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Cover Letter

Dear Editor,

Thank you very much for the letter on Sep. 8, 2020 and the valuable comments on our
paper entitled “Recent progress in conjugated microporous polymers for clean energy
applications” (Manuscript ID PPS-D-20-00055). Indeed, we are so grateful to you and
the reviewers for all these helpful suggestions. We have already read all the comments
and recommendations carefully and tried our best to revise the manuscript accordingly.
The changes made in the revised manuscript are highlighted in a yellow background.

Detailed replies to these comments are made as follows:

Reviewer #1:

This manuscript is difficult to judge, as the primary work and the primary set of reviews
was written about 10 years ago, and all the ideas and potential applications were already
delineated those days. Now I see an Asian copycat paper, and I ask myself, if the new
stuff occurring in between is really worth publishing. The answer is: it would be, but
not in the present shape. The authors really should point fairly to the previous rich
existing work, and they should resist the temptation to cite mostly work from their own
social environment to improve their own citation impact factor, or the one of their
cluster. Like that, it has less value to the reader, is essentially incorrect, and should be
NOT published.

Answer: Thanks very much for all the valuable comments and suggestions to our work.
The progress of conjugated microporous polymers (CMPs) in clean energy in the last

decade has attracted a lot of scientific attention, at the same time, a lot of new things



have emerged, and we are trying to cover as much as possible the latest important
achievements in this field. The detailed reply is below and we hope that the revisions

in our review are appropriate and satisfactory.

My recommendation: say that it is not new, but the second round. Maybe even start
with a historical approach, waste 5-10 pages to point to the real inventors. To my
knowledge, it was the 2007 ACIE Liverpool paper starting the field, receiving also 920
citations, pointing to the rich follow up work. These polymers were only made for
hydrogen storage, the those days fancy, and it turned out much later that neither carbon
nanotubes nor MCPs are effective in that. Thesecon group not to miss is Thomas and
Weber (2008, JACS), but also THomas and Schmidt in a series of contributions using
the conjugated character for the first time for optics and electronics. The third group
relevant in these times was Donliang Jiang, now Singapore, who made first catalysis
and photocatalysis, and the concept of "energy materials was invented and reviewed
(Porous Polymers: Enabling Solutions for Energy Applications By: Thomas, Arne;
Kuhn, Pierre; Weber, Jens; et al. MACROMOLECULAR RAPID
COMMUNICATIONS 221, 30, , 2009). Especially this review ready like a very early,
incomplete version of the current one.

Answer: Thanks very much for the reviewer’s suggestion. We have modified and
supplemented the historical approach as you suggested (see changes in Section 1.2, line
211-224). But meanwhile, we have different views on your opinions about research

background. The development and preparation of materials needs to generate value in



the final application phase, in the field of clean energy, there have been many excellent
materials including noble metal materials (Chem Soc Rev. 2014;43:7188-216), metal
oxides (Renew Sust Energ Rev. 2017;79:750-64), and other excellent semiconductor
materials (Chem Mater. 2010;22:691-714. J Mater Chem. 2012;22:3868-74. Chem Soc
Rev. 2010;39:4370-87). Microporous organic polymers (MOPs) are one most of
promising candidate material (Macromolecules. 2009;42:8809-16. Chem Rev.
2012;112:3959-4015. Prog Polym Sci. 2012;37:530-63. Nat Chem. 2013;5:453-65.
Chem Soc Rev. 2020;49:3981-4042). CMPs are a branch of MOPs, which is unique
because of the combines an extended n-conjugated structure and a highly cross-linked
polymer porous network. In recent years, CMPs have not only made progress in the
storage of gaseous fuels, but also have been widely used in photocatalysis, electrode
materials, and hole transport layer of photovoltaic cells. Meanwhile, in order to develop
CMPs with specific functions better and more rapidly, many researchers investigated
the relationship between the internal structure of CMPs and their properties by density
functional theory, and simulated their performance in practical applications by grand
canonical Monte-Carlo simulations and molecular dynamics simulations

In 2009, Thomas, Arne; Kuhn, Pierre; Weber, Jens; et al. outlined a framework for a
new generation of porous polymers for energy-related applications, presented potential
applications, and proposed some outstanding issues and potential developments
(Macromol Rapid Comm. 2009;221:30). However, the field of CMPs and clean energy
is evolving rapidly. Therefore, it is necessary to take a more detailed review on recent

developments, including design, synthesis, modification, and applications, as well as to



provide insights for the next decade of development.

The then following actualizations towards the work of the last 5 years are new and OK,
but then some critical insights are needed for a field as mature as the present one. A
conclusion and perspective is the most important part of such a review, and it is
essentially missing in the article, so all the hundreds of papers stay parallel and
undigested side by side to each other, and the non-real expert reader is helpless.

Answer: Thank you very much for your comments. In our opinion, first of all, the
review should present the existing new results directly to readers, and then put forward
the existing defects and problems to be solved, and put forward the future development
trend based on the existing foundation. Therefore, we present a critical assessment of

this field based on the timeline and discuss the way forward.

Questions would be:

- Did the search for selective gas sorption, e.h.H2 or methane for energy, made any
progress? (No and yes), Where are the hindrances to solve with MCPs?

Answer: Yes. Thank you very much for your comments. In response to your suggestion,
we have supplemented the discussion on selective gas sorption (see changes in Section
6.1.1, line 1048-1074). Membrane separation is a promising way to selectively adsorb
hydrogen from mixed gases. Currently, the gas permeability of commercial films is low,
so it is often necessary to prepare large-size films in order to maintain sufficient gas

production (Science. 2013;339:303-7), which will obviously increase the cost of



commercial applications. To improve the permeability and selectivity of the films,
zeolite and MOFs with rigid skeletons and uniform pores were investigated extensively
(Chem Soc Rev. 2015;44:7128-54. Nature. 2017;543:690—4. Science. 2014;346:1356—
59. Nat Commun. 2017;8:14460). However, currently, commercial films are mainly
prepared from polymers with low permeability and high selectivity (Adv Mater.
2016;28:2629-37). Therefore, a more ideal choice is to prepare MOPs with high
permeability and good selectivity and machinability. For example, the porous organic
cages (POCs) prepared by Cooper’s group is a class of MOP with good processability
and shows the potential for selective gas separation (Adv Mater. 2016;28:2629-2637.
Nat Rev Mater. 2016;1:16053. Nat Chem. 2010;2:915-20). And polymers of intrinsic
microporosity (PIMs) is a kind of MOPs with gas permeability, selectivity and good
solubility and machinability (Science. 2013;339:303—-307. Nat Commun. 2013;4:1918.
Chem Soc Rev. 2006;35:675-83. Nat Mater. 2016;15:760-7. Nat. Mater. 2017;16:932-
7). CMPs have good chemical stability and can maintain functional stability under high
pressure and temperature (Adv Mater. 2009;21:1291-5. Prog Polym Sci. 2012;37:530-
63. Chem Soc Rev. 2013;42:8012-31. Angew Chem Int Ed. 2007;46:8574-8). However,
the extremely rigid framework of CMPs makes them difficult to reprocess. Therefore,
the development of machinable, structurally stable CMPs with high gas selectivity and
permeability is a major obstacle to be solved (see Section 6.1.1). Besides, a further
hurdle to overcome is how to improve the gas adsorption performance of CMPs under

more convenient temperature and pressure conditions (see Section 7.4).



- Is the battery application really promising? What is the stability, where are the
weaknesses and superiorities to the much cheaper carbons? Where is the field of
supercapacitors going to??

Answer: Thank you very much for your comments. CMPs, as an emerging material
platform, have made a lot of progress in the field of batteries in recent years (see Section
6.3 and Table 4), and are considered as one most of promising candidate materials.
Currently, most reported electrochemical properties of CMPs are not comparable to
those of commercial electrode materials (see Section 6.3). The challenges (see Section
7.4 of this review) with LIBs are: (i) To prepare stable CMP electrode materials to
prevent excessive volume changes during the entire ion insertion/extraction process. (ii)
To discover more effective electroactive structures and deeper understand the
charge/ion transport mechanism to improve electrode stability. (iii) To solve the
compatibility problem between electrode material and electrolyte. (iv) To increase the
discharge-recharging cycle, capacity, and cycle life of the electrode material. In
supercapacitor applications, the development of high specific surface areas, suitable
holes, low internal resistance, good cycling performance, and low-cost CMP electrode
materials remains a challenge (see Section 7.4 of this review). Therefore, for LIBs and
supercapacitor applications, the industrialization of CMPs as the main catalysts and the

precursors or carriers of catalysts still has a long way to go.

- PHotocatalysis to same questions (there, the article is remarkably weak). WHy MCPs,

where is chemical selectivity coming from, why to use porous polymers and not



semiconductors. These question were better answered in the primary paper of Xinliang
Fend ang Xinchen Wang (notcited...) was more clear about that.

Answer: Many thanks to reviewers for the carefully reviewing of other pieces of
literature. We have carefully reviewed the literature of Xinliang Feng and Xinchen
Wang on the progress of photocatalytic technology, and we found that our paper is
complementary to them in the photocatalytic part, and discussed it in the appropriate
place in our review (see changes in Section 6.1.2, line 1086-1092): Wang et al.
presented the basic theory of photocatalysis and the key factors affecting photocatalysis,
and then discussed the development of new photocatalysts for inorganic materials,
carbon-based materials and semiconductor composite materials developed in the past
ten years (Mater. Today. 2018;21:897-924). They also investigated and explored highly
efficient optical drive materials for converting solar energy into sustainable fuels.
Finally, the future development of photocatalysis technology is discussed. The
difference is that our focus in our review is the latest development of CMPs in
photocatalytic hydrogen evolution. The technical challenges facing CMPs in
photocatalysis are described and discussed in detail in our previous article (J Mater
Chem A. 2020;8:6434-70).

For chemical selectivity, we have to clarify that, actually, in most photocatalytic
hydrogen production fields, the chemical selectivity of the catalytic material is not have
to be measured, that’s why the chemical selectivity of CMP materials is not discussed
here. Therefore, in this part, we mainly describe the relationship between the monomer

types, the ratio of monomers, surface properties, geometric structure, and band gap of



CMPs and photocatalytic hydrogen production. Thanks for your valuable suggestions
again, and we think that in other photocatalytic applications such as heterogeneous
organic photocatalysis (ACS Catal. 2017;7:3097-101; J Mater Chem A. 2018;6:22145-
51; ACS Catal. 2018;8:6751-9), photocatalytic degradation of pollutants in the
environment (Appl Catal B. 2018;227:102-13) further comparisons of chemical
selectivity are helpful.

Besides, semiconductor materials have indeed been well developed in the field of
photocatalytic technology, and many porous polymers are excellent semiconductor
materials, but they also face many challenges, such as instability, the high
recombination rate of photoelectron-hole pairs, and limited optical response range. The
reasons for selecting CMPs in photocatalytic hydrogen production is as follows (see
changes in Section 6.1.2, 1ine1093-1099): (i) Expand n-conjugated and open pores are
advantageous to the photocarrier migration and separation; (ii) High chemical stability
and thermal stability provide excellent photocatalytic stability for CMPs; (iii) Wide
range of raw materials including many economical, earth-rich raw materials can be used
as synthetic monomers; (iv) Wide spectral absorption range is beneficial to improve the
efficiency of light absorption; And (v) they have high flexibility in adjusting bandgaps

and surface-active sites.

Please take that only as illustrations: for such a mature field, I feel critical insights and
clearly formulated challenges and tasks are needed to structure polymer science.

Science is indeed more than only supermassive citations....



Answer: The concept of “clean energy” has received great attention since it was
proposed and is approaching maturity, but the application of CMPs in the field of clean
energy is just in its infancy. Firstly, in terms of design, synthesis, and functionalization,
in order to regulate the porosity, pore environment and pore function of polymer
materials, the selection of functional groups on polymer pore surface is crucial in future
work (see Section 7.1). Secondly, as a photocatalyst, the dynamic distribution of electric
charge in these CMP networks is an important aspect to be studied in the fields of energy
storage, transformation, and photocatalysis. Among these challenges, the most
immediate problem is controlling the energy levels of the conjugate semiconductor
materials. For example, the location of HOMOs and LUMOs must be fully understood
during light energy conversion (see Section 7.1). Thirdly, CMPs, as a promising energy-
related application material, can not only be used as energy storage materials alone but
also as a stable carrier to provide support for other functional components. In the future,
how to make the most of the existing "bare" CMPs should also be our concern (see
Section 7.2). Fourthly, CMPs, as a promising material platform, the construction of
CMPs capable of absorbing low-energy wavelength light is conducive to the more
efficient utilization of solar energy (see Section 7.3). Finally, CMPs as a powerful
platform has a bright and promising future in addressing challenging energy issues, but
there is still a long way to go, there are two main goals for the development of CMPs
in clean energy: One is to maximize the application of existing CMP-based materials
in the clean energy field; the other is to synthesize new CMPs by optimizing synthetic

monomers, links, and synthesis methods and conditions to develop more outstanding



CMP candidate materials for clean energy (see Section 7.4 and 7.5).

Reviewer #2: In the paper, the authors reviewed the development of CMP design,
preparation and their applications in clean energy. They also presented the computer
simulations on CMPs. Finally, they gave a foreseeing on the challenges and potential
chances of such kinds of polymeric materials. Regard to such materials emerging as a
very hot direction, we recommend accepting this review for publication after some
issues well resolved carefully. The detailed was listed as below:

Answer: Thanks very much for the reviewer’s confirmation and recommendation to our
work. According to your valuable suggestions, we have revised the article in detail and

hope that the revision will be appropriate and satisfactory.

1. Some mentioning should be presented professionally. For example, on page 11, line
205, "useful electronic properties to CMP networks"; On page 70, line 1464 "which
may provide an idea for the rational design"; On page 79, line 1641, " Due to their
inherent porous structure and high N content, they exhibit 1642 a high specific
capacitance at a low surface area". What is the meaning of "useful electronic properties",
"rational design" or "inherent porous structure", which should be briefly described.

Answer: Thanks very much for the valuable suggestion. We have supplemented
professional meanings to "useful electronic properties", "rational design" or "inherent

porous structure" in the revised version of the article. line 205-206, “useful electronic

properties” is changed to “useful electronic properties (such as high conductivity) to



CMP networks”. Line 1523-1526, “rational design” is changed to “This also means that
CMP-derived porous carbon electrode materials with ideal structure can be more
rational designed and prepared by adjusting the structure of CMP materials”. Line
1706-1708, “inherent porous structure” is changed to “Due to their inherent porous
structure with high N content to provides more redox active sites, they exhibit a high

specific capacitance (>160 uF cm™?) at a low surface area”.

2. The different synthetic strategies approach to versatile CMP, some comparisons
should be systematically done for understanding the advantages or disadvantages of the
resulting samples with amorphous structures. For example, TGA could be used for the
evaluation of polymerization degree, which also strongly influences on the surface
areas, unfortunately, the content are still missing.

Answer: Thank you very much for your valuable suggestion. Considering the
amorphous structure of CMPs is one of the main features, and it affects the surface area
and pore structure of the materials, we added a section (see changes in Section 2.3) to
discuss the differences in surface area and pore structure of different CMP materials
synthesized by different synthesis strategies, in the hope of helping the reader better

understand the advantages and disadvantages of amorphous structure sample.

3. Using the CMPs as precursors of carbon materials is indeed a proper method, but
how the structures of CMPs affect these carbons should be introduced, and carbon

yields of these CMPs have to be given for rational estimation. On the other hand, the



merits of CMPs compared with the other precursors, e.g. nature plants, MOFs, should
be done.
Answer: Thanks very much for all the valuable suggestions. We added information
about CMP composition and component analysis to the review (see changes in Section
2.3, line 543-582), and hope to contribute to the evaluation of carbon content in CMP
structures. On the other hand, there are various preparation methods and precursor
substances for the preparation of activated carbon (see changes in Section 6.3.1.2, line
1495-1520): For example, the use of plant tissues (Renew Sust Energ Rev.
2018;82:1393-414. Chem Eng J. 2017;314:277-90. Chem Soc Rev. 2010;39:103-16)
with supporting structures as precursors of activated carbon materials can not only
greatly reduce the economic costs and environmental pollution generated by
agricultural waste disposal, but also reduce the raw material costs for the preparation of
activated carbon. However, these plant tissues could become contaminated with many
minerals during extraction and transportation (Chem Eng J. 2017;314:277-90). The ash
produced by the high temperature calcination of these minerals may reduce the catalytic
performance and mechanical strength of the derived activated carbons (Chem Eng J.
2017;314:277-90. Chem Eng Technal. 2007;30:649-54). Therefore, a series of
pretreatment processes are required for the preparation of activated carbon materials
derived from plant tissues (Renew Sust Energ Rev. 2018;82:1393-414. Chem Eng J.
2017;314:277-90).

Besides, for MOFs materials (Science. 2013;341:123044. Acc Chem Res.

2016;49:2796-806. Coord Chem Rev. 2018;362:1-23. Adv Energy Mater. 2018;8. ACS



Appl Mater Inter. 2019;11:32579-98), it has adjustable pore structure and ultra-high
surface area, and there are plenty of combinations to try. A good strategy is to use MOFs
materials as precursors to prepare more stable conductive carbon materials. In this way,
it can solve the problems of instability and poor conductivity of MOF precursors, and
endowing MOF-derived carbon materials with high porosity, large surface area,
multiple layers and adjustable structure of the precursors. However, it should be noted
that although thousands of MOFs materials have been reported so far, the selection of
suitable precursor materials is limited (Coord Chem Rev. 2018;362:1-23). Therefore,
more efforts are needed to explore more alternative and cheap MOF materials.

