reaction. Cyclotrimerization
usually requires heating of molten salts at temperatures above
300 °C to catalyze polymerization reactions.”””* In 2018, Baek
et al.” first reported that phosphorus pentoxide (P,Os) catalyzes
the direct condensation of aromatic amides to form covalent
triazine-based frameworks (CTFs) (Fig. 8a). In the same year,
Peng et al.”® exfoliated layered CTF-1 into monolayer and few-
layer CTF-1 nanosheets (f-CTF-1) by acid-base intercalation
and oxidative exfoliation (Fig. 8b). The high degree of f-CTF-1

17028 | J Mater. Chem. A, 2024, 12, 17021-17053

stripping significantly improves specific capacitance (about
380% at 1 A g ') and rate performance when used as a LIB
anode. The stripping strategy may open the door to large-scale
production of single- or few-layer CTF nanosheets and help to
investigate potential applications of CMPs.

2.2 Synthetic methods of CMPs

2.2.1 Electropolymerization method. In the 1970s, electro-
chemical oxidation polymerization (EP) was proposed and
studied by Ambrose, Nelson and colleagues.”””® To date, the EP

This journal is © The Royal Society of Chemistry 2024
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method has facilitated the development of numerous organi-
cally constructed units, including thiophene, pyrrole, triphe-
nylamine, and carbazole. The EP method is a widely adopted
technique and the most important advantage of EP is that the
precursor material can be deposited directly onto the electrode
surface under mild conditions without additional catalysts,
avoiding secondary processing of the CMPs.

In the EP process, sites with higher electron cloud density in
the organic building unit are readily oxidized to form cationic
radicals. These cationic radicals exhibit heightened activity,
facilitating their interaction with the monomer or other cationic
radicals. Furthermore, in the reaction between two cationic
radicals, the formation of an ion-pair occurs as the cationic
radical bond with the anions in solution. This reduction in
electrostatic repulsion promotes the polymerization coupling of
the two cationic radicals. Following the coupling reaction, the
dimer intermediate undergoes deprotonation and reoxidation
to form an aromatic system. Throughout the reaction, a chain-

This journal is © The Royal Society of Chemistry 2024

like process persists, involving electron transfer and chemical
reaction steps, until the growth of this chain ceases. Further-
more, unlike conventional chemical polymerization, the activity
of EP diminishes notably as the reaction progresses, likely
attributed to the elongation of polymer chains. Moreover, the
deprotonation reaction subsequent to the coupling reaction
typically occurs rapidly, propelled by the regeneration of the
aromatic system. If the growth rate of the EP membrane is
linear, the relative growth rate of the membrane per cycle can be
calculated from the following equation:

ipol
pa

n—1

Vg =

where “k” is a constant of proportionality. ig;’l is the peak
current for polymer anodisation, z is the number of cycles (n =
2), and v, is related to parameters such as cyclic voltammetry
scanning speed, concentration of organic building units, etc.”
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In 2016, we®*® developed the dendritic macromolecule PYT-
PAG2 via the EP method. We utilized this material as an elec-
troactive precursor to fabricate CMP films with favorable
fluorescence properties. By adjusting the EP parameters, they
could control the thickness of the fluorescent film and achieve
the film as a freestanding membrane on the substrate (Fig. 8c).
This study provides a new way to construct fluorescent thin-film
sensors from dendrimers.

In 2020, our group® employed a straightforward in situ
electropolymerization method to prepare a film. They utilized
a novel dendritic macromolecular material (TPETCz) as the
polymerization monomer, notable for its high specific surface
area and facilitation of analyte diffusion. The obtained CMP
sensor film has a microporous structure with a BET specific
surface area as high as 1042.5 m* g *. And the selective detec-
tion of 18 VOCs was achieved by linear discriminant analysis
(LDA) (Fig. 8d and e).

In 2022, our group® synthesized two EP films (TCz-CMP and
TCzP-CMP) via the EP method, employing molecules (TCz and
TCzP) with hybridized localized and charge transfer (HLCT)
excited state properties as polymerization monomers. In addi-
tion, TCzP-CMP had a larger BET surface area (407 m> g~ ') and
total pore volume (1.29 cm® g~ ') compared to TCz-CMP,

17030 | J Mater. Chem. A, 2024, 12, 177021-17053

corresponding to pore size distributions of 0.81-1.0 nm and
0.71-0.74 nm, respectively.

2.2.2 Ionothermal method. The ionothermal method
represents a straightforward approach for synthesizing CMPs,
obviating the need for additional organic solvents to participate
in the reaction process.** In 2022, EL-Mahdy et al.*® synthesized
four pyridine-based CTFs (TPP-CTF) via ionic thermal interac-
tion between aromatic nitriles catalyzed by varying molar
equivalents of ZnCl, (Fig. 9a). In 2021, Milner et al.** realized
a new strategy for the solvent-free synthesis of CMPs and PAFs
by cyclotrimerization of methyl ketone ions using the aldol
reaction (Fig. 9b). These frameworks demonstrated remarkable
retention of ultra-high capacitance and exceptional gas
adsorption performance, underscoring their potential for large-
scale, high-performance supercapacitors, and gas separation
materials.

2.2.3 Mechanochemical method. Mechanochemistry can
be a solvent-free, timesaving, scalable alternative to the
common synthetic routes of porous polymer materials. In 2017,
Borchardt et al.*® developed a novel and innovative mechano-
chemical synthesis method for porous CTFs (Fig. 9¢). In 2023,
Zhou et al.®*® synthesized benzimidazole-bridged conjugated
porous  polymers (TX-BI-POP) using efficient and

This journal is © The Royal Society of Chemistry 2024
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environmentally friendly mechanochemical methods (Fig. 9d).
They exhibit a variety of photocatalytic activities and redox
properties, and can be used as multifunctional photocatalysts
and electrodes for LIBs and supercapacitors.