The surface properties and pore structure of CMPs can be adjusted by changing the
geometric shape and chain length of CMP monomers, or by doping different
heteroatoms or metals. CMPs can also be modified by the post-synthesis method.
Therefore, CMP is also an ideal precursor material for preparing porous carbon.
Meanwhile, CMP materials are simple in composition and mainly composed of C and

H, as well as can provide more suitable options for preparation of derived porous carbon.

4. We do not agree that 3D polymer networks were emphasized in this paper, because
even a 2D polymer network featuring nanosheets also exhibits three dimensional
structure characters in a bulk phase. Otherwise, in order to show the 2D structure-
related properties, the layered porous polymers should be investigated exfoliation, then
such well-dispersed samples were fabricated into devices, or composited with the other

components for evaluating the 2D-structured effects.



Answer: Thanks very much for the valuable suggestion. We have removed the emphasis
in this review on 3D polymer networks (Section 4.3), and added the discussion of
layered porous polymer exfoliation and 2D-structured effects (see changes in Section
4.2, line 762-782). The exfoliation is also a good strategy for CMP films (Acc Chem
Res. 2018;51:3191-202). However, due to the intense m-m overlapping interactions
between the single-layers, the exfoliation usually requires additional aid to assist the
exfoliating (J Am Chem Soc. 2017;139:4258-61. J Am Chem Soc. 2013;135:14952-5.
J Am Chem Soc. 2013;135:17853-61. J Am Chem Soc. 2016;138:2823-8), and in most
cases the exfoliated yield is low. Meanwhile, the auxiliary methods are not universal
and may destroy the extended n-conjugated structure of CMPs (Angew Chem Int Ed.
2011;50:8753-7). Therefore, the development of an efficient exfoliation method for the
preparation of CMP films needs further exploration. Recently, Wang et al. reported an
exfoliation for the synthesis of a series of ultra-thin CMP films, which has been proved
to have good oxygen reduction reactivity and can be used in battery devices (J Mater
Chem A. 2019;7:3112-9). Fig. 23 A describes the stripping method for preparing ultra-
thin CMP films, and Fig. 23B is four isomers of phthalocyanine monomer. Taking D4
and Doy as examples, nine combined structures can be randomly formed (Fig. 23C).
The introduction of intrinsic defects and disorder in a single layer reduces interlaminar
overlap of the amorphous ethynyl-linked phthalocyanine conjugated polymer (MPc-CP)
films, which in turn weakens the interlaminar interactions and ultimately yields an
exfoliated yield of more than 50%. These well-dispersed thin film catalysts have more

exposed catalytic active sites and more convenient material transport. The excellent



ORR activity of these CMP films (open circuit voltage: 1.34 V; peak power density: ca.
180 mW cm?) is also confirmed for use in Zn-air battery devices (Fig. 23D) and two
Zn-air batteries in series can deliver an enough open circuit voltage for the LED lamp

(Fig. 23E).

5. The crystallinities of CMPs have been verified to have intensive influence on their
electric or photocatalytic behaviors. Therefore, COFs should be put into one subject for
discussion by comparison with similar amorphous samples.

Answer: Thanks very much for the valuable suggestion. we have supplemented the
discussion of the effects of crystallinity on photocatalytic behavior in this review (see
changes in Section 6.1.2, line 1165-1184): As amorphous polymers, the effect of
crystallization on photocatalytic behavior of CMPs needs to be further discussed. In
2018, Cooper et al. targeted investigated the difference of photocatalytic hydrogen
production between benzobis(benzothiophene sulfone) moiety-based COF crystals and
amorphous similar organic polymers (Nat Chem. 2018;10:1180-9). Although the
photocatalytic hydrogen evolution performance of COFs with ordered crystal structure
is superior to that of their amorphous organic analogues in this case, this does not
indicate that the photocatalytic activity of crystallized COFs is necessarily higher than
that of amorphous CMPs. This is because crystallinity is not the only factor affecting
photocatalytic  activity = (Chem  Soc  Rev.  2020;49:4135-65.  Science.
2015;348:22a8075/1-10. Chem Mater. 2011;23:4094-7), such as, amorphous CMPs

also have much lower specific surface area and charge transfer capacity, and some



CMPs also have poor hydrophilic performance, which may result in reduced
photocatalytic performance of them.

Besides, the stability of photocatalysts should also be considered. CMP materials
have been shown to have a more stable structure than the crystallized ordered COFs
originally reported (Angew Chem Int Ed. 2007;46:8574-8. Science. 2005;310:1166-70.
Science. 2007;316:268-72. J] Am Chem Soc. 2008;130:6334-5). But things are still
changing, and researchers studying COFs materials are exploring the use of more stable
chemical bonds to build super-stable COFs materials (J Am Chem Soc.
2013;135:17853-61. J Mater Chem A. 2015;3:23664-9. Nat Chem. 2019;11:587-94).
But in meanwhile, noteworthily, the amorphous properties of CMPs provide more
design possibilities and more possible multi-component CMP catalysts are constructed
by using multi-step tandem reactions, which are difficult to be completed by COF

materials.

Thanks for the valuable comments of the Editor and Reviewers sincerely once again.
Yours sincerely

Guangming Zeng
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orbital; LUMO, lower unoccupied molecular orbital; aza-CMPNs, aza-fused
conjugated microporous polymer nanosheets; VASP, Vienna ab initio simulation
package; GGA, generalized gradient approximation; PBE, Perdew, Burke, and
Ernzerhof; HSEO06, hybrid functional of Heyd, Scuseria, and Ernzerhof; CBM,
conduction band minimum value; VBM, valence band maximum value; DOS, density
of state; TPE-CMP, tetraphenylethene-based amorphous conjugated microporous
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microporous polymer; TPE, tetraphenylethylene; F, 9-fluorenone; CV, cyclic
voltammetry; LSV, linear sweep voltammetry; Cu-CMP, copper-porphyrin-based
conjugated microporous polymer; PAQTA, heteroatom-rich conjugated microporous
polymer; MOFs, metal organic frameworks; PO, propylene oxide; PC, propylene

carbonate; TBAB, quaternary ammonium salt nBusNBr; Fe-TMP, Fe-modified
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Abstract:

Energy shortages and climate change call for the development of clean and sustainable
energy. The development of green materials for clean energy storage and conversion is
conducive to promoting the widespread use of clean energy. Conjugated microporous
polymers (CMPs) have been synthesized with multifarious structures and distinct
properties, which offer designability for the molecular structures and nanopores of
conjugated skeletons. The research of CMPs in clean energy technologies is significant
for the improvement of CMP-based materials and their application in energy and
environmental engineering. CMPs have shown great potential for challenging energy
and environmental issues such as gas adsorption, photocatalysis, solar energy
conversion, and electrical energy storage and conversion. This review aims to
summarize the advances of synthesis and design on CMPs, computer simulations on
CMPs, and the applications of CMPs in the clean energy technologies including
hydrogen evolution and storage, the adsorption and conversion of carbon dioxide,
rechargeable batteries, supercapacitors, fuel cells, and photovoltaic cells. We also
propose the challenges and potential chances of the synthesis and the clean energy

applications of CMPs.

Keywords: conjugated microporous polymers; ultra-thin films; density functional

theory; hydrogen storage; lithium-ion batteries; supercapacitor; solar cells
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1. Introduction

1.1 Research Background

Energy shortages and environmental pollution are global challenges. Traditional
fossil energy reserves are limited. The use of large amounts of fossil energy can cause
environmental pollution and global warming [1-3]. To meet this challenge, finding new
energy systems that can replace fossil energy is needed urgently. Clean energy has a
lower environmental impact than traditional energy [4-8], which is the most promising
candidate for the energy future. However, the supply of these energy sources is volatile,
so to develop strategies for storing and transforming clean energy is required. Today,
many effective devices and techniques have been developed to store and transform
clean energy including photocatalytic hydrogen production and hydrogen storage [9-
1], rechargeable batteries [12-14], oxygen reduction devices [15-17], photovoltaic
devices [18-20], and supercapacitors [21-23]. To improve the energy storage and
conversion efficiency of these devices, many materials have been developed and used
as catalysts or electrode materials [24-26].

The common choices are inorganic active materials such as transition metal oxides
and graphite [27-29]. In 2014, the recent advances, the mechanism in detail, and new
challenges and prospects in plasma-based nanogold catalysts in organic and clean
energy conversion systems are discussed [30]. Due to the surface plasmon resonance

(SPR) effect in plasma-based catalysts, the near-field of local plasma and scattering
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effect are improved, and e —h" pairs are stimulated, thus greatly increasing the catalytic
activity and efficiency of solar-energy conversion. Hossain et al. highlighted the
application of BaCeO3 and BaZrOs; electrolyte materials in proton-conducting solid
oxide fuel cells (SOFCs) [31].

Furthermore, the novel microporous organic polymers (MOPs) are becoming to be
new candidate materials for clean energy due to their large surface area, structural
modularity, and excellent physicochemical properties [32-36], such as, covalent organic
frameworks (COFs) [37-41], porous aromatic frameworks (PAFs) [42], polymers of
intrinsic microporosity (PIMs) [43,44], anionic microporous polymer networks
(AMPNs) [45,46], conjugated microporous polymers (CMPs) [47-51], and
hypercrosslinked microporous organic polymers (HMOPs) [52]. The historical
development of these MOPs is shown in Fig. 1 [42,47,53-57]. Javier’s group critically
reviewed the application and development of mesoporous materials in the field of clean
energy [58], and gave many examples of the development of mesoporous structures,
including the preparation of different scale pore systems with layered structures, which
brings hope for better and cleaner energy production. Xia et al. discussed the application
of COFs in the field of clean energy, and proposed the design principles laid the
foundation for the rational design of COFs and the applications in clean energy [59].
CMPs are a class of amorphous structures that have recently received increasing
attention due to their adjustability, expanded m-conjugation, and permanent building

links [60].

Please insert Fig. 1
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Emerged as a powerful platform for solving deteriorating environmental and energy
problems, CMPs have been widely used as adsorbents [61,62], heterogeneous catalysts
[57,63-66], light-harvesting materials [67,68], luminescent materials [49,69],
photovoltaic materials [70,71], and photocatalysis [72], because they have many
advantages, such as: (i) The m-conjugated structure extending along the polymer
backbone provides excellent physicochemical stability, rich porous structure, and high
surface area. (ii) The highly crosslinked polymeric structure and high surface area
provide greater pore space to accommodate carriers and large contact surface areas to
shorten ion diffusion distance, ensuring high electrochemical activity and fast kinetics
[73-75]. (iii)) The highly crosslinked polymer structure can effectively inhibit the
dissolution of the active material in the organic electrolyte and improve cycle stability

[73,76].

1.2 Representative Advances

CMPs refers to the macromolecular compounds that hold microporous networks and
m-conjugation resulting from alternating single and multiple bonds [48,77,78]. These
bonds result from the overlap of two p-orbitals (or d-orbitals) crosswise with an
intermediary o-bond, which provides useful electronic properties (such as high
conductivity) to CMP networks. The large variety of molecular building blocks that can
be coupled in this way allows the control of functionality and structure in CMPs, and
this structural diversity has led to the rapid growth of these materials since their

discovery (Fig. 2) [47,57,67,76,79-94]. Almost all covalent bonds in CMPs are formed
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by irreversible kinetic routes, so all CMPs (excluding covalent triazine frameworks) are
amorphous. In 2007, the unique porous materials, conjugated microporous
poly(aryleneethynylene) networks with Brunauer—Emmett—Teller (BET) surface areas
up to 834 m? g'! were reported for the first [47]. In 2008, the CMPs with BET surface
areas up to 1000 m? g'! were produced [95]. As well as, Thomas et al. constructed CMPs
based on spirobifluorene blocks and proposed for the first time to use these
photoluminescent CMPs for photoelectric applications [80]. In the same year, CMPs
prepared by homocoupling routes of 1,3,5-triethynylbenzene (TEB) were also reported
[79] and confirmed to display visible-light catalytic activity for overall water splitting
in 2017 [92]. In 2009, Thomas et al. also outlined a framework for a new generation of
porous polymers for energy-related applications, presented potential applications, and
proposed some outstanding issues and developments [96]. Metal-supported high
surface area metal-organic CMPs (MO-CMPs) were synthesized in 2011 [57], etc. In
recent years, these CMPs are becoming important functional materials [48,57,97] and

are further explored for use in the field of clean energy.

Please insert Fig. 2

In the development process of CMPs in the field of clean energy, Jiang's group
comprehensively reviewed the design principles, structural research, and functional
exploration, as well as potential application prospects of CMP materials [77]. Wang et
al. briefly summarized the latest developments and trends in the field of photocatalytic
water splitting using CMPs [98]. As well as, we reviewed the energy transfer

phenomena of CMPs and the basic principles of photocatalysis, and proposed the
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strategy of improving the photocatalytic performance of CMPs [72]. To the best of our
knowledge, there is no specific and detailed review for the CMPs in the field of clean
energy. In recent years, CMPs have made rapid progress in the field of clean energy,
and it is time to make a comprehensive and detailed summary and analysis of the topic
of CMPs as a platform for clean energy. In this review, we aim to present the latest
research advances in CMPs for clean energy including hydrogen storage materials,
carbon dioxide capture and conversion, metal-ion rechargeable batteries,
supercapacitors, fuel cells, and photovoltaic cells (Fig. 3). We first present an overview
discussion and a summary of the synthesis strategies for CMP nanoparticles (NPs),
nanotubes (NTs), and films. Then, a computer simulation that predicts and guides the
synthesis and application of CMP materials is recommended. Furthermore, the use of
CMPs with excellent properties in the field of clean energy is described. Finally, we
discuss in detail the future trends and major challenges in the development of CMPs in
the clean energy field. We sincerely hope that this will stimulate readers’ interest in the

exploration of clean energy, who is advised to further read the cited articles.

Please insert Fig. 3

2. Synthesis Strategies of CMPs

The diversity of monomers and the variety of reactive groups make CMPs with
diverse network structures and molecular functions. The reaction monomer of CMPs

include m wunits such as arenes, fused aromatic rings, heterocyclic units
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phenylethynylene derivatives, macrocyclic systems, and so on, and the reactive groups
such as iodoarenes, aromatic boronic acids, bromoarenes, cyano-substituted arenes,
ethynyl-substituted arenes, and amino-substituted arenes, aromatic aldehydes [77].
CMP networks are usually formed by the reaction between two or more different
monomers or, some by the homocoupling of a single monomer. The main challenge is
to design a simple and productive synthesis route that can control the structural and
photoelectric properties of CMPs to improve the performance of these networks in
energy storage. This includes improved control at the molecular level, the establishment
of topologies, the construction of porous structures, the regulation of band gaps, and
changes in structural dimensions. So far, a variety of synthetic methods have been
developed for the preparation of CMPs, including the noble metal catalysis and non-
noble metal catalysis methods. Quintessential examples of these synthetic methods are

summarized in Table 1 [47,49,55,91,99-104].

Please insert Table 1

2.1 Noble Metal-Catalyzed Synthesis

Noble metal-catalyzed cross-coupling reactions are the first to be developed and are
also the most versatile strategy for the synthesis of CMP materials. The structure of
CMPs can be regulated by adjusting the comonomer molar ratio, and the reaction
conditions. The advantages of these reactions are (i) mild reaction conditions, easy
availability of substrates, good selectivity, easy post-synthesis functionalization, and
good tolerance to functional groups, (ii) single synthesis precursor, simple reaction
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route, and high synthetic yield, (iii) high specific surface area. To date, various new
CMP materials with adjustable structure and multifunction have been synthesized by
noble metal-catalyzed cross-coupling reactions [83,105,106], which have great
application prospects in clean energy systems. In this section, the up-to-date progress
of this synthetic strategy is present in detail, including the Sonogashira-Hagihara
reaction, the Suzuki cross-coupling reaction, the Yamamoto reaction, and the

Buchwald-Hartwig coupling reaction.

2.1.1 Sonogashira-Hagihara Reaction

The construction of the porous structure of CMPs requires the cross-coupling of
building blocks of different geometric shapes. To construct conjugated porous
structures, the monomers are first connected by the Pd-catalyzed Sonogashira-Hagihara
cross-coupling reaction (Hereinafter referred to as Sonogashira-Hagihara reaction) with
n-conjugated bonds [47,95,107]. In 2007, Jiang et al. combined the symmetrical core
of C3 with the symmetrical linker of C2 through Sonogashira-Hagihara reaction to
synthesize a series of polymer networks, namely CMP-1, CMP-2, CMP-3, and CMP-4
[47]. The pore size, surface area, and gas absorption of these materials can be attuned
by changing the length of the link. CMP-1 contains two acetylene and one benzene on
the arm, and its BET surface area is larger than the other three CMPs, indicating that
the length of the polymer arm is inversely proportional to its surface area. In the
following year, Jiang et al. then synthesized two other CMPs (CMP-0 and CMP-5) and
the CMP-0 (Sger: 1018 m? g'') arm has only one ethylene and one benzene [95]. The
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BET surface area of CMP-0 exceeds that of CMP-1.

The polymer networks TCMP-0, TNCMP-2, TCMP-3, and TCMP-5 based on
triazine were synthesized by Sonogashira-Hagihara reaction in 2012 [108]. In structural
principle, these networks are isomorphic with the previously reported CMP-3 [47],
CMP-0 and CMP-5 [95], and NCMP-2 [109]. As shown in Fig. 4, benzene nodes in
these triazine-based network TCMP materials are replaced by 1,3,5-triazine units,
which proves that nodes of CMPs can be adjusted and replaced reasonably. Meanwhile,
the porosity of these polymers is comparable to that of previously reported 1,3,5-linked
benzene CMP systems, but TCMPs showed better CO> absorption capacity. The
TNCMP-2 displayed the highest surface area (995 m? g'!) and higher CO» absorption

capacity (1.45 mmol g! at 1 bar at 298 K).

Please insert Fig. 4

At the same porosity, selecting suitable monomers could effectively improve the
physicochemical stability and adsorption capacity of the polymer network. Li's group
used the Sonogashira-Hagihara reaction to synthesize CMPs with thiophene segments
(SCMPs) [110]. Their electron-thiophene building units combine rich porosity and
conjugated network structure, resulting in better adsorption capacity. In another
example, Li's group used arylethynylenes and 2,6-dibromomethyl pyridine as raw
materials, novel functional CMPs with pyridine units (PCMPs) were synthesized by
Sonogashira-Hagihara reaction [111]. They find that the choice of vinyl monomer has
a noteworthy effect on the BET specific surface area of the resulting CMPs.

Furthermore, the molar ratio of the monomer has a significant effect on the surface area,
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which in turn affects the gas adsorption performance of CMPs [112,113]. Li's group
synthesized a class of CMP networks using the Sonogashira-Hagihara reaction by using
1,3,5-triethylbenzene and 1,4-diethylbenzene as monomers (Fig. 5A) and used these
CMPs as a porous model to reveal the influence of monomer ratio on the porosity of
CMPs [112]. The results show that with the increase of the molar ratio of 1,3,5-
triacetylene benzene to 1,4-diacetylene benzene, the surface area and total pore volume
of these HCMP samples is decreased, but the mesopore and micropore volume is
increased, which caused the improvement of the hydrogen adsorption capacity of
HCMP samples (Fig. 5B). This can provide useful guidance for the design of new CMP

hydrogen storage materials.

Please insert Fig. 5

Recently, Xiang's group synthesized L-PDBT, L-PDBT-O, N-PDBT, and N-PDBT-
O by Sonogashira-Hagihara reaction (Fig. 6A) [114]. In the field of clean energy, the
design and synthesis of better hydrophilic CMP materials are beneficial to the exposure
of photocatalytic active sites to the water environment, thus increasing photocatalytic
activity. For these reasons, the morphology and surface polarity of these polymers can
be adjusted by changing the structure block (Fig. 6A), so that CMPs have high
hydrophilicity, which is more conducive to the production of hydrogen by
photocatalytic water splitting. The measurement results of the water contact angle (Fig.
6B) show that N-PDBT-O has good water compatibility and adsorption performance.
Compared with L-PDBT-O, polymer network N-PDBT-O exhibited better

photocatalytic H> evolution activity [hydrogen evolution rate (HER): 366 pumol h,
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AQY): 3.7%, A > 420 nm] because the synergistic effect of high hydrophilicity and BET
surface area leads to more effective absorption of visible light by N-PDBT-O. The
hydrophilic control strategy can also be applied to the design of other CMP-based
photocatalysts to improve their photocatalytic activity, which provides an effective

strategy for the design of higher hydrophilic CMP-based photocatalysts.

Please insert Fig. 6

2.1.2 Suzuki Cross-Coupling Reaction

Suzuki-Miyaura cross-coupling reaction (hereinafter referred to as Suzuki reaction),
a reaction of aryl or alkenyl boric acid or boric acid ester with chlorine, bromine, aryl
iodide or olefin catalyzed by noble metal Pd-based compounds, which was first reported
by Akira Suzuki in 1979 [115,116]. This synthetic method has the advantages of
commercial availability of boric acid, wide compatibility of functional groups, mild
reaction conditions, etc. [117,118], so it has the potential of scale. However, the Suzuki
reaction is sensitive to oxygen, which causes the homocoupling and the by-product of
deboronated. Therefore, the gas should be eliminated strictly in the reaction process.
Here, a series of donor-n-receptor (D-n-A) CMPs with different polymer structures and
components are synthesized by Suzuki reaction using pyrene, benzothiadiazole,
benzene (or biphenyl) as a donor, a receptor, and a crosslinking agent unit, respectively
[65]. By adjusting the monomer species and the ratio of pyrene to benzothiazole in the
reaction process, the molecular structure of CMPs can be adjusted (Fig. 7), and then
improving their photocatalytic performance. This work highlights the molecular
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structure as one of the key factors in the design of efficient CMP photocatalysts, which
provides a promising platform for efficient organic photocatalysts. Given the wide
range of electron donor and acceptor units and the universality of the Suzuki reaction,

there is an opportunity to produce a wide range of CMPs for use in clean energy.

Please insert Fig. 7

2.1.3 Heck Reaction

Heck reaction also is known as the Mizoroki-Heck reaction. Since Heck and
Mizoroki independently discovered this reaction in the late 1960s, it has been applied
more and more widely through continuous improvement of catalysts and reaction
conditions, so that it has become one of the important reactions forming the C—C bond.
In recent years, through the Heck reaction of 1,3,5-tri(4-ethenylphenyl) benzene and
aromatic halides, a new class of luminescent microporous organic polymer LMOPs has
been constructed (Fig. 8), which has a large surface area, narrow pore size distribution,
and strong luminescent performance [100,119]. The one-pot synthesis strategy is
expected to produce a variety of luminescent porous organic polymers, which could be

widely used in the fields of organic photovoltaic and photocatalysis.

Please insert Fig. 8

2.1.4 Yamamoto Reaction

Yamamoto coupling reaction, also known as Yamamoto reaction, is a cross-coupling

reaction in which halogenated aromatic hydrocarbons form C-C bonds under the
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catalysis of transition metal Ni [120-124]. The CMPs formed by Yamamoto coupling
of tetrakis(4-iodophenyl)methane and tetrakis(4-bromophenyl)-1,3,5,7-adamantane
monomers (Fig. 9) with BET surface areas of 3160 and 3180 m? g”!, respectively, top
all the CMPs in term of BET surface areas [107]. In 2009, Thomas et al. first prepared
a series of spirobifluoren-based CMPs (YSN-CMPs) by Yamamoto coupling reaction,
in which, when 2,2'7,7'-tetrabromo-9,9'-spirobifluorene was self-polymerized, the
specific surface area of the CMP was 1275 m? g! [125]. Results have shown that the
bond length and configuration of different structural units can greatly affect the pore
structure and BET surface area of CMPs. For example, when 2,2',7,7'-tetrabromo-9,9'-
spirobifluorene was copolymerized with p-dibromobenzene, the specific surface area
of the polymer networks decreased to 887 m? g’!, when it was copolymerized with m-
dibromobenzene, the specific surface area decreased to 361 m? g, when it was
copolymerized with o-dibromobenzene, the specific surface area was only 5 m? g’!

[125].

Please insert Fig. 9

Besides, p-aryl monomers are beneficial to the formation of porous structures [126].
Jiang's group used the Yamamoto coupling reaction to synthesize a novel conjugated
microporous polymer (TPE-CMP) with a p-aryl monomer tetrakis(4-
bromophenyl)ethene (TPTBE) [49]. In this reaction, the tetraphenylethene (TPE) units
are directly connected to form a chain network, which limits the rotation of the phenyl
group and enables the CMP to has a high luminescent activity, which has great potential

in the production of hydrogen by the visible light solution of water. It should be noted
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that the disadvantage of the synthesis of CMP materials by the Yamamoto reaction is
that the Ni catalyst is easy to oxidize and absorb water, resulting in inactivation.
Therefore, the condition of no water and no oxygen should be strictly controlled in the

reaction process, which increases the preparation cost of CMPs to some extent.

2.1.5 Buchwald-Hartwig Coupling Reaction

Buchwald-Hartwig coupling reaction (B-H coupling) is a coupling reaction of
halogenated aromatic hydrocarbons and aromatic amines to form C—N bonds under
the action of a small amount of palladium catalyst. In 2008, Germain et al. first prepared
the polyaniline network structure by B-H coupling and used it for hydrogen adsorption
[127]. In 2014, Liao et al. extended this method to the efficient preparation of CMPs
[91,128]. A series of conjugated microporous polytriphenylamine (PTPA) networks
(Fig. 10A) and Hexaphenylbenzene (HPB)-based CMPs (HCMPs) (Fig. 10B) through
the B-H coupling of tris(4-bromophenyl)amine core [128] and aromatic amine linkers
or hexakis(4-bromophenyl)benzene (HBB) core and aryl diamine linkers [91]. The
specific surface area and pore structure of PTPAs can be regulated by changing the
conjugate length and rigidity of aromatic amine. Longer conjugate length and stronger
rigidity of aromatic amine can synthesize CMPs with larger specific surface area up to

530 m? g

Please insert Fig. 10
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2.2 Non-Noble Metal-Catalyzed Synthesis

Noble metal-catalyzed cross-coupling reactions are an important strategy for the
synthesis of CMP materials. However, noble metal catalysts are expensive, sensitive to
oxygen, difficult to recycle, and the catalyst solvents are toxic. Therefore, some non-
noble metal-catalyzed synthesis reactions for the synthesis of CMP materials have
developed. These reactions have advantages such as the use of cheap catalysts, ambient
temperature reaction conditions, high yields, and only a single monomer is required,
which are the keys to expanding the preparation of CMP materials. This section presents
non-noble metal-catalyzed chemical synthesis methods for preparing conjugated
microporous polymers in detail. It mainly includes oxidation coupling reaction, Schiff-
base reaction, and Friedel-Crafts reaction, heterocycle linkages, phenazine ring fusion
reaction, and cyclotrimerization reaction. These methods are providing an effective way

for large-scale preparation of high-efficiency CMP materials for the clean energy field.

2.2.1 Oxidative Coupling Reaction

Oxidative polymerization is the process by which a compound containing active
hydrogen atoms is dehydrogenated to form a polymer in the presence of an oxidation
catalyst. According to the different oxidation forms, it can be divided into chemical
oxidation polymerization and electrochemical oxidation polymerization. Chemical
oxidation polymerization is the reaction of monomer dehydrogenation polymerization
under the action of oxidants such as FeClz [129].

Chen et al. used carbazole-based oxidative coupling polymerization to prepare
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various of microporous conjugated polycarbazoles (CPOP-2—7) with eternal porosity
and special functions [130]. 2D and 3D conjugated structures with non-planar rigid
conformation have been proved to be excellent candidate materials for the preparation
of conjugated core structures. The synthesis routes of monomers are shown in Fig. 11A,
carbazolyl groups can be simply introduced into these conjugated core structures, which
provide conditions for the preparation of multifunctional polymer networks. As shown
in Fig. 11B, taking multipurpose carbazolyl-bearing 2D and 3D conjugated central with
non-planar rigid conformation as linking units, a series of CPOPs are synthesized.
Because no need boric acid, alkyl, halo groups, and other functional groups for the
coupling polymerization reaction, so the properties get from monomer could be fully
retained, and because each carbazole group in a monomer has two reaction sites, so
makes the oxidation coupling polymerization of carbazolyl easy to form a porous
polymer. As well as due to the high degree of crosslinking, the pore structure of the
polymer is more stable and durable. The BET specific surface area of these porous
polymer materials is between 510 and 1430 m? g'!, and the pore sizes are between 0.59

and 0.66 nm.

Please insert Fig. 11

A carbazole-based CMP prepared by oxidative coupling polymerization has
permanent micropores, high luminescent properties, and plentiful nitrogen activation
sites, so it shows a high adsorption capacity of carbon dioxide with good selectivity and
is an attractive functional material in clean energy applications [131]. In 2016, Yang’s

group reported four carbazole-based CMPs (PCz-Cn-Cz) by using FeCl; catalyzed
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oxidation coupling method [101]. These polymers have the same rigid backbone
(carbazole) and different soft-bonded alkylene chains, but the pore width and pore size
distribution of the four polymers not seem to differ significantly. These four polymers
all have a high specific surface area (>750 m? g'!) and good adsorption capacity of gases
(H2, CO2, CH4, CO), which have broad application prospects in the field of clean energy
and environmental engineering. Meanwhile, because carbazoles are electron-rich group
[132], so FeCls-catalyzed oxidative coupling reaction of carbazole and the electron-
deficient unit can provide a greener and more environmentally friendly alternative to
metal-free, visible light-driven solid CMP photocatalysts synthesis. In addition, two
novel porphyrin-based CMPs (Porp-TPE-CMP and Porp-Py-CMP) formed by FeCls
catalyzed oxidative coupling reaction between pyrrole and aromatic aldehyde catalyzed
also have the ability of gas adsorption [133]. Their BET specific surface areas are 547
and 31 m? g'!, respectively, and their CO»/N> and CO,/CHj selectivity are 55.28 and
4.11, respectively. These strategies provide a viable strategy for the storage of

greenhouse gases and chemical hydrides.

2.2.2 Schiff-Base Reaction

In 2016, Chai et al. used Schiff-base reaction of 1,3,5-triformylphloroglucinol (TFP)
and m-phenylenediamine (m-PDA) to synthesize an innovative [3-ketoenamine-linked
CMP (KECMP-1) [102]. The synthesis route is shown in Fig. 12, this preparation
strategy uses only a single reactant and has the advantages of metal-free catalysis and

template-free, as well as the BET specific surface area of the synthesized polymer
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network is up to 691 m? g'. Meanwhile, the introduction of N—H groups into the
polymer pore surface using a bottom-up strategy is conducive to the formation of the
interaction between N—H:--O and CO,, thus enhancing the CO> adsorption capacity
of the polymer network. In 2018, CoCMP and ZnCMP were synthesized by a Schiff-
base condensation reaction between metal-phthalocyanine tetra-amine and 4,4"-(2,5-
bis(pentyloxy)1,4-phenylene)bis(ethyne-2,1-diyl)dibenzaldehyde (OPE-5) [134].
Among them, CoCMP, where Co?>" is steadied by the Ni-coordination of
Phthalocyanines (PCs), and as a catalytic center. CoCMP showed stable and efficient
electrocatalytic activity to oxygen evolution reaction (OER) (overpotential: 340 mV).
This demonstrates the importance of Co®" in OER catalysis. Meanwhile, the inactivity
of ZnCMP to OER indicates that the introduction of metal ions should be wisely
selected in addition to the selection of reaction conditions when designing CMP

electrocatalysts.

Please insert Fig. 12

Recently, the polymer network (FcTz-POP) formed by introducing iodine-affinity
group ferrocene into the polymer network through Schiff-base reaction is quite stable,
with a significantly increased iodine vapor adsorption capacity (396 wt. %, 348k,
atmospheric pressure), higher than that of the ferrocene-free polymer (BpTz-POP) (216
wt. %, 348K, atmospheric pressure) [135]. This guides the further introduction of other
functional groups into the CMP networks through Schiff-base reaction to achieve

specific effects for the application of clean energy.
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2.2.3 Heterocycle Linkages

A high porosity benzimidazole-chain polymer was synthesized by a simple template-
free condensation reaction of 2,3,6,7,10,11-hexaaminotriphenylene with tetrakis(4-
formylphenyl)methane, which has a wide application prospect in gas storage and
separation [136]. As well as under solvent-heat conditions, catalyst-free condensation
of aldehydes with dithiooxamide to form the thiazolothiazole-linked microporous
polymer, which reveals high selective absorption of CO> at room temperature and
pressure [137]. Recently, Feng’s group systematically reported the formation of
thiazolo[5,4-d]thiazole (TzTz) linkages, and three novel TzTz-linked POPs, namely
TzTz-POP-3, TzTz-POP-4, and TzTz-POP-5 were synthesized by triphenylbenzene,
tetraphenylpyrene, and tetra(hydroxyphenyl)methane cores, respectively [103], which

exhibited excellent thermochemical stability and chemoselectivity.

2.2.4 Phenazine Ring Fusion Reaction

Aza-CMP construction by built-in aza units and micropores, which has fused
skeletons, compact aza units, and micropores to facilitate the formation of charge
separation layers [138]. Therefore, it has great potential as a high-energy storage device.
Compared to Aza-CMP, TIPS-CMP synthesis by the cyclocondensation of 1,2,3,4,5,6-
hexaketocyclohexane and 3,6-di(triisopropylsilyl)ethynyl-1,2,4,5-benzenetetraamine
after decontamination at reflux in a 1:4 mixture of dioxane and acetic acid (Fig. 13A)
[104], has increased dispersion attributed to the highly distorted aromatic structure (Fig.

13B), which is conducive to the exfoliation of individual layers and the reduction of the
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interaction between dispersed layers in organic media. Uniform, coherent, optically
transparent, and semiconducting films can be obtained with this enhanced dispersant.
This shows that twist is a very powerful strategy for improving the dispersibility and

processing properties of conjugated microporous polymers.

Please insert Fig. 13

2.2.5 Cyclotrimerization Reaction

Cyanocyclization is a method to prepare porous polymers under ionic heat after
mixing ZnCl, with monomers, in which ZnCl; acts as a solvent, catalyst, and template
pore-making agent. The CMPs obtained by this method is also called covalent triazine
polymers (CTFs) [139]. For example, in 2008, Thomas’ group for the first time obtained
CTFs formed from nitrile molecules 1,4- dicyanobenzene in a ZnCl> melt at 400 °C
(Fig. 14) [55]. CTFs with different pore structures and characteristics can be prepared
by regulating temperature [140], monomer types [141], and reaction kinetics
parameters [142]. Later, in 2010, Liu’s group realized the precise regulation of the pore
diameter and specific surface area of CMP by using the cyclotrimerization reaction of

alkynyl monomers of different lengths [143].

Please insert Fig. 14

2.3 Comparison of Synthesis and Processing

In general, CMPs with different characteristics can be obtained in different coupling

reactions catalyzed by noble metals. For example, the CMP obtained through the
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Sonogashira-Hagihara coupling reaction contains an alkynyl group, which can be post-
processed and functionalized. C-N bonds can be introduced into CMPs by using the
Buchwald-Hartwig coupling reaction, which give them a certain degree of redox
properties, making them better applicable to the field of clean energy. And Yamamoto
Reaction is the first choice for the synthesis of high-surface-area CMPs.