2.2.4 Solvothermal method. Solvothermal methods serve
as conventional strategies for CMP synthesis, predominantly
involving noble metal synthesis techniques such as the Sono-
gashira-Hagihara reaction, Suzuki cross-coupling reaction,
Buchwald-Hartwig coupling reaction, and Yamamoto reaction,
alongside oxidative coupling reactions. These methods offer
distinct advantages, including the ability to produce CMPs in
large quantities, mild reaction conditions, easy accessibility of
substrates, and simpler reaction routes with higher yields,
owing to the utilization of a single synthesized precursor. In
2019, Tian et al.*” synthesised a class of organic polymers based
on carbonyl groups using a solvothermal method, including two
one-dimensional linear polymers, and a two-dimensional
conjugated microporous polymer. As a stabilized organic
cathode material for KIBs, extended t-conjugation was found to
improve cycle stability and rate performance, and the carbonyl
group was a potassium ion binding site with excellent

This journal is © The Royal Society of Chemistry 2024

reversibility to KIBs (Fig. 9e). In 2022, Cui et al.®® synthesised
CMPs (Co-PCMPs) by polycondensation in polyphosphoric acid,
which have a porphyrin group with a double active site con-
sisting of a metal-N4 conjugated macrocycle and a conjugated
carbonyl group (Fig. 9f). When used as an anode material for
LIBs, Co-PCMPs exhibit high capacity (700 mA h g " at 0.05 A
g 1) and excellent multiplicity performance (400 mAh g * at 1.0
A g ). The conclusions of this study suggest that the intro-
duction of reactive groups and metal ions greatly improves the
capacity of CMPs, which provides more strategies for the further
development of organic electrode materials.

3 Potential applications of CMPs

The previous section summarized the synthetic reaction routes
and synthetic methods for CMPs, and many researchers have
put forward various visions for the preparation of CMPs. Based
on these synthetic methods, the chemical structure and
macroscopic morphology of CMPs can be largely controlled,
and scientific researchers have successively proposed the
application concepts of CMPs, which has broadened the
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application scope of CMPs. In this section, we will mainly
summarize the representative applications of CMPs in flexible
electrode materials.

3.1 CMPs as anode materials for batteries

Currently, battery anode materials are predominantly catego-
rized into two groups: inorganic and organic materials. When
employing inorganic metal materials as anode materials, the
formation of dendrites and corrosion on the metal anode is
common, resulting in reduced utilization efficiency and poor
cycle performance of the metal anodes.*>*" Organic electrode
materials have the advantages of designable structure, low cost
and high theoretical capacity,”** but need to overcome the
problems of poor conductivity and dissolution in the
electrolyte.***

CMPs have emerged as a novel class of organic electrode
materials owing to their high redox activity, exceptional physi-
cochemical stability, highly crosslinked polymer network,
abundant porous structure, and expansive surface area.'®**%%
Polythiophene is an n-doped conjugated polymer, but its low
redox activity and poor multiplicity performance limit its
further development as an anode material for LIBs. In 2018, Xu
et al.” reported a structural design strategy for thiophene-based

View Article Online
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CMPs with excellent electrochemical performance as anode
materials for LIBs. It was found that the thiophene content,
crosslinked porous structure, and surface area play a decisive
role in improving the electrochemical performance. The
poly(3,3-dithiophene) (P33DT) all-thiophene-based polymer has
a crosslinked structure and a high surface area of 696 m”* g™,
whereas polythiophene (PT) has 13 m* g~ (Fig. 10a). The pore
size distribution (PSD) of the polymers was determined using
nonlocal density-functional theory (NL-DFT). P33DT displayed
a median micropore diameter of 0.92 nm, while linear PT
predominantly showcased graded mesopores spanning from 2
to 20 nm (Fig. 10b). The P33DT exhibits a discharge capacity of
up to 1215 mA h g ' at 45 mA g, excellent multiplicative
capacity, and excellent cycling stability, with a capacity reten-
tion of 663 mA h g~ " at 500 mA g " after 1000 cycles, which is
79.9% of the initial reversible capacity (Fig. 10c and d). This
work mainly reveals the structure-performance relationship,
which further provides a basis for the rational design of CMP
anode materials for high-performance LIBs.

In 2020, Zhang et al.”® reported a class of azo-fused CMPs
with unique electronic structures as anode materials for
rechargeable LIBs. The effect of electronic structure on the
redox activity of azo-thickened CMPs was further investigated,
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and three materials containing benzothiadiazole (BT) groups
(PhBT, PyBT, and AzoBT) were prepared separately (Fig. 10e).
The galvanostatic charge-discharge (GCD) testing of the three
materials revealed that AzoBT obtained a higher reversible
capacity (1534 mA h g™ "), followed by PyBT (776 mA h g~ "), and
PhBT the lowest (591 mA h g~ ") (Fig. 10f). Theoretical calcula-
tions show that the energy levels of AzoBT, PyBT and PhBT are
reduced by 2.34 ev, 1.95 ev and 1.63 ev, respectively (Fig. 10g).
The above results demonstrate the significant influence of the
electronic structure on the Li ion storage capacity of these CMP
electrodes, and that the band gap plays a more important role
than the LUMO energy level in the redox activity of the resulting
CMPs. In conclusion, AzoBT exhibits higher redox activity due
to the presence of N=N redox active centres, which in turn
provides more redox activation sites for Li ion storage. The
resulting LIBs exhibited ultra-high reversible capacity, excellent
multiplicity performance and stable cycling performance (1000
cycles at 2 A g~ ") (Fig. 10h).

In 2021, Yu et al.** developed a new redox donor-acceptor
CMP (AQ-CMP) utilizing anthraquinone and benzene as linkers
via C-C bonding and used AQ-CMP as an ultra-long-life anode
for rechargeable air batteries (RABs) (Fig. 11a). AQ-CMP features
an interconnected octapole network, which facilitates a favor-
able electronic structure for enhanced electron transfer effi-
ciency and N-doping activity. Additionally, it boasts a high
density of active sites, maximizing the redox capacity based on
the weight of the formulation. The AQ-CMP anode yielded near
theoretical capacity (202 mA h ¢ at 2 A g™ ") (Fig. 11b), with
excellent multiplicative performance (58% capacity retention at
20 A g7'), and excellent cycling stability (more than 60 000
cycles at 20 A g~'), which was far superior to that of its linear
counterpart (AQ-Lin, 73% retention after 250 cycles) (Fig. 11c-
2). When combining an AQ-CMP anode with a commercial Pt/
C@Ir/C catalyst-based cathode, the resulting CMP air cell
demonstrates a consistent specific capacity of 181 mAh g " at 3
A g~'. Notably, full capacity recovery is solely achieved by
refreshing the cathode. Furthermore, by decoupling the elec-
trolyte and cathode design, both the output voltage and voltage
efficiency can be enhanced to —1 V and 87.5%, respectively,
surpassing those of existing polymer air batteries (Fig. 11h).
This research not only enriches the family of redox CMPs and
broadens their applications but also offers novel insights into
the design of CMP-based electrodes for diverse energy storage
systems and other applications.