These noble metal catalyzed synthesis reactions are the most commonly used and
tend to mature, but the noble metal catalysts used in the synthesis process need to be
removed through the cumbersome extraction process (such as Soxhlet extraction). Non-
noble metal-catalytic processes are an option to avoid the use of metal catalysts that are
difficult to eliminate. Meanwhile, these synthesis strategies have many other
advantages, such as, the advantages of oxidative polymerization, such as the use of
cheap catalysts, ambient temperature reaction conditions, high yield, and single
monomer [144-148], to simplify production and reduce the cost, which required for
large-scale preparation of porous materials. And Schiff-base reaction has the advantage
of producing nitrogenous CMPs, which exhibit good electrocatalytic activity, and can
be used for CO; adsorption [149-151].

Since the diversity of synthetic monomers and microporous structure of CMPs are
two main characteristics of CMPs and generally affect the properties of materials.
Therefore, it 1s important to investigate the differences in surface area and pore structure
of different CMPs in different synthetic reactions. Surface area information of CMPs is
usually calculated using physical adsorption isotherms [152-154]. The most common

method is to use Brunauer-Emmett-Teller (BET) theory to get BET surface area and
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information about pore size distribution from the BET plot. However, before gas uptake
measurements, it is necessary to investigate the chemical properties and structural
changes of CMPs through thermogravimetric analysis (TGA) experiments [155-157].
In addition, when using CMP as a precursor material for porous carbon materials, the
effect of the structure and composition of CMPs on these derived carbons should be
considered, and the carbon yield of these CMPs should be reasonably assessed. CHN
analysis techniques can provide information about the composition of CMP materials,
including carbon, hydrogen, and nitrogen content [152], which are usually of concern
when preparing derived porous carbon. Meanwhile, in order to further understand how
the composition and structure of CMPs affect the performance and structure of these
derived carbons, some auxiliary characterization experiments are usually needed, such
as scanning electron microscopy image (SEM), transmission electron microscope
(TEM), X-ray photoelectron spectroscopy (XPS) measurements, powder X-ray
diffraction (XRD) analysis, °C solid-state nuclear magnetic resonance (NMR)

spectroscopy, inductively coupled plasma emission spectrum (ICP-OES), etc.

3. Post-Synthetic Functionalization of CMPs

In addition to the selection of monomer molecular size, monomer ratio, and reaction
conditions to regulate CMPs, post-synthetic modification of the CMPs backbone
structure is another effective way to regulate their structure and properties. The
functionalization of CMPs can be achieved by introducing different functional groups

into the polymer networks. In the past few years, extensive research on the post-
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functionalization of organic materials have conducted, and often use so-called "click"
chemistry [158-162], such as Huisgen reaction (copper-catalyzed 3 + 2 cycloadditions
of azides), copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC), thiol-yne click
chemistry, and so on. In this section, post-synthetic modification to improve the
properties of CMP materials is discussed.

Post-synthetic functionalization can modify the morphology and properties of CMPs
by modifying their molecular structure [163,164]. As shown in Fig. 15A, radical thiol-
yne chemistry of CMPs with aliphatic alcohols can adjust their functionalization degree
and morphology, and then adjust their porosity and optical properties by changing the
amount of thiol [165]. Similarly, an amine-functionalized CMP (CMP-1-NH>) can
modify amines into amides with different chiral alkyl chains to control surface
functional groups and microporosity, and then reasonably adjust its BET specific
surface area, pore-volume, CO; adsorption capacity, and isothermal heat capacity (Fig.

15B) [166].

Please insert Fig. 15

“Clicking post-synthetic modification”, adjusts the fluoride content in the CMP
framework by controlling the ratio of azide groups to improve gas capture ability. As
shown in Fig. 16, first, a series of zinc-porphyrin CMPs (ZnP-XN3-CMPs, X = 5, 25,
and 50%) are synthesized from zinc porphyrin units, and then the azide groups are
introduced into the pores of ZnP-XN3-CMPs to form ZnP-XF-CMPs (X = 5, 25, and
50%) [167]. The measurement result represented the CO; capacity of ZnP-XF-CMPs,

X =35,25, and 50% at 298 K and 1.0 bar was 34, 52, and 90 mg g'!, respectively, which
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was 1.31, 1.68, and 1.84 times higher than that of the ZnP-XN3-CMPs, X =5, 25, and

50%.

Please insert Fig. 16

Besides, the CMPs have a n-conjugated skeleton that also can be further adjusted by
a postoxidation reaction to form a network with an extended n-structure [168]. Firstly,
two CMPs with similar structure and high surface area, namely BO-CMP-1 and BO-
CMP-2, are prepared using the Suzuki reaction. Afterward, the postoxidation process
converts the biolefin benzoquinone blocks in the skeleton into the tetrabenzocoronene
segments to form 0BO-CMP-1 and oBO-CMP-2 with an extended m-structure. The
method uses monomer with extended m-structures to prevent low polymerization
problems caused by direct synthesis and can adjust the structure, porosity, and even the
gas adsorption behavior of the main polymers, which provides a direct and simple post-

modulation process for CMPs.

4. Morphological Control of CMPs

Traditionally synthesized CMPs are amorphous powder materials, which are
insoluble and infusible, and restrict further applications. With the in-depth study of
CMP materials, other forms of CMP materials are synthesized one after another, such
as nanospherical, nanotubular, thin-film, and bulk CMPs according to the actual
application conditions under different synthesis methods. For example, CMP networks

with nanospherical, nanotubular, and thin-film structures constructed by template
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synthesis can be used in high-performance energy-related applications. And high-
quality CMP films are excellent materials in the field of clean energy, which are
outstanding hole conductors with controllable thickness to be utilized directly in device

fabrication.

4.1 CMP Nanospheres and Nanotubes

Nanospheres and nanotubes have promising applications in gas storage separation,
energy storage, and solar energy conversion [169-171]. However, the control method
of CMP nanospheres and nanotubes is still a great challenge owing to the poor
dispersibility and solution processing of porous material. Both the structure of the
monomer and reaction solvent may affect the morphology of CMPs, and the formation
mechanism of the micromorphology of CMPs and the mechanism of the reaction
conditions affecting their morphology still need to be further studied. As an example of
the shape effect in materials science, hollow spheres exhibit better electrochemical and
photocatalytic properties than non-hollow spheres, so many examples of hollow
structures have been reported for the synthesis of porous materials [172,173]. After
noble metal-catalyzed synthesis, template replication strategy [174-176] and layer-by-
layer method [87,177] are effective methods for controllable synthesis of CMP
networks with hollow structures. Among them, the hard template method based on
silicon dioxide [178-180] has been used to construct a microporous polymer network
with a quasi-zero-dimension structure.

Silicon dioxide can be easily removed by chemical etching in reaction with HF or
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NaOH. Therefore, hollow polymer networks are often obtained by chemical etching of
silica templates. For instance, Kang et al. used the silicon spheres template method to
prepare the shape-controlled hollow microporous organic networks (HMONSs) [179].
Fig. 17 illustrated the synthetic route for the H-MONSs using a silica template. Silica
spheres were obtained by the St.ber method [181] and added to the polymerization
process. The resulting mixture was then treated with HF solution to remove the silica
template to obtain H-MONs. Meanwhile, the thickness of the shell of H-MONSs can be

well controlled by changing the synthesis conditions.

Please insert Fig. 17

Besides, controlled synthesis of zinc porphyrin (TP-Zn)-based CMP (Zn-CMP)
microspheres uniformly dispersed in solution is obtained by Sonogashira reaction of
5,10,15,20-tetrakis(4-ethynylphenyl)porphyrin-Zn(Il) and brominated monomers
directed by bidentate bipyridine (BP)-type ligands [182]. These spheres can be adjusted
between 320 and 740 nm in diameter, and the coordination between BP and TP-Zn
proved to be the key to forming the spheres. This strategy facilitates the handling and
separation of polymer microspheres and is suitable for the most halogenated monomers.
Given the universality of the chemical coordination method and the diversity of the
monomer structure of CMPs, it is of great significance in the large-scale preparation of
functional CMP spheres. However, it is important to note that these schemes
significantly reduce the specific surface area while forming the desired morphology of
the porous polymer [183,184], which may affect the application performance of CMPs.

The layer-by-layer template synthesis method maintains a layered CMPs with
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manageable chemical composition and regulating nanostructure. In 2016, Feng’s group
used the functionalized carbon nanotubes as templates to layer-by-layer prepare CMPs
with controllable nanotube morphology and reasonable layered structure for the first
time [177]. As shown in Fig. 18A, first, the preparation of p-bromobenzene
functionalized carbon nanotubes (SWNT-Br) by SWNTs functionalized using the 4-
bromobenzodiazepine tetrafluoroborate. Later, CMP-PT was produced by Sonogashira
reaction of SWNT-Br, M2, and M3. Finally, three-layered CMP PTbBbT was
synthesized layer-by-layer using SWNT-Br or two-layered CMP-PTbB as template and
M1 and M2 or M2 and M3 as monomers at the same conditions. The scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) confirm the nanotube
morphology of the CMPs (Fig. 18B). The as-prepared CMP nanotubes own high
specific surface areas (623 m? g'!) and electronic interactions with electron acceptors
(n-type) SWNTS, which has a high catalytic activity to ORR. Meanwhile, the prepared
CMP nanotubes are also good precursors for the preparation of heteroatom-doped
porous carbon nanotubes by pyrolysis (Fig. 18A). This novel synthesis route provides
a new idea for the preparation of porous materials with excellent performance for
energy storage, energy conversion, optoelectronic devices, and other clean energy fields.
Meanwhile, it is worth noting that the drawbacks of these layer-by-layer templating
methods are tedious operation processes and large energy consumption [113]. Therefore,
there is still a great need to develop convenient, simple, easy to handle, and low energy

consumption methods for producing CMP materials with controlled morphology.

Please insert Fig. 18
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4.2 CMP Films

CMP films, an excellent hole conductor with controllable thickness, have many
remarkable physical properties, covering high porosity, extended m-conjugated,
facilitating exciton delocalization, and high electron transfer rate. The high-quality
CMP films are excellent materials in the field of clean energy and can be directly used
in the fabrication of devices [178,185]. Spreading the n-conjugated structure of CMPs
to film structure can not only significantly enhance their charge transport, but also bring
other good properties, such as excellent mechanical properties, flexibility, isotropy, and
so on [186,187]. Common methods for the synthesis of CMP thin films are shown in
Fig. 19: (A) solution spray-coating [84], (B) layer-by-layer self-assembly [188], (C)
electrochemical deposition [189], (D) interfacial polymerization [190], and (E) surface-

initiated polymerization [191].

Please insert Fig. 19

Interfacial polymerization usually uses two incompatible solvents to dissolve
monomers and/or initiators, catalysts, etc. [192] and has been developed for the
synthesis of self-supporting and thick-controlled CMP nanometer-thin films, also
known as a soft template synthesis method. In 2017, Chen et al. used interfacial
polymerization based on the new polymerization strategy of Sonogashira-Hagihara
reaction and oil-water interfacial Schiff-base reaction to prepare CMP nanofilms with
independent and controllable thickness [190]. The thickness of CMP nanofilms can be

controlled in 30—200nm by changing the concentration of monomer, and independent
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macroscopic nanofilms can be easily transferred to various substrates, both are of great
practical value in practical application.

Electrochemical deposition, an electrochemical route for the preparation of
electroactive polymer films by solution polymerization and in situ deposition in one pot
[71,193,194]. Compared with the usual spin coating, it only needs a slight amount of
precursor solution to synthesize thin films that meet the thickness requirements [195-
199], so it can effectively reduce the material consumption and thus reduce the cost.
Electrochemical deposition films have the features of high crosslinking density,
controllable structure, and good stability, which are applied in supercapacitors [189],
organic light-emitting diodes (OLED) [195,197], induced emission devices [200], and
so on [201].

In 2015, Jiang’s group reported a strategy of preparing thiophene-based CMP films
by electropolymerization at the solution electrode interface and revealed the conducting
properties of CMP materials for the first time [71]. As shown in Fig. 20, the unique
reaction site (Fig. 20A, blue arrows) of each thiophene subunit is electropolymerized
via the C—C bond to form a thin film (Fig. 20B). Fig. 20C reveal the optimal single
hole structure obtained by calculation, this multi-arm arrangement facilitates the
formation of a porous m-skeleton. This strategy could be widely extended to the
synthesis of other porous polythiophene films, which are expected to be used in high-
performance photovoltaic devices and could stimulate further structural and

performance exploration.

Please insert Fig. 20
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Besides, the template method can be used to prepare CMP films. Fig. 21 A shows the
route for the preparation of zero-dimension (0D), 1D, and 2D CMP materials that using
carbon nanosphere (CSs), SWNTs, and reduced graphene oxide (rGO) as the templates,
respectively [90]. The SEM and TEM of the as-prepared CMPs indicate that most
monomers have polymerized on the surface of the template (Fig. 21B). Remarkably,
dimensionality has an important impact on CMPs in terms of photoluminescence [90].
The inverse decay rate (Tefr) reduction of nanocarbon directed CMPs up to 38-46% be
superior to amorphous CMPs. Meanwhile, the porous carbons prepared by pyrolyzed
of the corresponding dimension of CMPs showed more effective catalytic performance
for the ORR compared to advanced noble-metal catalysts, and the relationship between

electrochemical catalytic performance and dimension is 2D > 1D > 0D [90].

Please insert Fig. 21

Lindemann et al. realized the surface modification of CMP thin films and nanofilms
based on orthogonal click chemistry [202]. The reaction scheme of surface modification
is shown in Fig. 22, first, the Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC)
reaction is used for the preparation of the CMP nanofilms by a layer-by-layer method,
then, the thiol yne reaction is used to modify the alkyne moieties of the surface of the
last layer of the CMP films to realize the surface modification. This post-synthesis
functionalization for the outer surface of CMP nanofilms plays a positive role in
increasing the variability of them and facilitates the application of CMP materials in

catalysis, sensing, or other optics/electronics devices.

Please insert Fig. 22
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Besides, the exfoliation is also a good strategy for CMP films [203]. However, due
to the intense m-m overlapping interactions between the single-layers, the exfoliation
usually requires additional aid to assist the exfoliating [204-207], and in most cases the
exfoliated yield is low. Meanwhile, the auxiliary methods are not universal and may
destroy the extended =-conjugated structure of CMPs [138]. Therefore, the
development of an efficient exfoliation method for the preparation of CMP films needs
further exploration. Recently, Wang et al. reported a exfoliation for the synthesis of a
series of ultra-thin CMP films, which has been proved to have good oxygen reduction
reactivity and can be used in battery devices [208]. Fig. 23A describes the stripping
method for preparing ultra-thin CMP films, and Fig. 23B is four isomers of
phthalocyanine monomer. Taking D4, and D2n as examples, nine combined structures
can be randomly formed (Fig. 23C). The introduction of intrinsic defects and disorder
in a single layer reduces interlaminar overlap of the amorphous ethynyl-linked
phthalocyanine conjugated polymer (MPc-CP) films, which in turn weakens the
interlaminar interactions and ultimately yields an exfoliated yield of more than 50%.
These well-dispersed thin film catalysts have more exposed catalytic active sites and
more convenient material transport. The excellent ORR activity of these CMP films
(open circuit voltage: 1.34 V; peak power density: ca. 180 mW cm™) is also confirmed
for use in Zn-air battery devices (Fig. 23D) and two Zn-air batteries in series can deliver

an enough open circuit voltage for the LED lamp (Fig. 23E).

Please insert Fig. 23
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5. Computer Simulations of CMPs in Clean Energy Applications

Computer simulations, including quantum calculations (ab initio, density functional
theory, etc.), grand canonical Monte-Carlo (GCMC) simulations, and molecular
dynamics (MD) simulations, are used to theoretically study the mechanism of CMPs
transition, and to explore the structure-activity relationship between molecular structure
and the final polymer. This is the basis for the further preparation of CMPs with
precisely subdivided structures and is key for the synthesis and application of CMPs.
With the further development of computer technology and the maturity of calculation
methods, computer simulations and traditional experimental methods complement each
other, which will bring a bright future to the development of porous polymer materials

[209].

5.1 Quantum Calculations Guide Functional Design in CMPs

Density functional theory (DFT), one of the basic theory of quantum calculations, is
a quantum mechanical method to study the electronic structure of multi-electron
systems, which is often used to guide the functional design of CMP materials in recent
years [210-214]. In 2014, Srinivasu and Ghosh reported the electronic structure and
adsorption properties of the 2D CMPs, 1,3,5-triethynyl (CMP-1), and benzene, 1,3,5-
tributadiyne (HCMP-1), based on the DFT [215]. Results found that lithium atoms exist
on both sides of the C6 ring of the two CMPs. Each lithium-ion site carries almost a

unit of positive charge, which can bind to H> molecules through ion-induced dipole
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interactions, thereby increasing the H» adsorption performance of CMPs. Furthermore,
in 2017, Fan et al. reported the electron structure and adsorption properties of single-
walled CMP nanotubes containing substituted benzene and ethylene units by the
density-functional tight-binding method augmented with a van der Waals dispersion
term [216]. The calculation results show that increasing the junction agent or adding
substituents (AOH or ANH> substituents) in the node could reduce the bandgap of the
nanotubes and bring about a larger expanded m-conjugation system, to improve the
bonding strength of the adsorbent and adsorbents, which is conducive to improving the
adsorption capacity in terms of energy.

Metal doping, the types of doped metals, and the doping amount could affect the
catalytic performance of CMP catalysts. Therefore, Xu’s group were used spin-
polarized DFT method to design a novel 2D CMP of porphyrin units and thiophene
chain and introduced a series of metal atoms (Fe, Mg, Mn, and Cu) into the center of
the porphyrin ring to enhance their ability to reduce CO; [217]. Calculations show that
the CMPs are stable under environmental conditions, and the transition state (TS)
search calculation shows that the Fe-modified CMP (Fe-CMP) has the highest catalytic
activity for the reduction of CO,. Fig. 24A shows the 2D geometric structure of Fe-
CMP after optimization. The calculation of energy band structure and frontier orbital
distribution further proved its semi-metallic properties and high electron occupancy,
both of which are key factors affecting photocatalytic performance. Meanwhile, the
possible mechanism of CO» photocatalytic reduction is calculated. As shown in Fig.

24B, CO: is eventually reduced to methane by the COOH* pathway and several
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thermodynamic steps.

Please insert Fig. 24

Additionally, the Amsterdam density functional (ADF) program can guide
conductive CMP materials. Xu has designed three different open-shell systems that
contain thiophene building blocks, with a lower highest occupied molecular orbital
(HOMO) and a lower unoccupied molecular orbital gap (LUMO) [218]. He calculated
the electronic hopping rate k for the hole/electron transfer from one molecule to
another molecule of the monomers and compared their conductivity at different
geometry. The k is calculated based on the formula shown in Eqgs. (1) [219,220]:

_2mv? 3 A
k=5 i e ) W

In the equation, V is the electronic coupling for the hole/electron transfer, which is

calculated by ADF, and h is Plank constant, and kg is Boltzmann constant, T is the
temperature in kelvin. If V' is high, the electronic hopping rate k is high, and the
conductivity of the materials is high. It is finding that for the same monomer, the
electron coupling of the eclipsed configuration is higher, that is, the charge-transfer
performance of the eclipsed configuration is better than that of the staggered
configuration. On this basis, it is conducive to establish the design principles for
constructing conductive CMP materials, such as build a similar open-shell system,
adjust the properties of the connecting thiophene groups, switch groups with steric

hindrance, and extend the n-conjugated structure.
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5.2 Quantum Calculations on Solar Energy Conversion in CMPs

In 2013, Zwijnenburg et al. proposed the DFT method of pyrene-based CMP model
ring fragment [221]. The calculations and the optical absorption and fluorescence
spectroscopy complementary can explain the relationship between the significant
redshift in the spectrum and the existence of the network structure of strained rings. The
relationship denotes that the addition of strained rings can adjust the absorption and
fluorescence spectra of polymers to optimize their potential applications, such as
photocatalysis and photoelectricity, which can be used to explain the reason why
bandgap engineering controls the photophysical properties of porous organic polymers.
Although these model studies provide some significant preliminary insight, additional
simulations of bulk systems can enable a more complete understanding of the
mechanism of action of these types of CMPs.

Additionally, Wang et al. reported that cellular network-like aza-fused CMP
nanosheets (aza-CMPNS5) are an energy feasible photocatalytic OER under visible light
irradiation [222]. All first-principles calculations are completed with the DFT method
applied in the Vienna ab initio simulation package (VASP). The exchange-correlation
functional of generalized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE) and hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06) is
used for geometric optimization and electronic structure calculations, respectively. As
well as van der Waals correction of Grime’s D3 scheme is incorporated to describe the
weak interlayer interaction in aza-CMP multilayers. The optimized structures of the

aza-CMPN and multilayer are illustrated in Fig. 25A and the optimized structure of
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bulk CMP is showed in Fig. 25B. The calculations reveal the possible active sites in the
CMPs photocatalytic OER procedure. Fig. 25C summarizes each basic thermodynamic
step involved in OER and Fig. 25D shows the optimized structures of *OH (S1), *O
(S2), and *OOH (S3) on active site 4. the carbon atom 4 gather holes under illumination
to adsorb H>,O molecules and then release one proton to form *OH (S1), and the S; site
continue to release a proton to form *O (Sz). Then, H>O and *O to form *OOH (S3),
and a proton released from *OOH, later, O, molecules are isolated from the surface of

aza-CMPNs to begin a new cycle.

Please insert Fig. 25

The first-principle predict the level of CMP nanosheets (CMPNs) theoretical
conduction band minimum value (CBM) and valence band maximum value (VBM)
(Fig. 26A), and to calculate the density of state (DOS) indicates that CMPNs VBM and
CBM is mainly contributed by p orbitals of carbon atoms in benzene rings and 1,3-
diyne links, and the delocalization of p-orbitals revealed by the charge of VBM and
CBM at I' k-point distribute over the entire polymer frameworks (Fig. 26B) [92], which
demonstrated the energy feasibility of CMPNs photocatalytic OER from water splitting.
Both single-site and dual-site procedures of OER in aqueous solution are considered

here. The single-site procedure is denoted follow (stage 2 to 5):

SotH,0—S7 + HY + e~ ()
S; >S5+ H +e” 3)
S5 4+ H,0- S§+H*+e™ 4)
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S§ = So+ O+ H +e” ()
In these formulae, So represents the bare surface, S7, S5, and S; represent the
intermediate products of *OH, *O, and *OOH at a single active site on the catalyst
surface, respectively. In the dual-site procedure, stage (2) and (3) is identical as a single-
site procedure (S5 = S%, S5 = S%), while the intermediate product of *OOH in the
single-site procedure is substituted with an intermediate product of *O*OH at two

adjacent active sites, and stage (5) is substituted with step (7) and (8).

S$4+H0—-S¢ + H + e~ (0)
S¢ > S¢+Ht+e (7)
S& > So+ 0, (8)

In these formulae, S¢ and S¢ represent the intermediate products of *O*OH and

*0O*O0 at adjacent active sites, respectively.

Please insert Fig. 26

5.3 GCMC and MD Simulations for Prediction of Properties of CMPs

GCMC and MD simulations, two common computer simulation methods, often used
for the synthesis, design modification, and predict the application effects of CMP
materials, and to gain additional insights into the relationship between structure and
properties. They greatly reduce the data and analysis errors caused by humans and help
to save experimental costs, assist in improving the accuracy of experimental results,
and accelerate research progress. The rational simulation and analysis of newly
designed polymer materials include the analysis of reported monomers and links to
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ensure that the structural characteristics of the model can be maintained with minimal
energy. The rationalization of porous polymer materials is conducive to the realization
of optimal structural properties of these materials and the stimulation of potential
functions. However, to accurately model their structures is a challenge owing to the
randomness of amorphous porous polymers. To meet this challenge, many research
groups have used MD simulations to study these porous polymer materials. The motion
of atoms in a material system determines the overall structure and properties of the
material. Therefore, a series of steps repeated many times to implement the analysis of
larger systems or small clusters are needed. Fig. 27A [223-226] explains a general
simulation pathway, and the formation of bonds and the number of atoms is the key to
achievement. Fig. 27B [227] shows the cross-linking procedures achieved during
synthesis. Meanwhile, the GCMC simulations with the assistance of prediction of gas

adsorption.

Please insert Fig. 27

Jiang et al. used model clustering to study structural geometry, flexibility, and
porosity, and pointed out that these fragments are unlikely to capture entanglement and
connectivity of the extended networks, resulting in excessive pore volume [47,95].
Therefore, the relaxed state of the polymerized main chain in the calculation to maintain
consistency with the experimental gas absorption at higher pressure is needed to
consider. In 2014, Suresh et al. used MD and GCMC simulations to assist in the design
of a new type of CMPs with large surface area and gas storage capability, and

introduced the structure model of tetraphenylethene-based amorphous CMP (TPE-

45



926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

CMP) and its gas storage performance [228]. This structural model takes all future
characteristics into calculations, and MD simulations are carried out on the model
oligomer of TPE-CMP in a force field. The binding energy (~30 kJ mol™!) of CO; and
the polymer is obtained in the calculation based on the force field, and the density of
the polymer is calculated to be 0.8 g cm™. Fig. 28A shows the reasonable structural
model for TPE-CMP, the yellow areas shown in Fig. 28B represents the gaps in the
polymer and Fig. 28C displays the optimized configuration of CO; in TPE-CMP
attained through MD simulations. The GCMC simulations shown in Fig. 28D considers
the relaxation of the polymer during gas absorption, the blue circle is an estimation
from the GCMC simulations that recreates the CO; adsorption isotherm of the polymer
materials. In contrast, as can be seen from the red box in Fig. 28D, the gas absorption
predicted by GCMC simulations is slightly lower than the experimental value under
high pressure because the relaxation effect of the polymerized main chain is not

considered in the calculation.

Please insert Fig. 28

The addition of the A4 monomer is conducive to increasing the porosity of the
polymers [69], while the B2 monomer is used to ameliorate the solubility of the polymer
networks [84]. Here, Abbott and Colina used MD simulations to study a series of
pyrene-based CMPs with different monomer ratios to provide insight into porosity and
ring construction in bulk models [229]. The LAMMPS simulation package [230] was
used to simulate all energy minimization and molecular dynamics in the polymerization

and equilibrium processes. During the polymerization process, the Lennard-Jones
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cutoff time was adjusted according to the previous work [231] to simulate the solvation
state of the system more accurately. The simulations are finding that the surface area of
the system increased with the ratio of four functional monomers to two functional
monomers because the cross-linking degree of the polymers is effectively improved.
These results support the rationalization of the spectral displacement based on the
network ring induced strain, which can limit the rotation of the benzene ring to prepare

larger conjugated structures to improve the optical properties of CMPs.

6. CMPs as Platforms for Clean Energy

Clean energy refers to the technology system of clean, efficient, and systematic
application of environmentally friendly energy. (i) Clean energy is not just a simple
classification of energy; (i1) Clean energy focuses on cost and efficiency while ensuring
environmentally friendly; (ii1) The environmentally friendly of clean energy means that
the environmental impact is under control. In recent years, CMPs and their
composites/derivatives have been widely used in the fields of energy generation,
conversion, and storage owing to their unique expanded m-system, controllable
electronic energy levels, and unique morphological properties. Their applications in
clean energy include: (i) Storing energy molecules (such as hydrogen molecules) in
pore structures; (ii) Store the energy in a polymer pore structure, such as batteries, in
the form of chemical bonds; (iii) The energy is stored in the structural recombination
and secondary valences of the pore structure, such as the compressed double-layer

structure of the supercapacitor; (iv) The semiconductor structure of CMPs generates
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photoelectron hole pairs under photoexcitation, which are then converted into electrical

energy (photovoltaic cells) or chemical energy (artificial photosynthesis).

6.1 CMPs as Platforms for Hydrogen Energy

Hydrogen as an efficient, clean, and sustainable renewable energy source, comes
mainly from water splitting, has high calorific value, and carbon-free emissions during
combustion [232-234], and has attracted the attention of research institutions and
industry over the past decade. On January 17, 2017, a total of 13 leading clean energy-
related companies launched a global initiative called the Hydrogen Council at the World
Economic Forum in Davos, Switzerland [235]. This initiative expresses the important
role of hydrogen energy in promoting energy transformation. Promoting the
globalization of hydrogen energy can help achieve the goal of mitigating global
warming. Therefore, advanced materials need to be developed for hydrogen production
and storage.

CMPs with the adjustable high porosity and controlled structural properties are an
excellent candidate in the hydrogen energy field. Here, our discussion includes (i)
CMPs for hydrogen storage, (i1) CMP materials applied to photocatalytic hydrogen
evolution from water splitting, and (iii) they as catalysts supports or precursors for

hydrogen evolution.

6.1.1 CMPs for Hydrogen Storage

The use of hydrogen requires a safe, compact method of storage, but hydrogen is
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often stored in cylinders in an energy-intensive manner, posing additional risks.
Therefore, it is best to convert the hydrogen into a condensed state, or the most direct
method is to use a hydrogen adsorption material. Hydrogen, as an energy storage
medium, has attracted the attention of research institutions and industry over the past
decade. The weak bonding strength of hydrogen and adsorbent is the key obstacle to
fabricate hydrogen storage materials with good hydrogen storage properties under ideal
hydrogen storage kinetics. CMP materials are the adsorption materials which has made
much progress in recent years [126,236,237], the progress of hydrogen storage capacity
of CMPs in recent years is summarized in detail in Table 2 [79,84,143,147,150,238-
244]. Most of the reported adsorption values were measured at a temperature of 77K,
which is well below the usual temperature range required for practical applications.
Also, some reports give maximum adsorption values, while others report adsorption
values at specific pressures (usually 1 bar). Therefore, it is difficult to synthesize all the
reported values to make a judgment. Here, we discuss quintessential examples of

strategies to improve hydrogen adsorption in recent years.

Please insert Table 2

At a specific pressure and temperature (1.13 bar, 77.3 K), micropores rather than
mesopores are the main reason for H> adsorption. High surface area HCMP-1 and
HCMP-2 were synthesized using homocoupling of 1,3,5-triethynylbenzene or 1,4-
diethynylbenzene [79]. Although the apparent BET surface area (827 m? g'') of HCMP-
2 is slightly smaller than that of HCMP-1 (842 m? g!), the adsorption capacity of

HCMP-2 (131 cm® g'!) on H; is higher than that of HCMP-1 (107 cm?® g'!), which can
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be attributed to the higher micropore surface area and ultramicropore volume observed
in HCMP-2. Microwave-assisted rapid synthesis is a new synthesis technology, which
has great industrial application potential in organic synthesis and material preparation
and is conducive to enhancing the hydrogen adsorption capacity of organic microporous
polymers. In 2010, microwave-enhanced ionothermal polymerization is used in the
synthesis of porous polymer materials, can be in a few minutes to obtain high surface
area (2390 m? g'!) triazine-based CMPs (CTFs), they have higher adsorption capacity
of hydrogen (1.78 wt. %, 1 bar, and 77 K) [245]. It is worth noting that this method is
a simple and efficient method for the preparation of this kind of triazine-based porous
material, which provides an opportunity for the large-scale preparation of highly
efficient and economical polymer-based hydrogen adsorption materials.

Besides, lithium gives CMPs an extremely high ability to store Hz, which is a big
step forward in their application [238,242,246]. In 2016, with the guidance of computer
simulations, methyl lithium (MeLi) was designated as a new lithium dopant for the
preparation of lithium-doped CMPs [246]. MeLi, as a cluster of positive charges,
creates a more intimate bonding condition for H» molecules, and naphthalene-
containing CMP (N-CMP) was designated as the matrix material to inhibit the gathering
effect of lithium. It is more noteworthy that through strong interaction, MeLi can be
selectively fixed to the pre-designed active site, which is conducive to obtaining the
optimal doping amount. This significantly improves the hydrogen storage capacity of
CMPs. MeLi doped N-CMP (MeLi@N-CMP) has enhanced the absorption capacity of

H> not only at low temperatures but also at close to ambient temperature. Compared
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with undoped N-CMP, the hydrogen adsorption capacity of MeLi@N-CMP at 77 K and
80 bar (6.5 wt. %) and at 273 K and 80 bar (1.0 wt. %) maintained an increase of 150%
and 100%, respectively.

Recently, Yang et al. designed and synthesized triazatruxene (TAT) with three
coplanar indole moieties (Fig. 29A and B), and using FeCl; catalytic oxidative coupling
polymerization (Fig. 29C) to further prepare high crosslinking poly(triazatruxene)
(PTAT) [242]. The point-to-face metal-coordination interaction (cation—m) between the
surface of PTAT aromatic structures and the cation is beneficial to capture more lithium
ions, and the captured lithium ions are well dispersed on the PTAT surface to ensure
adequate Li" content in the PTAT (Fig. 29D and E). The lithium-doped CMP (Li*~PTAT)
can spontaneously adsorb hydrogen molecules by electrostatic charge-quadrupole and
charge-induced dipole interactions to obtain excellent hydrogen absorption properties
(Fig. 29F). Fig. 29G shows that Li'—PTAT has a higher hydrogen absorption value of
7.3 wt. % (1 bar, 77K) than PTAT at 1.9 wt. % (1 bar, 77K) under the same conditions.
The adsorption value is also higher than the previously reported lithium-doped MOF
[247] and lithium-doped CMP [242] (Fig. 29H). Also, the high hydrogen absorption
value of 0.32 wt. % is maintained for Li'-PTAT at 273 K at 1 bar (Fig. 29I), which

proves its potential application value.

Please insert Fig. 29

Furthermore, the development of selective hydrogen adsorption has attracted much
attention. Membrane separation is a promising way to selectively adsorb hydrogen from

mixed gases. Currently, the gas permeability of commercial films is low, and it is often
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necessary to prepare large-size films in order to maintain sufficient gas production [44],
which obviously increases the cost of commercial applications. To improve the
permeability and selectivity of the films, zeolite and MOFs with rigid skeletons and
uniform pores were investigated extensively [248-251]. However, presently,
commercial films are mainly prepared from polymers with low permeability and high
selectivity [252]. Therefore, a more ideal choice is to prepare MOPs with high
permeability and good selectivity and machinability. For example, the porous organic
cages (POCs) prepared by Cooper’s group is a class of MOP with good processability
and shows the potential for selective gas separation [252-254]. And polymers of
intrinsic microporosity (PIMs) is a kind of MOPs with gas permeability, selectivity and
good solubility and machinability [44,255-257]. CMPs have good chemical stability
and can maintain functional stability under high pressure and temperature [34,48,77].
However, the extremely rigid framework of CMPs makes it difficult to reprocess.
Therefore, the development of machinable, structurally stable CMPs with high gas
selectivity and permeability is a major obstacle to be solved.

Recently, Loh et al. succeeded in synthesizing a solution-processable conjugated
microporous thermoset (CMT) [258], which has outstanding H> permeability and
solubility and processability, and maintains stable microporous structure and internal
pore connectivity even under high temperature and pressure. Due to the internal pore
connectivity of CMT can promote the redistribution of gas molecules, CMT can obtain
H> permeability higher than the most advanced ultra-pore PIM while possessing similar

selective hydrogen adsorption capacity [44,257]. Meanwhile, noteworthily, the
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solubility and machinability of CMT plus its centrally distributed pore diameter

distribution is conducive to the production of large-area film products.