Porphyrin-based molecules have large w-conjugated
aromatic structures, active sites of multi-electron redox activity,
and narrow HOMO-LUMO gaps, and are often used as anodes
for LIBs.'*'** In 2022, Zhai et al.'® prepared porphyrin CMPs by
Sonogashira-Hagihara cross-coupling of Br-functionalized
porphyrin monomers and alkyne-based monomers (Fig. 12a).
The CMPs exhibit a notable surface area of 419 m”* ¢~ " (Fig. 12b)
and a narrow bandgap, with optical and calculated values of
1.31 eV and 0.73 eV, respectively. The valence band (VB) spec-
trum indicates a VB energy (EVB) of 3.81 eV (Fig. 12c-e). Addi-
tionally, it achieves a high specific capacity of 1200 mAh g " at 1
A g ' and maintains a capacity retention rate of 242% after 5000
cycles at 3 A g ' (Fig. 12f and g). These findings present an

This journal is © The Royal Society of Chemistry 2024
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effective approach for designing and fabricating organic elec-
trode materials characterized by high specific capacity and long-
term cycle life.

Alkaline rechargeable batteries (ARBs) are an attractive
solution for large-scale electrochemical energy storage appli-
cations. However, their development has been greatly hindered
by the lack of high-performance and sustainable anodes
capable of stable operation with low corrosivity and low elec-
trolyte concentration. However, redox-active CMPs with their
robust and mechanically stable 3D microporous structure can
provide even better long-life ARBs.'* In 2022, Patil et al.'®®
developed high-performance ARBs with anthraquinone-based
CMPs (IEP-11)/single-walled CNTs as the anode and commer-
cial Ni(OH), as the cathode (Fig. 13a and c). In 1 M KOH elec-
trolyte, when IEP-11 served as the anode, a comprehensive
comparison with PAQS showed that IEP-11 had a high specific
surface area and total pore volume (738 m* g™ ' and 0.7 cm® g™ %)
(Fig. 13b), high cell voltage (0.98 V) (Fig. 13d), long cycle life (up
to 22 730 cycles/960 h, 75% capacity at 20C) (Fig. 13e and f),
high specific capacity (150 mA h g~ ' at 1C) (Fig. 13g), excellent
rate performance (90 mA h g~ ' at 50C) (Fig. 13h) and low-
temperature operability (Fig. 13i). The ideas presented in this
research not only pave the way for the design of high-
performance and advanced ARBs, but also the possibility of
developing safe, environmentally friendly and practical organic
batteries by utilizing nickel-based cathodes and less corrosive
aqueous electrolytes.

3.2 CMPs as cathode materials for batteries

CMP materials have some unique properties due to their large
m-electron conjugated structure: (1) good electron transport
properties, (2) most CMP materials are structurally stable and
rigid, making them difficult to dissolve in conventional elec-
trolytes, and (3) large specific surface area and microporous
structure. These properties make CMPs a good choice for
building battery cathode materials.

In recent years, some researchers have discovered that
conductive polymers with good electronic conductivity and rich
redox functional groups are promising candidates for the
construction of high-energy aqueous zinc batteries. In 2021, Liu
et al.'* prepared a multi-hollow poly(triphenylamine)-CMPs
cathode material (m-PTPA) via a solvothermal synthesis
strategy (Fig. 14). The cathode material has a more regular
porous structure similar to the covalent organic frameworks
(COF) material, facilitating the accommodation of Cl™ in
a pseudocapacitive-dominated manner for energy storage
purposes. Moreover, its specific 3D organic framework-shaped
conjugated porous network can significantly increase the N
activity (up to 83.2% at 0.5 A g~ ') and stability (87.6% capacity
retention after 1000 cycles) of the material. This electrode
material also enabled the zinc ion battery device to have a high
energy density of 236 W h kg™ and a maximum power density
of 6.8 kw kg™, which is a significant advantage over organic
zinc ion batteries reported at the same time. This study provides
new ideas for the rational design of CMP organic cathode
materials.
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Fig. 11 (a) Synthetic route of AQ-CMP and AQ-Lin. (b) Comparison between AQ-CMP and AQ-Lin based on GCD curves at 2 A g~*. (c) Rate
capability at different current densities. (d) b-value analysis. (e) Normalized percentage capacitive contribution at different scan rates. (f) The
long-term GCD stability tests of AQ-CMP and AQ-Lin at 3 A g%, (g) The long-term GCD stability tests of AQ-CMP and AQ-Lin at 20 A g *. (h)
Capacity retention comparison of various polymer anodes for RABs.*°°® Copyright 2021, Wiley.

Rechargeable aluminum batteries (RABs) use redox active
polymers as cathodes to address the problems of slow inorganic
cathode kinetics, low capacity, and poor integrity.”* Recent
studies have found that n-type phenozines have high capacity,
reversibility and rapid redox kinetics in aqueous electrolytes
due to the presence of C=N double bonds. In 2023, Bitenc

17034 | J Mater. Chem. A, 2024, 12, 17021-17053

et al.'” reported for the first time a phenazine-based hybrid
microporous polymer (IEP-27-SR) for use in an organic cathode
in aluminum batteries with AlCl;-EMIMCI ionic liquid electro-
Iytes (Fig. 15a and b). The cyclic voltammetry (CV) curve of the
Al//IEP-27-SR cell shows two pairs of reversible redox peaks at
about 1.1 V (peak O1 and R1) and about 0.6 V (peak O2 and R2),

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 (a) Structure of CMP-Por. (b) BET test for CMP-Por. (c) GCD profiles at 1 A g~ (d) Density of states of CMP-Por. (e) Ultraviolet
photoelectron spectroscopy of CMP-Por. (f) Rate capability. (g) Long-term cycle life at 3 A g~.2°3 Copyright 2022, Elsevier.

which are believed to be due to the reversible reduction/
oxidation of the phenazine portion of the polymer structure
(Fig. 15¢). The electrochemical performance of the Al//IEP-27-SR
battery was evaluated by GCD at different C-rates, and the
specific capacity decreased as the current density gradually
increased (Fig. 15d). At a minimum current density of 0.5C, the
highest specific capacity value of 116 mA h g~ was obtained,
with a high coulombic efficiency (CE) of 99% (Fig. 15e). By
evaluating the cycle life of the battery, in the first 250 cycles, the
battery showed a capacity retention rate of 99% and a capacity
of 98 mA h g~". 75% of the initial capacity was maintained after
3440 charge-discharge cycles (127 days of continuous cycling)
at 1C (Fig. 15f and g). This study improves battery performance
and paves the way for the development of advanced multivalent
batteries by providing an efficient pathway for the movement of
ions and electrons.