6.1.2 CMPs for Photocatalytic Hydrogen Evolution

Photocatalytic technology has many important features [259-261], such as: (i) It can
be operated under mild temperature and pressure; (ii) The mother and intermediate
products can be completely mineralized without secondary pollution; (iii)) Low
operating cost. Hydrogen produced by photocatalytic water splitting has been regarded
as a popular technology to solve the energy crisis and environmental pollution [262-
266]. At present, most used inorganic photocatalytic materials have complex
preparation strategies, limited reserves, and low photocatalytic activity in visible light,
which is not conducive to further development [267,268]. In terms of sustainable
development, it is necessary to develop a metal-free, flexible design, synthesis of
diverse organic polymer photocatalysts with adjustable structure and properties for
photocatalytic hydrogen evolution [269-273]. Wang et al. presented the basic theory of
photocatalysis and the key factors affecting photocatalysis, and then discussed the
development of new photocatalysts for inorganic materials, carbon-based materials and
semiconductor composite materials developed in the past ten years [274]. They also
investigate and explore highly efficient optical drive materials for converting solar
energy into sustainable fuels. Finally, the future development of photocatalysis
technology is discussed. CMP materials as photocatalyst have followed advantages

[275-279]: (1) Expand m-conjugated structure and open pores are advantageous to the
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photocarrier migration and separation; (ii) High chemical stability and thermal stability
provide excellent photocatalytic stability for CMPs; (iii) Wide range of raw materials
including many economical, earth-rich raw materials can be used as synthetic
monomers; (iv) Wide spectral absorption range is beneficial to improve the efficiency
of light absorption; And (v) they have high flexibility in adjusting bandgaps and
surface-active sites.

In 2016, Cooper’s group reported the relative importance of junction geometry,
comonomer length, and planarization degree to the photocatalytic hydrogen evolution
rate of CMPs, demonstrating the potential of CMPs as a photocatalyst for hydrogen
evolution [280], but the relevant design rules are not well understood. For example, it
is still necessary to investigate the catalytic efficiency of CMP materials with different
surface areas, geometric shapes, and bandgaps, as well as to investigate the effects of
substituent patterns and conjugate lengths on the photocatalytic performance of CMP
materials to establish a more detailed structural-performance relationship. Therefore,
Jiang's group synthesized three perylene-containing CMPs (Pr-CMPs) through the
Suzuki reaction of hydroquinone as raw material for photocatalytic hydrogen evolution
[281]. The results show that the pore properties and band gaps of Pr-CMPs are adjusted
by changing the kind and the connection positions of the substituents. By adjusting the
benzenes connection site, is a good way to adjust the structure and optical properties of
polymers, among them, the hydrogen evolution rate of 1,2,4,5-linked polymer (Pr-
CMP-3) under ultraviolet irradiation is the highest (12.1 mol h!) in the three kinds of

polymers, this is because Pr-CMP-3 has high surface area, wide light absorption
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spectrum, and the extension of the m-conjugate structure. These results indicate that
bond geometry is one of the key factors affecting the photocatalytic activity of CMPs.

Subsequently, the effect of the length of the crosslinking agent on the photocatalytic
properties of hydrogen production is reported. Jiang et al. reported a series of
dibenzothiophene dioxide containing CMP (DBTD-CMP) photocatalysts [66]. Among
them, there is a short benzene cross-linked photocatalyst DBTD-CMP1 exhibit the most
active hydrogen evolution rate of 2460 pmol h™! ¢! without Pt cocatalyst in visible light.
This may be because the increase of the length of the crosslinking agent leads to the
increase of the polymer skeleton distortion, which reduces the conjugation degree and
planeness of the main molecular chain, hinders the photoinduced carrier transport and
separation, and thus reduces the photocatalytic activity. Furthermore, it is worth noting
that after the loading of 3 wt. % Pt catalyst, the Pt-loaded DBTD-CMP1 displays a
remarkable high hydrogen evolution rate (9200 umol h'! g1).

Rigid pyrene unit is a common building unit of CMP materials [65,282,283]. Jiang’s
group designed a series of donor-m-acceptor (D-n-A) CMP photocatalysts using pyrene,
benzothiadiazole, and benzene (biphenyl) as the donor, acceptor, and -crosslinker units,
respectively, and compared the effects of the molecular structure and the ratio of donor
to the receptor on the photocatalytic properties of CMPs [65]. The donor unit, nt-
crosslinker unit, and acceptor unit are indispensable in enhancing the photocatalytic
performance. Meanwhile, the ratio of donor to acceptor has a big impact on the
photocatalytic performance of the CMPs, when the ratio of pyrene to benzothiadiazole

is 9:2, the photocatalytic hydrogen evolution rate of the CMP (PyBT-2) is as high as
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106 umol h™' under ultraviolet irradiation. Furthermore, they designed two CMP
photocatalysts (PyDOBT-1 and PyDOBT-2) copolymerization of pyrene and
dibenzothiophene-S,S-dioxide as building blocks, and investigated the effect of a
connection mode of dibenzothiophene-S,S-dioxide on photocatalytic hydrogen
evolution [283]. The results showed that the photocatalytic activity of PyDOBT-1 (Fig.
30A) with 3,7-connection mode was higher than that of PyDOBT-2 with 2,8-connection
mode. The photocatalytic hydrogen production rate of "naked" PyDOBT-1 was 5697
pumol h'! ¢! under visible light irradiation, and the photocatalytic hydrogen production
rate of Pt-load PyDOBT-1 reached a maximum of 12986 pmol h!' g! (Fig. 30B). The
higher photocatalytic activity of PyDOBT-1 may be due to the 3,7-connection mode,
which enhances the conjugated chain length and improves the coplanar property of the
polymerized main chain to facilitate the transfer of charge along the polymer chain.
Their work suggests that rational molecular design is the key to the development of

effective CMP photocatalysts.

Please insert Fig. 30

Recently, Maji et al. synthesized a series of CMPs (Fo.1CMP, FosCMP, and F, (CMP)
using tetraphenylethylene (TPE) as the donor and 9-fluorenone (F) as the acceptor (Fig.
31A), and adjusted the optical properties of these CMPs by bandgap engineering to
enhanced photocatalytic water splitting for hydrogen production [284]. As shown in
Fig. 31B, by increasing the content of F, the emission color of CMP materials changes
from green to red, and the bandgap of FxXCMP can be adjusted from 2.8 eV to 2.1 eV,

thus enhancing its visible light absorption. Among all the CMPs, FosCMP (2.3 eV)
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displayed the highest hydrogen evolution rate under broad-spectrum irradiation (Fig.
31C). Compared with CMP materials without F, the photocatalytic activity of the D-A
CMP containing F is observably enhanced. Interestingly, the CMPs display emissions

in the 540-580 nm with the assistance of energy transfer in the TPE segment.

Please insert Fig. 31

As amorphous polymers, the effect of crystallization on photocatalytic behavior of
CMPs needs to be further discussed. In 2018, Cooper et al. targeted investigated the
difference of photocatalytic hydrogen production between benzobis(benzothiophene
sulfone) moiety-based COF crystals and amorphous similar organic polymers [285].
Although the photocatalytic hydrogen evolution performance of COFs with ordered
crystal structure is superior to that of their amorphous organic analogues in this case,
this does not indicate that the photocatalytic activity of crystallized COFs is necessarily
higher than that of amorphous CMPs. This is because crystallinity is not the only factor
affecting photocatalytic activity [286-288], such as, amorphous CMPs also have much
lower specific surface area and charge transfer capacity, and some CMPs also have poor
hydrophilic performance, which may result in reduced photocatalytic performance of
them.

Besides, the stability of photocatalysts should also be considered. CMP materials
have been shown to have a more stable structure than the crystallized ordered COFs
originally reported [37,47,54,80]. But things are still changing, and researchers
studying COFs materials are exploring the use of more stable chemical bonds to build

super-stable COFs materials [206,289,290]. But in meanwhile, noteworthily, the
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amorphous properties of CMPs provide more design possibilities, and more possible
multi-component CMP catalysts are constructed by using multi-step tandem reactions,

which are difficult to be completed by COF materials.

6.1.3 CMPs as Supports or Precursors of Catalysts for Hydrogen Evolution

In addition to being used as catalysts directly, CMPs can also be used as (electro-)
catalysts carriers to assist in the synthesis of composite catalysts with excellent catalytic
properties. This type of composite catalysts usually combines the properties of two or
more materials with different properties and can have a synergistic effect in an
application. As well as, CMPs can also be used as precursors of catalysts for hydrogen
production through pyrolysis.

Alkordi’s group used pyridine-based porous polymer materials and graphene
composites (PyPOP@G) as carriers and then electrodepositing Pt metal uniformly in
the pores for forming the composite material (PyPOP-Pt@G) (Fig. 32A) [291]. The
main chain of PyPOP in this system is rich in Lewis-base binding sites and microporous
matrix, which can provide support for Pt species and binding sites for G. The properties
of the material were evaluated by cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and controlled potential electrolysis (scan rate of 100 mV/s for the CVs and 10
mV/s for the LSVs). Fig. 32B indicates that the initial performance of the electrode is
improved after the reduction of Pt(IV) in the cycling process. As shown in Fig. 32C,
the overlaying CV scan no observe the deterioration of the electro-catalytic properties

of the composite, indicating its high durability and stability. And as shown in Fig. 32D,
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the Tafel inset (~37 mV/decade) of the catalyst indicates that there is a rate-limiting
step of Heyrovsky type in PyPOP-Pt@G catalyzed hydrogen evolution reaction, which
provides an in-depth understanding of the mechanism of proton electric reduction. The
core of Heyrovsky-type step is the hypothesis of the active site of a single metal atom

(Eqgs. 9-11) [291]:

H;0*+ e+ M & M—H + H,0 Volmer step 9)
M—H + H;0"+ e~ & H,+ H,0 + M Heyrovsky step (10)
2M—H & Hy + 2M Tafel step (11)

The Heyrovsky step mentioned above may be caused by the delay of the diffusion of

hydrated protons into the electroactive catalytic site in the microporous matrix.

Please insert Fig. 32

Meanwhile, CMPs are an effective precursor of functional heteroatomic doping of
porous carbon [292-295]. Cui et al. reported that a nitrogen-rich porous carbon material
derived from a novel copper-porphyrin-based CMP (Cu-CMP) has a high surface area
and a inimitable tubular nanostructure that can be used as a functional catalyst for
encapsulating copper/copper oxide nanoparticles for hydrogen evolution [296]. Among
them, the use of Cu-CMP850 as the catalyst, show the good performance of electrical
catalytic hydrogen evolution, with relatively low potential (0.19 V, 1.0 mA cm™) and
high current density of 50 mA cm™ at an overpotential of 0.47 V, and Tafel slope of
~135 mV decade™, the Faraday efficiency of 90% under the application potential of
0.34 'V, as well as high durability.

Doping some single or double hetero atoms such as N, S, Ru, and Co can
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significantly improve the performance of carbon materials [292,297-299]. Wang et al.
used carbon fiber cloth to chemically deposit a kind of heteroatom-rich CMP (PAQTA),
then adding Co salt pyrolysis to prepare Co nanocrystalline composite porous carbon
materials doped with heteroatoms for efficient and stable electrocatalytic hydrogen
evolution reaction [300]. PAQTA was impregnated with Co(acac), solution and then
pyrolyzed in nitrogen at high temperature, followed using acid etching to prepare the
CoNOC catalysts (Fig. 33A). Among them, the CONOC-900 showing a Tafel slope of
21 mV decade!, an approximate rectangular CV curve, and negligible polarization
curve attenuation and loss of current density (the green line in Fig. 33B). DFT
calculations show that the excellent electrochemical performance of the catalysts is due
to (i) rapid transfer of electrons from cobalt nanocrystals to graphene layers, and (ii)
the reduction of Fermi level of the neighboring C atom owing to N,O-dual doping. This
results in a decrease in the free energy of hydrogen adsorption, which enhances the

performance of electrocatalytic hydrogen evolution.

Please insert Fig. 33

6.2 CMPs for Adsorption and Conversion of Carbon Dioxide

The constant emission of carbon dioxide (COz) caused by the heavy use of fossil
fuels is a major factor causing global climate change [301,302]. The progress of
efficient methods of CO> capture, storage, and conversion of COz into useful fuels is a
significant aspect in the effective reduction of CO> emissions, and has important
implications for alleviating the current energy crisis and global warming [303].
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Currently, some solid porous materials (such as zeolite, carbon, aluminum oxide, and
metal organic frameworks (MOFs) with gas selection capabilities [304,305] are used to
adsorb and separate CO»>. To meet the requirements of sustainable development,
researchers should give priority to the development of advanced materials that can not
only absorb CO> but also catalyze its conversion into liquid fuels [306,307]. The
materials used in this strategy first need to be able to capture and convert CO» without
the need for additional energy at environmental conditions to avoid the generation of
new COz. CMPs as a platform for CO> storage and catalytic conversion to provide a

feasible clean energy technology.

6.2.1 CMPs for Carbon Dioxide Adsorption

Due to the high porosity and regulable pore surface function of CMPs [102,308-311],
they are promising in enhancing CO- capture and storage. Table 3 summarizes the CO:

uptake by CMPs reported in recent years [63,131,144,147,241,244,293,312-321].

Please insert Table 3

Some polar groups, such as -NO>[322], arylamines [323], —-OH [324], —-COOH [313],
—SO3H [324], and heterocyclic nitrogen atoms [325] can modify the surface of porous
materials, which can significantly increase the binding energy of CO2, thus increasing
the absorption rate and/or selectivity of CO,. Therefore, Zhu's group investigated the
influence of —-COOH, —NH> and —OH on the CO; adsorption capacity of polymer
networks [312]. The groups -COOH, —NH>, and —OH are merged into the networks of
the PAFs synthesized Sonogashira—Hagihara reactions of tri(4-ethynylphenyl)amine
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with various aryl halides. Noteworthily, compared to “naked” PAFs, the —NH>
functionalized PAF-33—-NHa displays the highest CO, isosteric heat (32.9 kJ mol ™) and
the -COOH functionalized PAF-33—COOH shows the maximum CO; uptake per unit
areas (4.37 and 2.71 pmol m2) at 273 and 298 K. This indicates that the integration of
functional groups is conducive to enhancing the interaction between PAF networks and
COz molecules, thus enhancing their adsorption properties. Furthermore, PAFs can be
modified by post-metallization (such as Li, Na, K, Mg) [314]. Interestingly, the CO-
isosteric heats of adsorption are depending on the type of light metal ion and follow the
order of PAF-26-COOMg < PAF-26-COOQOLi < PAF-26-COOK < PAF-26-COONa.
Considering the highly modular nature of CMPs, the introduction of chemical
functions after functionalization can make them more absorbent and selective to CO»
absorption. Thomas et al. prepared PCZNs by Yamamomo reaction and introduced a
series of secondary building units by post functionalization (Fig. 34A) [126]. The
porosity and N-content of the polymers are both key factors affecting the absorption of
COs. Both factors can change with the change of chemical structure and concentration
of the secondary monomer. In this case, these factors are enhanced by introducing
functional groups using post-functionalization, such as PCZN-8 can obtain a higher
CO» absorption value and high-efficiency CO2/N> selective separation (the green line

in Fig. 34B; Table 3).

Please insert Fig. 34

The pore properties of polymer networks can be well adjusted by adjusting the length

and geometry of the links to enhance CO> adsorption property. Xu et al. prepared a

62



1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

series of A6 + Mx (x = 2, 3, 4, 6) type polyphenylene CMPs (AsCMPs) through
modulating the monomer length and geometry by the polymerization reaction of 1,3,5-
tris(3,5dibromophenyl)benzene (A6) and a series of benzene polymerization boronic or
ethynyl (MX, X represents the number of functional groups) [326]. AGCMP-4 (M3),
A6CMP-3 (M2), and AGCMP-6 (M4) showed BET specific surface area of 960, 1042,
and 1115 m? g!, respectively, correspond to the CO2 adsorption capacity of 1045, 963,
and 925 mg g at 60 bar and 318 K, respectively, and A6CMP-7 (M6) showed BET
specific surface area of 571 m? g'! corresponds to the CO» adsorption capacity of ~875
mg g, Interestingly, AGCMP-1 has a low BET specific surface area of 571 m? g’!,
exhibited the largest CO> capture capacity of 740 mg g'! yet it showed the maximum
CO; adsorption capacity of 1218 mg g''. In 2017, Thomas et al. further investigated the
relationship between carbon dioxide adsorption performance of CMPs and the number
of functional groups [327]. They synthesized a series of cyanovinyl-based nitrogen-rich
microporous polymers by metals-catalyzed polymerization (Fig. 35A) for the capture
of carbon dioxide. A point diagram reveals that the structure-adsorbability relationship
is linear, with the adsorption capacity of CO; proportional to the number of functional
groups. As shown in Fig. 35B, as the number of functional groups from P4 to P1
increases, their CO; adsorption capacity gradually increases, which are 32, 99, 103, and

111 mg g! at 1 bar and 273K, respectively.

Please insert Fig. 35
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6.2.2 CMPs for Carbon Dioxide Conversion

Capturing CO, and converting it into useful chemicals or high-calorific energy is a
promising clean energy technology to effectively combat global warming. Adding
metal-organic molecules to CMP networks can produce materials that capture and
simultaneously convert CO;. The salen-Co/Al has previously been reported as a
homogeneous catalyst for cyclic carbonates generation from carbon dioxide and
epoxides at low temperatures and pressures [328]. The introduction of this component
into CMP networks has resulted in a serious of Co/Al-coordinated CMPs [63], which
have outstanding CO; capture and conversion properties at ambient conditions, and
their adsorption capacity is comparable to that of some previously reported inorganic
catalysts [329,330]. Meanwhile, these CMPs also can be used as heterogeneous
catalysts catalytic CO2 with propylene oxide (PO) reaction to propylene carbonate (PC)
under environmental conditions. In the existence of quaternary ammonium salt
nBuwNBr (TBAB), Co-CMP and AI-CMP showed remarkably high catalytic activities
in the conversion of CO; at ambient conditions. Single catalyst Co-CMP has good
durability, which can be reused for 22 times without significant reduction in catalytic
activity. This strategy combines the functions of gas storage and catalysis, and provides
a new idea for one-step, low-cost CO; emission reduction, which is worthy of further
study.