In the construction of dual-ion batteries (DIBs) with redox-
building block polymer cathodes, p-type dihy-
drophenazine (Pz) unit modules have attracted extensive
attention due to their high reversible redox reaction and high
theoretical charge storage capacity.'*®*"* However, most of the
reported Pz-based polymer cathodes still have problems such as
low redox activity, slow kinetics and short cycle life. To address
these issues, in 2021, Zhang et al.**> developed a CMP (TzPz)
cathode material based on donor-acceptor (D-A) dihy-
drophenazine, by assembling the electron-donating Pz unit and
the electron-withdrawing 2,4,6-triphenyl-1,3,5-triazine (Tz)
units into the polymer chain (Fig. 16a). This D-A structure
enhances the conjugation of the polymer, reduces the band gap

active

This journal is © The Royal Society of Chemistry 2024

of TzPz, and promotes the transport of electrons along the
polymer backbone. The rate performance of BzPz and TzPz was
evaluated at different current rates, and the specific capacity
gradually decreased with the increase of current rates (Fig. 16b).
At current rates of 0.2 Ag™ " and 5 A g, BzPz and TzPz exhibit
excellent stability (more than 10 000 cycles) and high specific
capacities (TzPz 192 mA h g ', BzPz 148 mA h g~ ") (Fig. 16c and
d). Ex situ characterization showed that the charge storage of
PF¢~ in the TzPz cathode was due to the p-type doping reaction
of dihydrophenazine and triazine units (Fig. 16e). These studies
suggest that D-A structure design is an effective strategy for the
development of high-performance polymer cathodes for DIBs.

In 2023, Liu et al'® designed and synthesized two CMP
materials (CMPs-B and CMPs-By) with spiro-difluorenyl and
phenyl groups connected by different bonds (Fig. 17a).
However, the CMPs-B materials with monomers linked by C-C
bonds have a larger specific surface area of 45 m* g~ ' (CMPs-By:
17 m? g~ '), smaller microporous size of 1.58 nm (CMPs-By: 2.03
nm), and higher stability in comparison (Fig. 17b and c). This
structural feature provides a larger specific surface area in
contact with the electrolyte, improves the rapid transfer of Li"
during charging and discharging, retains a certain amount of
capacity after multiple cycles (the capacity retention after 100
cycles is 36.6%) and has better multiplicative performance
(34.44% for 300 mA g~ ') (Fig. 17d and e). This work suggests
that increasing the specific surface area of the CMPs is an
effective design strategy to improve the electrochemical
performance of highly efficient organic electrode materials for
LIBs.
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(a) Chemical structure of PAQS and IEP-11. (b) Nitrogen adsorption—desorption isotherm profiles of PAQS and |EP-11. (c) Schematic of

the full cell and its working mechanism. (d) Specific capacity—voltage profile of IEP-11in 1 M KOH. (e) Cycle stability plot: discharge capacitance
retention and coulombic efficiency measured at 20C. (f) Cycle stability plot of IEP-11. (g) and (h) Discharge capacity retention at different C-rates.

(i) Low-temperature operativity.**®> Copyright 2022, Elsevier.

Among various organic cathode materials, structures enriched
with C=0 groups have garnered significant attention globally.
Particularly, m-CMPs featuring enriched C=0 groups and stable
backbones have emerged as a focal point for research efforts. In
2021, Zhai's team'* synthesized novel CMPs enriched by the
bond of C=0 utilizing the highly efficient Diels-Alder reaction
(Fig. 17f). The resulting CMPs showcase a fused carbon skeleton
structure and semiconducting properties, characterized by
a band gap of 1.4 eV. Due to their structural properties, the CMPs
exhibit good stability (96.1% capacity retention at 0.2 A g~ * after
200 cycles and 94.8% capacity retention at 1 A g~ after 1500
cycles), superior lithium-ion diffusion coefficient (5.30 x 10"
cm?® s~ ') and excellent multiplication capacity (95.8 mAhg 'at1
A g ") (Fig. 17g-i). This study broadens the way for the design
strategy of CMPs as a cathode material for LIBs.

3.3 CMPs as electrode materials for supercapacitors

Supercapacitors have evolved into prominent energy storage
systems for electronic devices due to their high charge/

17036 | J Mater. Chem. A, 2024, 12, 17021-17053

discharge rate, exceptional power density, long cycle life,
balanced rate performance, superior cycle efficiency, and envi-
ronmental friendliness. These properties have garnered signif-
icant research interest among scientists and researchers."***"
Recently, both organic and inorganic substances have been
increasingly utilized as electrodes in supercapacitors. CMPs, in
particular, have emerged as attractive electrode materials for
capacitors owing to their affordability, chemical stability, flexi-
bility, and widespread availability. They play a pivotal role in
enhancing capacitor efficiency."****

In 2017, Lai et al.*** designed and synthesized the CMPs
(TAT-CMP-1, and TAT-CMP-2) with redox activity based on
nitrogen-rich and highly conductive triazatriene building
blocks as efficient and stable electrode materials for high-
performance supercapacitors (Fig. 18a). Due to their favorable
porous structure and high nitrogen content, TAT-CMP-1 and
TAT-CMP-2 demonstrate high capacitances of 141 Fg~ ' and 183
F g~ ', respectively, at a current density of 1 A g~ '. Remarkably,
they exhibit an ultra-high capacitance per unit surface area

This journal is © The Royal Society of Chemistry 2024
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Fig. 14 The synthesis route of COF-like m-PTPA.*°¢ Copyright 2021, Wiley.

(>160 pF cm™?) (Fig. 18b and c). In addition, TAT-CMP also
exhibits excellent reversibility, with cycle efficiencies of 95%
and 83% at a high current density of 10 A g~ and after 10 000
cycles, respectively (Fig. 18d). The results show that selectively
adjusting nitrogen content by chemical doping is an effective
method to improve electrochemical performance.

In 2022, Lai et al."* developed a set of novel CMPs based on
n-type perylene diimide (PDI), namely CMP-1, CMP-2, and CMP-
3, as electrode materials for organic capacitors used for flexible
energy storage. The morphological characterization showed
that they have an irregularly stacked and highly cross-linked
morphology, and they have micro- and mesoporous structures
(Fig. 19a—c). Given the electron-accepting redox active sites, the
hierarchical porous structure, and the amide-linked network,
the PDI-CMP electrodes show n-type pseudocapacitive behav-
iour with high capacity (139-205 F ¢ at 0.5 A g~ '), wide and
negative bias (—1.0-0 V vs. Ag/AgCl), and long cycling stability
(Fig. 19d and e). Compared to the corresponding CMP-1, CMP-3
features a rigid backbone comprising tetraphenylmethane
three-dimensional (3D) structural units and PDI units. This
structure promotes ion transfer, increases ionic association,
and enhances surface exposure, leading to high specific
capacitance, good thermal stability, and excellent reversibility.
Notably, CMP-3 exhibits a cycling efficiency of 96% after 5000
cycles at a high current density of 10 A g~ " (Fig. 19f). CMP-3 and
CMP-2 exhibit faster diffusion kinetics than CMP-1, which can
be attributed to the 3D rigid structure of CMP-3 and the twisted
molecular structure of CMP-2. Asymmetric supercapacitors
employing CMP-3 and poly (3.4-ethylenedioxythiophene)-