Based on the module features of 2D CMPs and the excellent catalytic activity of
metalloporphyrin derivatives to CO> conversion, Chen et al. designed a new 2D CMPs

constituted by metalloporphyrin serves as the main structural and functional unit and
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thiophene as the link for the emission reduction of CO2[217]. Furthermore, to improve
the ability of CMP to catalyze the conversion of carbon dioxide, a series of metal atoms
(Fe, Mg, Mn, and Cu) were introduced into CMP networks to modify the electronic
properties of metalloporphyrin units. The calculation results show that these CMPs
have the properties of catalysis, high stability, and adjustable electronic structure, and
Fe-modified thiophene-linked metalloporphyrin (Fe-TMP) has the highest catalytic
activity for the reduction of COx.

To our best knowledge, the single homogeneous catalytic process has the
disadvantages of difficult separation of catalysts, difficult purification of products, and
difficult recovery of expensive catalysts, as well as the residual metals in products that
may cause serious problems for environmental applications. To solve the above
problems, it has been reported that loading a homogeneous catalyst on a solid porous
carrier is an effective strategy. CMPs are promising materials that can selectively adsorb
CO; and reduce CO2 back to liquid fuel under mild conditions when loaded with
homogeneous metal nanoparticles as an electrocatalyst.

Ampelli et al. synthesized tetrakis-phenylethene CMPs (TPE-CMPs) by Yamamoto
reaction, and then Pt (or Fe) nanoparticles were deposited on their surface by sol
immobilization method to modify TPE-CMP to create and the active catalytic CO»
reduction site on the CO> adsorption site of the polymers [120]. The gas diffusion
membrane (GDM) based on the metal-doped CMPs is used as part of an
electrochemical device for CO> reduction to liquid fuel. The schematic of the

experimental apparatus and the GDM assembly are shown in Fig. 36. The anode
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working in the liquid phase is in contact with one side of the Nafion membrane, and the
cathode working in the gas phase is in contact with the free side of gas diffusion layer
(GDL). CO; penetrates through GDL and is absorbed on the surface of metal-doped
TPE-CMP, then, it reacts with metal nanoparticles (Pt or Fe) at the catalytic active site
to form liquid fuel. The characterization and testing of electrocatalytic materials by a
small device between the working electrode and the counter electrode indicate that this
electrocatalytic device has advantages over common liquid phase electrochemical
systems in that it does not take into account the solubility of CO», does not require the
recovery of liquid-phase products, and has better selectivity for high-chain
hydrocarbons and oxygen-containing compounds. Polymer electrocatalysts loaded with
appropriate metal catalysis sites are one of the keys to the preparation of high-efficiency
electrode materials. The other one, the assembly of multilayer composite electrode
materials to ensure good proton mobility and conductivity is also the key to improve

the overall efficiency of the electrocatalytic device.

Please insert Fig. 36

Although electrochemical systems vary greatly in operating conditions and product
distribution, to improve the efficiency of the system, the key points should be
considered. Besides the key issues mentioned above, the rate-determining steps of the
CO; reduction process are not yet clear [331,332]. An increase in the number of CO»
adsorption sites could be an advantageous measure to accelerate reduction, especially
since these sites selectively adsorb and catalyze carbon dioxide, which requires further

investigation.
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6.3 CMPs for Batteries

CMPs can be used as electrode materials and as precursors to electrical energy
storage materials for lithium-ion batteries (LIBs). (i) The high surface area of CMPs
can improve the contact area with the electrolyte, which provides more surface
locations for reversible reactions to occur. (i1) CMPs have a short ion migration distance,
fast kinetic speed, and high energy storage capacity, which is conducive to the
development of high-performance LIBs. (iii) CMPs can crosslink redox-active modules
into highly stable porous electrodes, which has been sought after in the exploration of
the next generation of green batteries. Furthermore, CMPs can also be used as electrode
materials for potassium-ion batteries (KIBs) and sodium-ion batteries (SIBs). Here
summarize CMP materials as a platform for metal-ion batteries (Table 4) [74-76,333-

346].

Please insert Table 4

6.3.1 CMPs for Lithium-lon Batteries

LIBs are a clean energy storage device, which has the advantages of recyclability,
low-cost application, and high-energy-density, and plays a significant role in the
application of mobile electronic products and electric vehicles [24,347-349]. To widely
apply LIBs, to develop high-performance electrode material is needed, which is the
core component of LIB systems [24]. To date, the electrode materials of LIBs mainly
include inorganic active materials [350-354], organosulfur compounds [24], organic

radical compounds [355,356], organic carbonyl compounds [357-359], and conducting
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polymers [360-362]. Due to the rapid growth of energy demand and serious
environmental problems, there is still a great need to develop electrode materials for
green batteries. Organic polymer materials have been widely studied as electrode
materials due to their ease of synthesis, reproducibility of raw materials, structural
diversity, and design flexibility, as well as the redox properties of their synthetic
monomers [363-365]. In the past years, important progresses have been achieved for
CMPs as electrode materials in LIBs (Table 4).

6.3.1.1 CMPs as Electrode Materials for LIBs

Due to the high surface area and multisurface reaction sites, the robust porous
network and insoluble organic solvent properties, as well as monomer diversity and the
variety of synthesis methods, a series of CMP electrode materials have been used for
LIBs [74,333,336,366,367]. For example, Jiang et al. reported that the
hexaazatrinaphthalene CMP (HATN-CMP) cathode material of LIBs has a first cycle
capacity of 147 mAh g! and the capacity retention rate of 61.9% after 50 charge-
discharge cycles [76]. Yang et al. used carbazole and benzothiadiazole based CMPs as
free anodes, with capacities of 1047 and 215, 161 and 117, 117 mAh g at 20, 500,
1000 and 2000 mA g!, respectively [333].

The construction of CMP networks is helpful to prevent the leakage of electroactive
units. A newly designed hexaazatrinaphthalene CMP (HATN-CMP) prepared by
haxaazatrinaphthalene (HATN) unit to construct the skeleton with redox activity and
the crosslinked porous skeleton with high surface area for LIB energy storage (Fig. 37A

and B) [76]. The HATN edge may leak during the recharging and discharging cycle
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process, while the HATN unit can be interwoven into the network of HATN-CMP to
greatly reduce the leakage of the HATN unit into the electrolyte. In the crosslinked
skeleton, the redox-active units and graded nanopores work together to facilitate the
electrochemical processes involved in energy storage and release. Therefore, the CMP
network structures not only make efficient use of the active cell of the batteries but also
enhances their cycling performance. The redox-active unit in the HATN-CMP skeleton
serves as the active unit of the energy storage and power supply module, and the high
surface area of its inherently open nanopores contact with lithium ions to promote
charge dynamics. Compared with the HATN, the HATN-CMP with built-in redox-
active skeleton and permanent nanopores has a nearly uniform coulomb efficiency, high
capacity, and excellent cycling stability. HATN-CMP shows the capacity of 91mA h g
!'(Fig. 37C) after 50 cycles, which is much higher than that of monomer HATN (13mAh
g!), and compared with HATN monomer, which only lost 30% of its original capacity
(Fig. 37D, black curve) in 2 cycles and only retained 25% after 50 cycles, HATN-CMP
still retained 62% of its original capacity after 50 cycles (Fig. 37D, red curve). This
significant reduction in capacity is related to the ease with which the HATN monomer
on the cathode surface dissolves into the electrolyte. Meanwhile, the discharge-charge
capacity reflects that HATN-CMP maintains a coulomb efficiency of up to 100% over
50 cycles, which proves the high efficiency of charge and ion in the electrochemical

reaction.

Please insert Fig. 37

The high surface area of CMPs improves the contact area with the electrolyte, which
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provides more surface locations for electrode reversible reactions, and is beneficial to
the reversible redox reaction of Li* and shortens the Li* diffusion path resulting in
reduced charge transfer resistance, thus improving the performance of the battery
[75,337,368]. PTTPAB was designed and synthesized by chemical oxidation
polymerization  of  triphenylamine  derivative  1,3,5-tris(4-diphenylamino-
phenyl)benzene (TTPAB) (Fig. 38A) [335]. The corresponding PTTPAB powder has
the unique microporous structure (the average micropore diameter of 0.68 nm, the
mesopore diameter of ~2-5nm) and flowering spherical shape (BET specific surface
area, 595 m? g'!) (Fig. 38B), which are beneficial to enhance the rate performance of
the battery. Compared with a typical p-doped radical polymers polytriphenylamine
(PTPAn), The PTTPAB shows a more stable cycle-specific capacity (Fig. 38C, 86.7
mAh g') over 50th charging/discharging cycle, and higher coulomb efficiency (Fig.
38D, 98%), as well as better rate performance (Fig. 38E, 84, 82, 81, 80, 84 mAh g!) at

a current rate of 50-500mA g

Please insert Fig. 38

In addition to the high surface area of the fine pore structure that can enhance the
electrochemical performance of CMPs, the molecular structure also greatly affects the
electrochemical performance. Polythiophene, an N-doped conjugated polymer with
reversible redox behavior, the content, cross-linked porous structure and surface area
of thiophene play an important role in improving its electrochemical performance.
Through the structural design and synthesis of a series of thiophene-containing CMPs

with different thiophene contents and specific surface areas, namely poly(thiophene)
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(PT) and poly(3,3"-bithiophene) (P33DT) (Fig. 39A), the influence of the molecular
structure of CMPs on the electrochemical performance of LIB was compared [75]. The
results show that the content of thiophene, crosslinked pore structure, and specific
surface area play an important role in improving the electrochemical properties of
thiophene. Compared with PT (Fig. 39B, 141 mAh g! at 3000 mA g'), P33DT has
better rate performance (Fig. 39B, 387 mAh g at 5000 mA g!). P33DT anode has a
high capacity (Fig. 39B, 1215mAh g! at 45mA g!) and longer cycle life (Fig. 39C, 663
mAh g! at 500 mA g after 1000 cycles) due to its unique structure of highly
crosslinked porous characteristics, high thiophene content and large specific surface

area. Fig. 39D shows the charging and discharging mechanism of thiophene conjugated

polymer.

Please insert Fig. 39

Cation— interaction [369-371], effectively aggregates Li* around the polymer chain
and further reduces the diffusion distance of lithium ions, allowing Li* to react more
quickly with the active groups on the polymer surface. As a representative aromatic
compound, indole has abundant electronic structure [372,373], makes it easier to form
a cation-interaction with Li". Meanwhile, introducing heteroatoms such as O and N into
conjugated systems can promote redox reactions at active sites with lone pair electrons
[374-376]. The unique aromatic structure of indoles containing N-heteroatoms also
provides high redox activity and many active sites to receive Li" through a reversible
electrochemical Li addition reaction to form a cation—r interaction. As shown in Fig.

40A, indole-based CMP poly(bisindolylmaleimide) (PBIM) obtained by FeCl; catalytic
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oxidative coupling reaction [337]. The cationic-r interaction formed and unconfined at
the discharge-charging process are shown in Fig. 40B. The PBIM prepared as the anode
material of LIB showed high capacity (Fig. 40C, 1172 mAh g at 50 mA g), high
coulomb efficiency (Fig. 40C, 99.2%), excellent cycle life (Fig. 40C, 1000 cycles), and
ascendant rate performance (Fig. 40D, 0.05, 0.1, 0.3, 0.5, 1, 2, and 2.5C at 807, 701,
589, 525, 427, 323, and 214 mAh g, respectively; 1C = 1967 mA g!), which are
attributed to the reversible cationic interaction and the unique aromatic structure
containing N heteroatoms. To develop new electrode materials for large-scale energy
storage applications, further exploration of CMP materials is still needed, especially the

development of diverse CMP materials in terms of application.

Please insert Fig. 40

6.3.1.2 CMPs as Precursors for Electrode Materials of LIBs

Porous activated carbon, a special hard carbon, has high surface area and abundant
internal porous structure, and is a promising candidate for high-performance LIB anode
materials. There are various preparation methods and precursor substances for the
preparation of activated carbon. For example, the use of plant tissues with supporting
structures [377-379] as precursors of activated carbon materials can significantly
reduce not only the economic costs and environmental pollution from agricultural waste
disposal, but also the raw material costs for the preparation of activated carbon.
However, these plant tissues can become contaminated with many minerals during
extraction and transportation [378]. The ash produced by the high temperature

calcination of these minerals may reduce the catalytic performance and mechanical
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strength of the derived activated carbons [378,380]. Therefore, a series of pretreatment
processes are required for the preparation of activated carbon materials derived from
plant tissues [377,378].

Besides, for MOFs materials [381-385], it has adjustable pore structure and ultra-
high surface area, and there are plenty of combinations to try. A good strategy is to use
MOF materials as precursors to prepare more stable conductive carbon materials. In
this way, it can solve the problems of instability and poor conductivity of MOF
precursors, and endowing MOF-derived carbon materials with high porosity, large
surface area, multiple layers and adjustable structure of the precursors. However, it
should be noted that although thousands of MOFs materials have been reported so far,
the selection of suitable precursor materials is limited [383]. Therefore, more efforts
are needed to explore more alternative and cheap MOFs materials.

The surface properties and pore structure of CMPs can be adjusted by changing the
geometric shape and chain length of CMP monomers, or by doping different
heteroatoms or metals. CMPs can also be modified by the post-synthesis method.
Therefore, CMP is also an ideal precursor material for preparing porous carbon.
Meanwhile, CMP materials are simple in composition and mainly composed of C and
H, as well as can provide more suitable options for preparation of derived porous carbon.
Based on the easily adjustable porosity of CMPs, the performance of CMP-derived
porous carbon can be changed by adjusting the length of the monomer pillar in the CMP
precursors [386]. This also means that CMP-derived porous carbon electrode materials

with ideal structure can be more rational designed and prepared by adjusting the
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structure of CMP materials, which may provide an idea for the rational design and
preparation of CMP-derived porous carbon anode materials as high-performance LIBs.
Nitrogen-doped porous carbon nanoparticles (NPCN-KOH) with the improved porous
structure were obtained by pyrolysis of nitrogen-containing conjugated porous polymer
(NCMP) and high-temperature activation of KOH [387]. NPCN-KOH has a more
disordered structure and a high specific surface area of 1845 m? g'!. These unique
functions ensure that NPCN-KOH has a high reversible capacity of 818 mAh g'!, a high
rate performance of 818 mAh g at 0.1C, and long cycle life (527 mAh g!, the capacity
retention rate of 97.6% after 600 cycles). As well as the reversible capacity of NPCN-
KOH is 857 mA h g at 0.1C, which is exceeding other porous carbon [388-390].
More stable composites can be obtained by embedding metals or metal oxides into
the CMP-derived materials [391-394]. After the synthesis of porous carbon nanotubes
(PCNTs) by the simple pyrolysis of CMP nanotubes, the incorporation of MnO
nanoparticles into PCNTs (Fig. 41A, MnO-PCNTs) can further improve the
performance of PCNTs [392]. As shown in Fig. 41B, the microstructure of MnO-
PCNTs is like that of PCNTs, and the MnO nanoparticles are located inside the PCNT.
Compared to PCNTs (276.4, 228.0, 199.7, 170.1, 155.7, 138.1, 114.6, 93.3, and 79.7
mAh g') and MnO-CNTs (545.9, 466.1, 419.5, 351.1, 301.2, 235.4, 170.1, 127.6, and
101.9 mAh g'!), MnO-PCNTSs have better rate performance MnO-PCNTs (539.3, 447.7,
392.2,345.1,313.0,282.2,227.4,179.2 and 160.8 mAh g') at 0.2 t0 0.5, 1, 2, 3, 5, 10,
20 and 30C, respectively. This suggests that the addition of MnO nanoparticles can

greatly improve the performance of PCNTs and that MnO-PCNTs have a unique
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structure to prevent MnO from being crushed in the process of repeated charging-
discharging cycles. The impedance data of the equivalent circuit (Fig. 41C, inset)
represent, compared with PCNTs (235 U) and MnO-CNTs (258 U), the charge transfer
resistance of MnO-PCNTs is 173 U (Fig. 41C), which is because MnO nanoparticles
are dispersed in PCNTs, which made the composite materials have high electron

conductivity and ion diffusion ability.

Please insert Fig. 41

Recently, Fe304-SPC is successfully prepared by simply pyrolysis SCMP and mixing
it with Fe(NO3)3-9H>0 and Fe(CH3COO),-4H>0 [394]. The protection of SPC avoids
the huge volume change caused by the crushing of Fe3;Os during the repeated
discharge/charge cycle. Fe304-SPC is a graded polymer composed of nanoparticles and
containing Fe3O4 crystals with a face-centered cubic structure. Compared to naked
Fe304, these special structures enable Fe3O4-SPC to exhibit good cyclic capacitance of
897.2 mAh g'at 0.6 A g over 300 cycles, which can be attributed to the reversible
growth of the gelatinous polymer layer under the action of transition metal oxides
[395,396]. Furthermore, the reversible capacity of Fe304-SPC (926 mAh g'!' at 100 mA
g ) is higher than the Fe3O4, which are attributed to sulfur-enriched host and an open

porous structure to provide more lithium storage site.