This journal is © The Royal Society of Chemistry 2024

poly(styrenesulfonate) (PEDOT/PSS) exhibited a wider poten-
tial window (1.8 V) and increased capacity (17.4 mF c¢cm?)
compared to symmetric supercapacitors utilizing PEDOT/PSS
electrodes. In addition, CMP-3 demonstrates attractive poten-
tial as an anode for rechargeable LIBs. This study elucidates
a fundamental understanding of the key structural parameters
that determine its electrochemical and transport properties,
thus opening new doors for the rational design of efficient and
stable n-type organic electrode materials for flexible energy
storage applications.

In 2018, Liao et al.**® proposed a novel CMP network for
energy storage in supercapacitors, a three-dimensional poly-
aminoanthraquinone (PAQ) network synthesised via B-H
coupling between 2,6-diaminoanthraquinone (DAQ) and aryl
bromides (PAQTA, PAQTB, PAQCB, PAQSF, and PAQTM)
(Fig. 20a). PAQ possesses a surface area of up to 600 m> g~ " and
exhibits excellent dispersion in polar solvents, making it suit-
able for processing into flexible electrodes. Notably, PAQTA
demonstrated a specific capacitance of 576 F g ' (three-
electrode configuration) in 0.5 M H,SO, at a current density
of 1 Ag~'. Furthermore, it maintained 80-85% capacitance over
6000 cycles at a current density of 2 A g™, with a nearly 100%
coulombic efficiency (95-98%) (Fig. 20b-e). Asymmetric two-
electrode supercapacitors assembled from PAQs show a total
electrode material capacitance of 168 F g™, an energy density of
60 W h kg™ ' at a power density of 1300 W kg ', and a wide
operating potential window (0-1.6 V). The asymmetric super-
capacitor has a coulombic efficiency of 97% and maintains
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95.5% of its initial capacitance under 2000 cycles (Fig. 20f). This
work presents new promising CMP networks for charge storage.

Fiber-based supercapacitors (FSCs) are a promising energy
storage device to meet the growing demand for miniaturization,
flexibility and compatibility in wearable electronic devices."*”***
However, low energy density compared to batteries remains
a major limitation for practical applications.****** In 2020, Liao
et al.™** utilized various amine monomers (aniline, pyridine, and
anthraquinone) along with 1,3,5-tris(3-bromo)-benzene (TPBA)
monomers, which were polymerized on the surface of a carbon
nanotube fiber (CNF) through a B-H cross-coupling reaction.
This process yielded a CMP network (CNF@CMP) characterized
by a tailorable porous structure and reversible redox chemistry
(Fig. 21a), exhibiting highly efficient capacitive properties. Due
to the flexibility and high conductivity of CNFs, along with the

17038 | J Mater. Chem. A, 2024, 12, 177021-17053

porosity and strong redox properties of the polytriphenylamine
network structure (PTPA), as well as the enhanced synergistic
interaction between the CNF core and PTPA shell, it is used to
prepare high-performance wearable supercapacitors (671.9 mF
ecm 2 at a current density of 1 mA cm ?). All-solid-state
symmetrically twisted CNF@PTPA FSCs prepared with PVA/
H;PO, as the gel electrolyte exhibited a high specific surface
area capacitance of 398 mF cm ™2 (0.28 mA ecm ™ ?) (Fig. 21b and
¢), a maximum operating voltage of 1.4 V, and an energy density
of 18.33 yWh cm ™ (Fig. 21d). In addition, they exhibit excellent
flexibility and mechanical stability, maintaining 84.5% of the
initial capacitance after 10 000 bending cycles (Fig. 21e). These
materials provide a new avenue for high-performance wearable
supercapacitors (HPWS) with a wide range of potential appli-
cations in wearable electronics.

This journal is © The Royal Society of Chemistry 2024
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CMPs with active functional groups have received increasing
attention in energy conversion systems."*>'** However, their low
conductivity results in low capacitance, which limits their
practical applications.****** In 2021, Duan et al.**® designed and
synthesised CMPs comprising trityl aldehydes linked to metal
phthalocyanines (MNC, Co, and Fe). Composite membranes
were prepared by combining them with highly conductive CNTs
in different ratios (MNC:CNT =1:1,1:2,1:3,and 1:5) using
a microwave method and vacuum filtration strategy. These
composite membranes are denoted as MNCCs-x, where x = 1, 2,
3, 5 (Fig. 22a). Due to the highly active metallic properties of

This journal is © The Royal Society of Chemistry 2024

Land (d) 5 A gL, (e) Schematic diagram of the electrochemical reaction mechanism of the TzPz-

CoNGC, it can be compounded with highly conductive CNTs
through m-7 interactions without any covalent bonding into
CoNCCs. These CoNCCs are flexible and can serve as self-
supporting, binder-free flexible electrodes for supercapacitors.
The optimized CoNCCs-3 flexible electrodes exhibit a high
specific capacitance of 213.4 F g " at a current of 0.5 A g *
(Fig. 22b). In addition, a capacity retention of 85.3% was ach-
ieved after 1750 cycles at 20 A g~ (Fig. 22¢). The good electro-
chemical performance can be attributed to the synergistic effect
and strong biphasic interaction between MNC and CNTs. This
work opens the way for the development of high-performance
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Chemical Society.
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Fig. 18 (a) The structure of TAT-CMP-1and TAT-CMP-2. GCD curves of (b) TAT-CMP-1and (c) TAT-CMP-2 at different current densities. (d) The
relationship of the specific capacitance with cycling number for TAT-CMP-1 and TAT-CMP-2 at a current density of 10 A gt after 10 000

cycles.*** Copyright 2017, Royal Society of Chemistry.

organic supercapacitor electrode materials with a low environ-
mental footprint.

Metal phthalocyanines (MPcs), an important functional -
conjugated structural unit, are two-dimensional aromatic
molecules containing a metal at the centre of the inner ring,
and MPcs exhibit excellent electron-transfer ability due to the
interaction between the phthalocyanine ring and the metal
centre.”*”**° MPc-based CMPs may have potential applications
in energy conversion and storage systems.'' In 2020, Duan
et al.*** fabricated three MPc-based CMPs (M = Co, Fe, and H,)
using a rapid microwave method. Subsequently, they hybridized
MPc-CMPs with CNTs to produce free-standing and flexible
composite membranes through non-covalent bonding. These
composite membranes serve as flexible electrodes for super-
capacitors without the need for additives or binders (Fig. 22d).

This journal is © The Royal Society of Chemistry 2024

Due to the synergistic effect and strong - interaction between
the MPc-CMP and CNTs, the flexible electrodes CoPc-CMP/
CNTs-2, HPcCMP/CNTs-2 and FePc-CMP/CNTs-2 showed high
specific capacitances of 289.1 Fg~',53.6 Fg~ 'and 100.7 Fg ' at
a current density of 1 A g™, respectively (Fig. 22e). Even at
a current density of 10 Ag ™', CoPc CMP/CNTs-2 can show a high
specific capacitance of 107.2 F g~' and a high specific capaci-
tance retention rate of 89.2% after 1350 cycles (Fig. 22f). The
study shows that the synergistic effect and powerful functions of
metal phthalocyanine-linked CMPs and highly conductive CNTs
open up the possibility of developing high-performance
supercapacitors.

Porphyrin-based CMPs have great potential for applications
in energy storage systems, but their low conductivity limits their
practical applications.***'** To address this issue, in 2021, Duan
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Fig.19 (a) Graphic representation of CMP-1, CMP-2 and CMP-3. (b) SEM images of CMP-1, CMP-2 and CMP-3. (c) TEM images of CMP-1, CMP-
2 and CMP-3. (d) Specific capacitance versus current density curve of CMP-1, CMP-2 and CMP-3. (e) Nyquist plot of CMP-1, CMP-2 and CMP-3.
(f) Cycling stability of CMP-1, CMP-2 and CMP-3 at a current density of 10 A g~1.125 Copyright 2022, Springer.

et al.'* introduced a solution by designing and synthesizing
copper porphyrin-CMPs (CuTAPP-CMPs). They further created
CuTAPP-CMP/CNTs-3 by integrating CuTAPP-CMPs with highly
conductive CNTs through a straightforward vacuum filtration
method (Fig. 23a). These materials serve as non-adhesive,

17042 | J Mater. Chem. A, 2024, 12, 17021-17053

standalone flexible electrodes for supercapacitors. In the
absence of any covalent bonding, the active CuTAPP-CMP can
bind to the conducting CNTs in view of the m-m interactions.
The flexible electrode of CuTAPP-CMP/CNTs-3 exhibits
a specific capacitance of 207.8 F g~ ' at 1 A g~ " (Fig. 23b) and

This journal is © The Royal Society of Chemistry 2024
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cycle durability of the device at a current of 2.0 A g~1.226 Copyright 2018, Wiley.

a long cycling performance of more than 3700 cycles at 20 Ag~*
(Fig. 23c). The impressive electrochemical performance
observed can be attributed to the synergistic effect of the high
electrical conductivity of CNTs combined with the high pseu-
docapacitance of CUTAPP-CMP. This study paves the way for the
exploration of high-performance organic active materials for
supercapacitors.

This journal is © The Royal Society of Chemistry 2024

In 2022, Mohamed et al'*® constructed three 1,3,4-
oxadiazole-CMPs (OXD-CMPs: TPA-OXD-CMP, Py-OXD-CMP,
and TPE-OXD-CMP) by simple Sonogashira coupling. CNTs
were combined with OXD-CMPs using non-covalent bonding -
7 interactions to provide OXD-CMPs/CNTs composites
(Fig. 23d). When used as electrodes for supercapacitors, they
have greatly enhanced capacitance and cycling stability, where
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(a) Schematic preparation process for MNCCs (M = Co, Fe). (b) Specific capacitances of CoONCCs-3 at different current densities. (c)

Cycling performance and coulombic efficiency of CONCCs-3 at 20 A g~*.3¢ Copyright 2021, Elsevier. (d) Synthetic process of MPc-CMP/CNTs.
() GCD curves of MPc-CMP/CNTs-2 (M = H,, Co, Fe) obtained at 1 A g~*. (f) Cycling performance and coulombic efficiency of CoPc-CMP/

CNTs-2 at 10 A g~11%2 Copyright 2020, Elsevier.

the capacity of the Py-OXD-CMP/CNT composites is 504 F g~ * at
a current density of 0.5 A g~ !, which is much higher than that of
other OXD-CMP-based samples. The Py-OXD-CMP/CNT
composite exhibits excellent cycling stability (91.1% capaci-
tance retention) as measured by GCD for 2000 cycles at a current
density of 10 A g " (Fig. 23e and f). The results show that OXD-
CMPs/CNTs nanocomposites are promising for high-
performance charge storage.

In 2023, Gaber et al™® synthesised unique redox-active
CMPs, Py-BDT and Py-Ph-BDT-CMPs. Such CMPs are based on
pyrene (Py) and redox-active benzo[1,2-b:4,5-b'] dithiophene-4-
one (BDT) units, and act as highly efficient and stable elec-
trodes for supercapacitor energy storage devices. CMPs exhibit
excellent thermal stability (Tqq10: ~564 °C; coke yield: ~70.5%)
and surface area (~427 m” g~ '). At a current density of 0.5A ¢,
Py-BDT and Py-Ph-BDT CMPs exhibit excellent three-electrode
capacitance of 636 and 712 F g, respectively, which is better
than the previously reported specific capacitance of conven-
tional CMPs. Symmetric two-electrode supercapacitors con-
structed with Py-Ph BDT CMPs showed an effective capacitance
of 429 F g ' and an energy density of 38.21 W h kg '

a potential of 0.8 V and maintained 80% of their initial capac-
itance over 4000 cycles (Fig. 23g-i). It was found that the redox
process of such CMPs mainly depends on the BDT monomer,
which is reduced using two electrons during discharge, whereas
the reversible oxidation of the BDT>™ anion occurs continuously

This journal is © The Royal Society of Chemistry 2024

during the charging phase, and thus the integration of the
pyrene and BDT monomers into CMP cores could lead to fast
charge transfer, excellent Faraday energy storage, and remark-
able electrical conductivity (Fig. 23j). This work presents a new
strategy for the preparation of high-capacity supercapacitors
from reducible CMPs.

In 2022, Jang et al.**” prepared a conjugated microporous
anthraquinone amide polymer network (CMAP@AG) with
electron-transporting properties by a simple one-step B-H
coupling of anthraquinone amide and tris-aniline as the basic
polymerization units on an activated graphene substrate
(Fig. 24a). The structural properties of the CMAP@AG
composites were optimized by varying the etching time of the
AG substrate material (Fig. 24b), exhibiting up to 751 F g~*
(Fig. 24c) at a current density of 1.0 A g~ " and maintaining 97%
of the initial capacitance after 20000 effective cycles after
increasing the current density to 10.0 A g ' (Fig. 24d). In
addition, the asymmetric supercapacitors assembled from
CMAP®@AA4G exhibit a high energy density of 76.6 W h kg™ and
a high-power density of 27 634 W kg™~ " in the voltage range of 0-
1.5 V. Moreover, the composite CMP network is capable of
bending and has certain mechanical strength, which is a better
flexible CMP composite material. This study demonstrated
through extensive experiments that CMAP@A4G has high redox
activity, good electrochemical properties and stable cyclability,
and the surface area of the composite can reach up to 498 m?>

J. Mater. Chem. A, 2024, 12,17021-17053 | 17045
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Fig. 23 (a) Schematic preparation process for MTAPP-CMP/CNTs (M = Cu and H,). (b) Specific capacitances of CuTAPP-CMP/CNTs-3 at

different current densities. (c) Coulombic efficiency of CUTAPPCMP/CNTs-3 at 20 A g~11#5 Copyright 2021, Springer. (d) Schematic synthesis of
the Py-OXD-CMP/CNT nanocomposite. (e) Specific capacitances of the Py-OXD-CMP and Py-OXD-CMP/CNT nanocomposites. (f) Stability
profiles of the Py-OXD-CMP and Py-OXD-CMP/CNT nanocomposites.*?* Copyright 2022, American Chemical Society. (g) Calculated specific
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g~ ', This study provides insights into the rational design and
effective regulation of CMP-based active graphene composites
for energy storage devices.

CMPs are usually obtained as amorphous or semi-crystalline
powders, taking into account the fact that electrostatic spinning

17046 | J. Mater. Chem. A, 2024, 12, 17021-17053

is a well-established and versatile technique for the fabrication
of nanofibres with diameters ranging from tens of nanometers
to a few micrometres, which are usually highly flexible and have
a high surface area-to-volume ratio, which is conducive to the
fabrication of chemosensor devices with a fast response and

This journal is © The Royal Society of Chemistry 2024
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Elsevier. (e) Schematic diagram of electron transfer in graphene templated CMPs.** Copyright 2015, American Chemical Society.

a high sensitivity.*****'*® In 2015, Chen and his team** prepared
CMP materials by the Sonogashira coupling reaction using
tetraaryl ethylene as the polymerization unit, and prepared
a sensitive sensor with high flexibility, high porosity and surface
area-to-volume ratio, and suitable for the detection of nitro-
aromatics and benzoquinone vapours, as well as oxidising
metal ions, by efficiently mixing the CMPs with PLA by means of
electrostatic spinning (Fig. 24e). Furthermore, sandwich struc-
tures comprising graphene-based CMPs (G-CMPs) boast high
surface area and aspect ratio properties. These structures can be
synthesized via pyrolysis at 800 °C to yield hierarchical porous
carbon-rich 2D carbon nanosheets. Remarkably, these carbon
nanomaterials demonstrate exceptional supercapacitor perfor-
mance, showcasing a 48% increase in capacitance compared to
porous carbon without graphene templates. The introduction of
graphene scaffolds facilitates efficient inter/intralayer electron
transport, which improves ion injection/extraction from or to
the electrodes and enhances energy storage capacity.

This journal is © The Royal Society of Chemistry 2024

3.4 CMPs as other flexible materials

CMP materials are excellent across various fields owing to their
unique structure and large specific surface area, among other
advantages. However, the formation of rigid 7-conjugated
networks renders them insoluble in most organic solvents,
resulting in poor processability and limitations in certain
practical applications. To address these scientific challenges
and expand the application scope of CMP materials, researchers
have shown considerable interest in developing CMP flexible
membranes.

Membranes with fast and selective ion transport have great
potential for water and energy-related applications, and the
structural and material design of membranes plays a key role in
improving their performance.’® In 2021, Lai et al.*>' prepared
two flexible ionic CMP films (i-CMP and n-CMP) with adjustable
thickness by co-electro polymerization (Fig. 25a). Unlike
conventional CMP film materials, the Young's modulus of the
two films averages 4 GPa (Fig. 25b), and the specific surface

J. Mater. Chem. A, 2024, 12, 17021-17053 | 17047
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Fig. 25 (a) Schematic diagram of the i-CMP membrane prepared by co-electrolytic polymerization. (b) AFM image of CMP membranes. (c)
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molecular structures of the CMPs.*** Copyright 2021, Elsevier.

areas of i-CMP and n-CMP are 821 m® ¢ ' and 773 m® g”', and functional control. The selectivity of the two CMP films for
respectively. Due to the introduction of soft carbon chains into  H*/Mg®" was 9.3 (i-CMP) and 2.5 (n-CMP), respectively, during
the CMP monomer, the thin film structure has dual flexibility the electrically driven process. In the concentration-driven

17048 | J. Mater. Chem. A, 2024, 12, 17021-17053 This journal is © The Royal Society of Chemistry 2024
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process, the selectivity of i-CMP and n-CMP for K'/Mg*" is 7.1
and 40.9 (Fig. 25c¢), respectively, which is better than that of the
commercially available Nafion 117 in both driving modes. This
study provides a new idea for the fabrication of flexible CMP
films.

In 2018, Ren et al.** prepared a series of soluble flexible CMP
materials (SCMPs). A significant improvement in the solubility
of SCMPs was achieved by adjusting the length of the alkyl
chains in the alkyl-substituted dibromothiophene monomers
(Fig. 25d). The BET specific surface areas of SCMPs-1, SCMPs-2,
SCMPs-3, and SCMPs-4 were determined to be 182.18 m* g,
32.12 m®> ¢!, 1.86 m®> g, and 4.70 m®> g, respectively.
Notably, the pore size distribution (PSD) for SCMPs-1 exhibited
a narrower distribution, with a pore size of only 12.79 nm, this
suggests that the introduction of alkyl chains in the monomer
leads to a decrease in the BET specific surface area. The SCMP
samples have a strong UV absorption and fluorescence effect. At
optimal excitation wavelengths, these polymers, characterized
by short carbon branches (no more than 4 carbon atoms) or no
alkyl substitutions, emit blue and green fluorescence for
SCMPs-1 and SCMPs-6, respectively. Conversely, samples
featuring longer carbon branches (nc = 6 or 8), spanning from
SCMPs-7 to SCMPs-10, emit blue fluorescence (Fig. 25¢). Func-
tional composite flexible films of SCMPs were formed on
a number of different soft and hard substrates using spin-
coating, substrate casting and dip-coating methods, and these
soluble SCMP samples can be used as functional coatings with
some UV protection due to their strong UV absorption at 250
and 380 nm (Fig. 25f). The results revealed that both SCMP-
coated PDMS films exhibited outstanding optical transparency
in the visible region (>75% from 450 to 780 nm). However, the
UV transmittance of the as-prepared SCMP-coated PDMS films
at 357 nm was observed to be only 39.26% (SCMPs-8-PDMS) and
26.70% (SCMPs-10-PDMS), respectively. In conclusion, it was
found that the structure and composition of the monomers can
be fine-tuned to provide new possibilities for the rational design
of novel CMP materials with desired functionality and porosity.

In 2023, Prusti et al.'** quantitatively obtained a newly
designed CMP (BITSH-CMP) by the Horner-Wadsworth-
Emmons reaction (Fig. 25g). The CMP was characterized by
conformational distortions and electron-rich two-state white
light emission, and had a specific surface area of up to 248 m>
g ! with a pore size of 1.76 nm (Fig. 25h). This CMP emits an
intense white light in solution, produces yellow emission in the
solid state, and when mixed with polyvinyl alcohol, produces
a flexible, intense white light emission in the film. BITSH-CMP
uses the electron-rich TPA nucleus (TPA2A) as a donor and the
anthracene nucleus (An2P2) as an acceptor, allowing the
intramolecular charge transfer process to proceed smoothly.
The tuning of the white emission can be scrutinised by varying
the concentration of the CMP (Fig. 25i and j), and the solution
white emission can be tuned by adjusting the concentration in
dimethylsulphoxide [CIE: 0.29, 0.32], and the flexible film
produces white emission (CIE: 0.30, 0.32) (Fig. 25k). This CMP is
currently under investigation for solid-state device fabrication,
involving its blending with commercially available, electron-
rich polyvinyl alcohol to enhance its intramolecular charge
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transfer (ICT) process. This results in the formation of a flexible
white light emitter (WLE) with significant strength. This robust
and accessible flexible device emits strong white light,
expanding the practical applications of solid-state white light
emitting materials.

CMPs with rigid m-conjugated backbones and tunable
microporous structures show great potential as gas storage and
sequestration materials.*® In 2021, Zhu et al.*** prepared flexible
alkyl@rigid containing backbone CMPs (P-C(-Et) and P-N(-Et))
based on truxene and triazatruxene, which are highly gas-
absorbent (Fig. 251). The results suggest that incorporating
rational flexible moieties with additional rigid backbone struc-
tures can induce a transformation of the 2D C3 symmetric
structural core into a 3D stereoscopic configuration. Gas
adsorption measurements further indicate that alkyl@rigid
incorporated CMPs are likely to exhibit higher surface areas
(ranging from 339 to 1031 m”> g~ * for truxene and from 324 to
1150 m> g~ for triazatruxene) and narrower pore size distri-
butions. The optimized molecular structures exhibit a high CO,
uptake capacity, ranging from 5.8 to 11.5 wt% for turquoise and
7.8-17.6 wt% for triazapatite at 273 K and 1.0 bar. Furthermore,
these optimized structures demonstrate superior selectivity for
CO, even in the presence of N, or CH, in the system. In
conclusion, this work provides a fundamental understanding of
the design of CMPs with high CO, adsorption and separation
performance.

4 Conclusions and perspectives

CMPs, as an important part of the porous organic polymer
family, have a unique microporous m-conjugated backbone and
also represent a future multifunctional platform. CMPs have
numerous applications for electrode energy storage due to their
high redox activity, excellent physicochemical stability, highly
crosslinked polymer network, rich porous structure and large
surface area. As smart and flexible electronic devices have
gradually become the trend of the future, CMP flexible elec-
trodes are becoming a new area of scientific interest. It is
possible to adjust the composition, internal morphological
structure and performance of the organic modules by optimis-
ing the molecular design to meet the requirements of a specific
application, and the research on CMP flexible electrodes is
moving towards the direction of low-cost, high-energy density,
high power density, and long cyclic life.

In this review, we systematically demonstrate a variety of
CMP construction methods and applications in flexible elec-
trodes, which mainly have the following problems: (1) many
coupling reactions require the introduction of transition metal
catalysts, which may have unclean catalyst treatment, blocking
the pores of CMPs and affecting the electrochemical perfor-
mance of CMPs. (2) In the metal-free catalytic system, CMPs
with complex structures are difficult to prepare and cannot be
produced on a large scale. (3) In the natural state, CMPs exist in
a powder or semi-crystalline state, which is difficult to process.

Therefore, based on the above problems, researchers should
consider in-depth research on the development and application
of flexible electrodes based on CMPs in the future, mainly in the
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following aspects: (1) development of green and environmen-
tally friendly synthetic methods to reduce the dependence on
transition metal catalysts, e.g., synthesis of CMPs using light
energy, or formation of desired CMPs by self-assembly of
precursor molecules of CMPs. (2) Since nanomaterials such as
nanowires, nanorods, nanotubes, and nanofibres have the
characteristics of flexible materials, these materials are further
combined with CMPs to develop flexible electrodes with good
mechanical and electrochemical properties. (3) Integration of
CMPs with flexible materials such as MXenes, carbon materials,
and layered metal oxides is anticipated to augment the redox
activity, theoretical capacity, and conductivity of electrode
materials. (4) CMPs feature a highly crosslinked polymer
network. Incorporating hyperbranching and alkylation tech-
niques into the construction of CMP polymer networks,
particularly on the linker and core, can enhance compatibility
with the electrolyte and facilitate electrolyte penetration. This
refinement promotes optimal activation of the active
substances within the electrode. (5) Introduction of conjugated
microporous polymer precursor molecules with flexible alkyl
chains into the molecular design of CMPs can increase the
flexibility of the precursor molecules. (6) In the design and
synthesis of conjugated microporous polymers, precursor
molecules such as quinoxaline-based aromatic heterocycles,
aryl quinones and ketones, polyimides, and benzothiazoles
should be included as much as possible to improve their elec-
tron transfer efficiency. (7) In order to improve the chemical and
physical stability of CMPs, the degree of cross-linking of CMPs
can be increased by introducing more stable chemical groups
(sulfone, aryl groups, etc.) through chemical modification,
which can make CMPs more reliable under extreme conditions
(strong acids, bases, high temperatures, etc.).

In conclusion, although there are still some pressing issues
regarding the synthesis methods and applications of CMPs, this
does not detract from the fact that CMPs are an interesting
“Mobius ring” with unlimited technological possibilities. We
look forward to a bright future for CMP materials in various
industrial applications.
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