6.3.2 CMPs for Sodium-lon Batteries

Energy storage is critical to the sustainable development of energy, leading to a

growing demand for energy storage devices, especially for integrated energy storage

75



1572

1573

1574

1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

systems, and the development of advanced energy storage technologies beyond LIBs is
expected. SIBs are expected to complement this field because they are lighter, more
flexible, more environmentally friendly, and have a high global stockpile. CMPs
provide an effective platform for the development of the next generation of advanced
SIBs with multifunctional organic/polymer electrodes [343].

Recently, highly porous azo-linked polymers (ALPs) have been used for the first time
as redox-active electrode materials for a new rechargeable SIBs [344]. ALPs are highly
cross-linked polymers with high surface area and a n-conjugated microporous property,
which eliminates the solubility problem of organic electrodes in common electrolytes,
facilitates the absorption of electrolytes, and assist ion transport and charge transfer.
Among them, the theoretical capacity of ALP-8 polymer with azo-linked was calculated
based on a four-electron redox reaction (Fig. 42A). The tilt of the charge-discharge
curve (Fig. 42B) is due to the complex electronic properties and redox reactions in the
amorphous structure as well as the embedding of Na* [397,398]. As can be seen from
Fig. 42B, the contribution of Na" embedding to capacitance is small. The ALP-8
electrode showed high cycling performance, and the reversible capacity (2"%) is 194
mAh g! (70% of the theoretical capacity) at 0.3 C (Fig. 42C), and maintain a specific
discharge capacity of 170 mAh g™ after 150 cycles. In the case of high current density,
the limited mobility of Na", and the decrease of electronic conductivity of the cathode
material tend to reduce the capacity. Therefore, the discharge capacity of the battery at
different current densities was measured to verify its rate capacity, as shown in Fig.

42D, ALP-8 shows excellent rate performance of 108, 88, 70, 57, 42 mAh g'! at 1, 4,
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10, 20, and 40 C (1 C =278 mA g!), respectively.

Please insert Fig. 42

6.3.3 CMPs for Potassium-lon Batteries

Additionally, KIBs also are competitive energy storage devices due to the K/K redox
potential (2.93 V relative to the standard hydrogen electrode) similar to Li*/Li (3.04 V)
[399]. However, the cycle stability of the KIBs is generally poor due to the large volume
changes caused by the insertion/extraction of K [400-404]. The extended n-conjugated
structure of CMPs is conducive to improving the cyclic stability and rate performance
of KIBs [346]. However, the relationship between the structural and performance of
CMPs needs further exploration.

Recently, two series of CMPs (Fig. 43A, bromated benzene (Bz)-containing CMPs
and benzothiadiazole (BT)-containing CMPs) with different structural units were used
as the anode for KIBs [345]. A comparative study of the structure-performance
relationship shows that the LUMO distribution, LUMO energy level, and bandgap have
a great influence on the storage capacity of K*. The high delocalization of LUMO orbit
is conducive to the high charge delocalization along with the polymer networks, and
reduces the charge density of the redox-active site, thus achieving high redox activity
and inhibiting side reactions between the polymer and the electrolyte. The electronic
structure of CMPs can be adjusted by synthesis control. For example, the LUMO energy
level and bandgap of Bz-containing CMPs can drop from PhBT to PyBT. Low LUMO
levels and narrow band gaps confer high electron affinity and conductivity on CMPs.
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Therefore, the polymer PyBT composed of pyrene and benzothiadiazole units exhibits
excellent KIB electrochemical properties, such as excellent rate performance at
different current densities from 30 to 500 mA g™ (Fig. 43B), a high reversible capacity
of 428 mAh g at 30 mA g! and excellent capacity retention of 272 mAh g "' at 50 mA
gl over 500 cycles (Fig. 43C). The K storage mechanism of PyBT (Fig. 43D) was
investigated by FTIR spectral analysis under different discharge-charge states (Fig. 43E
and F). The introduction of the BT unit is beneficial to the increase of the redox activity

of CMP electrodes.

Please insert Fig. 43

6.4 CMPs for Supercapacitors

Supercapacitors, because of their long cycle stability, high energy density, superfast
charging and discharging rate, low maintenance costs, and safety of such outstanding
features and attention [405-407]. Normally, supercapacitors store energy in two
different ways: (i) non-Faradaic processes about electrochemical double-layer (EDL),
and (i1) Faradaic processes generated by a reversible redox process (pseudocapacitance)
at the electrode interface. In EDL-based supercapacitors, the principle of electrical
energy storage is through adsorbing ions to the surface of an electrode in response to
the applied potential, and improve the porous electrode can promote maximum
capacitance. While in pseudocapacitors, a rapid and reversible redox reaction in the
electrode surface produces Faradic pseudocapacitance and can generate the capacitance
associated with the electrode charging potential within the entire electrode. Therefore,
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pseudocapacitors capacitance than involves only the capacitance of EDL.

Carbon and carbon allotropes, such as carbon nanotubes and graphene, are one of the
main research materials for electrode materials for commercial supercapacitors owing
to their high conductivity, large surface area, good chemical stability, pore structure
engineering, heteroatoms doping, and the potential of new carbon materials [408-410].
Additionally, CMPs as an emerging material platform for supercapacitors have got
attention from scientific researchers and engineers [343,411-414]. They can be used as
the electrode materials or precursors of carbon electrode material for supercapacitors
owing to their high surface area, inherent micropore volume, and conductive network

skeleton (Table 5) [189,343,412-419].

Please insert Table 5

6.4.1 CMP as Electrode Materials for Supercapacitors

In 2011, Jiang et al. first reported the effect of the synthetic aza-fused CMPs (Aza-
CMPs) on supercapacitors' energy storage and power supply [138]. Aza-CMPs have a
conductivity aza-fused skeleton, closely aza-fused element, and the inherent micropore
and high surface area, prompting the concentration of proton, ion of fast-moving, and
the formation of the electrostatic charge separation layer, thus are used as electrode
materials for the preparation of supercapacitors with larger capacity, higher energy
density, and good cycle life. In 2016, A novel b-ketoenamine-linked CMP (KECMP-1)
synthesized by  Schiff-base  microwave-assisted condensation of 1,3,5-
triformylphloroglucinol with m-phenylenediamine [420]. KECMP-1 displays a high
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specific capacitance of 252 F gl at 1 A g’!, excellent cycling stability and long cycle
life (retaining 130% of the initial capacitance of 160 F g™ at 20 A g' over 10000 cycles)
for supercapacitors, which is much better than that of similar COF electrodes’
electrochemical performance [421]. The remarkable electrochemical properties of
KECMP-1 are due to its unique N-H groups and abundant pores that facilitate rapid ion
and electron transport through the interface between the electrodes.

The introduction of redox-active structural units into the electrode material [416,422]
can significantly enhance the capacitance of the supercapacitor [406]. 1,4-bis(3-
phenylpropynoyl)benzene (BPPB) with reversible redox behaviors were crosslinked to
form CMP materials, and then form the hollow shell structure H-CMP-BPPB by
template synthesis [418]. The hollow structure of H-CMP-BPPB may be beneficial to
the diffusion of electrolyte into the CMP material, to make full use of the redox
substances in the material [179,423,424]. As shown in Fig. 44A, CMP-BPPB, and a
CMP without BPPB are prepared using monodisperse silica spheres as hard templates
and 1,3,5-triethynylbenzene and 1,4-diiodobenzene as the reactant, and then obtained
H-CMP-BPPB and hollow CMP without BPPB (H-CMP) through etching of silica
templates. The hollow structure of the polymer materials is shown in Fig. 44B. H-CMP-
BPPB coin type pseudocapacitor has high cycling stability, after 10 000 cycles,
maintained capacitances of 90%, and 85% of the first cycle capacitance at 1 and 6A g’
!, respectively (Fig. 44C). As well as the Nyquist plots of H-CMP-BPPB and TEM
analysis before and after the reaction also indirectly proves the stability of H-CMP-

BPPB (Fig. 44D). Furthermore, the introduction of carbonyl groups has very little effect
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on the chemical composition of CMP, which may be beneficial to the material's weight

to the capacitance ratio.

Please insert Fig. 44

Strong electron donor 2,6-diaminoanthraquinone (DAQ) combined with receptor
aryl bromides to form a series of novel CMPs, namely, polyaminoanthraquinone (PAQ)
networks such as PAQTA, PAQTB, PAQCB, PAQTM, and PAQSF (Fig. 45A) [412].
The surface area of PAQs can be up to 600m? g, which has good dispersibility in polar
solvents and can be processed into flexible electrodes for supercapacitors. Compared
to other electronic donors including triphenylbenzene (TB), carbazole (CB),
tetraphenylmethane (TM), and spirobifluorene (SF), the triphenylamine (TA) in
PAQTA network is the strongest electron donor, so to the effective combination of
anthraquinone (AQ) all the charge. Considering the relatively high redox properties of
PAQTA and its minimum surface area compared with other PAQs, the larger capacity
of PAQTA may depend on the redox activity mechanism rather than the double layer
mechanism. The redox mechanism of PAQTA is based on the amalgamation of a strong
electron donor unit TA and a receptor unit AQ (Fig. 45B, C, and D), of which AQ's
redox mechanism involves the reduction of two electrons (Fig. 45B). TA, which can be
oxidized to free radical cations, obtain two-electron delocalized bipolarons (Fig. 45C),
providing extra redox-active sites. The total discharge process is shown in Fig. 45D, of
which AQ and bipolaron are reduced, AQ ion and TA are oxidized. These two processes

involve the concurrent exchange of protons and anions with the electrolyte.

Please insert Fig. 45
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Besides, the inimitable nitrogen-rich properties and porous structure of these
polymers also contribute to their high electrochemical properties. Two redox-active
CMPs (TAT-CMP-1 and TAT-CMP-2) prepared by nitrogen-rich and highly conductive
triazatruxene building blocks were used as outstanding electrode materials for
supercapacitors application [416]. Fig. 46A display the prepare routes of TAT-CMP-1
and TAT-CMP-2, which show the unique porous and nitrogen-rich structure.
Galvanostatic charge-discharge tests (Fig. 46B, C) reveal rapid ion transport and
electron propagation in these CMP electrodes. The discharge slopes suggest the
relationship between the electrochemical properties of these polymers and their
nitrogen content. Due to their inherent porous structure with high N content to provides
more redox active sites, they exhibit a high specific capacitance (>160 pF cm™) at a
low surface area. Importantly, cyclic experiments (Fig. 46D) of TAT-CMP-1 and TAT-
CMP-2 indicate that they have outstanding cyclic stability, with cycle efficiency of 95%
and 83%, respectively, at 10 A g' over 10000 cycles. The nitrogen groups are conducive
to trigger pseudocapacitance and affect the capacitance of the polymer materials, which
provides a pathway for the rational design of electrode materials with excellent

properties for supercapacitors.

Please insert Fig. 46

As described in the previous section, 2D CMP materials with high electrical
conductivity, good redox activity, and a large porosity rate are prepared. These porous
membranes with large surface area, low energy band, and high ion transport rate can be

used as electrode materials with high capacity and wide potential window for
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supercapacitors [413,425]. In 2018, 2D CMP composites (Fc-CMPs/rGO) were
prepared using 2D rGO and Fc-CMPs with built-in redox-active ferrocene elements
[413]. The covalent binding of Fc-CMPs with rGO through the surface initiates
polymerization, and the porous polymer shell completely wraps the outer surface of the
graphene nanosheet to form a sandwich structure. The storage mechanism of Fc-
CMPs/rGO not only depends on the ion adsorption on the electrode surface but also can
store the pseudocapacitance through the redox reaction on the surface, so the total
capacitance is increased. Then, the high porosity of Fc-CMPs is beneficial to electrolyte
transfer and improves the utilization efficiency of ferrocene units. As well as, the
synergy between Fc-CMPs and highly conductive rGO leads to rapid electrochemical
reaction kinetics, providing excellent electrical conductivity during the charging and
discharging process. This reasonable combination of redox-active CMPs and
conductive rGO in a 2D porous skeleton opens a way for the design and manufacture

of a new generation of supercapacitors.

6.4.2 CMPs as Templates and/or Precursors of Electrode Materials for

Supercapacitors

CMP materials are conjugated in nature and many of them can be used directly for
electrochemical applications. Additionally, some CMP materials are not conductive.
High-temperature carbonization can improve the porosity and conductivity of carbon-
based materials [426-428]. CMPs can be used as precursors and/or templates to prepare

porous carbon materials with excellent electrochemical properties through pyrolysis
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[90,429,430]. These CMP-derived carbon materials are excellent electrode materials
for supercapacitors. For example, compared to porous carbon without a template, the
hierarchically porous carbon nanosheets obtained by pyrolysis conversion of carbon-
rich graphene-templated CMP hybrids (G-CMPs) that showed better electrochemical
performance as electrode material [431]. The use of these porous carbon electrode
materials for supercapacitors resulted in a 48% increase in capacitance. Their CV
curves show typical symmetrical and rectangular shapes, indicating ideal capacitance
behavior. As well as, the layered pore structure of the sandwich with a large aspect ratio
is conducive to the rapid ion transport.

Cooper’s group directly carbonized poorly conducting CMP electrodes to produce
porous engineered carbon, which generally helps ions flow through the electrode [432].
The effect of carbonization activation on the capacitive behavior of CMPs was
investigated by using voltammetry and static current charging and discharging
techniques. These conductive carbonized CMPs exhibit ideal ultra-capacitive behavior
with a high capacitance of 175 F g in an acidic electrolyte and no significant
capacitance attenuation after 10,000 cycles. Moreover, the investigation also reveals
that the specific capacitance they can reach in alkaline solution is as high as 260 F g!,
and their performance does not decline significantly after 10,000 charge-discharge
cycles. Carbonization is an activation method that converts the original CMP materials
with poor electrical conductivity into porous carbon materials with better electrical
conductivity than the original CMPs and common carbon materials. These preliminary

investigations pave the way for further improvements in the performance of
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supercapacitors.

To directly pyrolysis CMPs into 2D porous carbon nanosheets, Yuan et al., the first
to use 4-iodophenylsubstituted graphene (RGO-I) template as a guide to building rich
nitrogen graphene CMP sandwich structures (GMPs), then, GMP sandwiches are
directly pyrolysis to prepare the structurally clear plastic-doped porous
carbon/graphene nanosheets (Fig. 47A) [433]. The microporous polymer shells
spontaneously grow on both sides of the graphene 2D template, ensuring the complete
separation of sheets of graphene-based complexes even during the subsequent high-
temperature treatment. SEM, high-resolution transmission electron microscopy
(HRTEM), and atomic force microscopy (AFM) showed that all GMPs have uniform
sheet shapes (Fig. 47B). The obtained 2D GMP hybrids have a large aspect ratio and
BET specific surface area up to 852 m? g’!. Porous carbon and graphene have good
electrical conductivity and two-dimensional electron transport capacity, which can
realize rapid charge transfer in the process of charging and discharging. As well as the
close contact between the porous carbon and the graphene layer, the optimal interface
interaction provides a large electrochemically active surface area for charge transfer
and a minimum ionic diffusion length during charging and discharging, thus effectively
improving the capacitance performance of the supercapacitor. Interestingly, a series of
three separate GMP-based supercapacitors shows enhanced capacitance (Fig. 47C and
D). Compared with single-cell supercapacitors, the galvanostatic charge-discharge
(GCD) working voltage of three GMP-based supercapacitors connected in series is

increased by 3 times at the same current density and almost the same charge and
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discharge time (Fig. 47D).

Please insert Fig. 47

Doping and good porosity are two important factors in the application of porous
carbon materials. Carbonized doped CMP skeletons is a very advantageous strategy for
the preparation of porous carbon electrode materials. Ren’s group carbonized
reasonably designed n-doped CMP precursor to prepare N-doped porous carbon
material (NPCM-1) [434]. Because nitrogen doping improves electrical properties and
optimizes pore structure, NPCM-1 shows good performance in ultra-capacitor energy
storage. Also, Lim et al. synthesized iron-porphyrin CMP by Suzuki reaction and first
time through pyrolysis to obtain Fe-Nx/C electrode material (Fe-P800) [435]. The
formation of the M-N-C bond between the metal and the carbon material establishes a
direct interaction, which in turn significantly improves the conductivity of the material.
Compared with pure nitrogen-doped porous carbon (P800), the specific capacitance of
Fe-P800 is increased by twice, showing robust stability. The metal (iron) center has an
electronic access point, which provides a fusiform effect for charge transfer to the
conductive graphite matrix through its highly reversible redox reaction, thus improving

the performance.

6.5 CMPs for Fuel Cells

Fuel cells first appeared in the 19th century, H. Davy used carbon as fuel, oxygen as
oxidant and nitric acid as the electrolyte to prepare carbon and oxygen batteries. In 1839,
W. Grove used platinum as the electrode, sulfuric acid as the electrolyte, and oxygen as
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the fuel and oxidant to obtain electricity from gas and oxygen. The name of “fuel cells”
was first proposed by L. Mond and C. Langer in 1889. However, due to the limitation
of technological levels, such as the cost of the noble metal platinum electrode, the
production of oxygen and many other obstacles cannot be overcome, so people
gradually forget about the fuel cells. Today in the 21st century, energy crisis and
environmental pollution have become two major problems in human development.
Meanwhile, more than 200 years have passed since the concept of fuel cells was
proposed, they seem to have become one of the most potential options to solve the
energy crisis and environmental pollution. Currently, the use of CMPs as an oxygen
reduction electrodes for fuel cells [436-440], in particular, the redox activity and
conductive CMPs, is aimed at addressing three essential points that limit the
development of oxygen reduction reaction (ORR): (i) construction of low-cost
electrode materials, (ii) construction of conductive structures, and (iii) production of
sufficient Oz binding sites in porous networks. Here, recent advances in the use of
CMPs as a platform for fuel cells are described (Table 6) [436-438,440-445], including
CMPs as an electrode catalyst for fuel cells, and CMPs as catalysts carriers or catalysts

precursors for fuel cells.

Please insert Table 6

6.5.1 CMPs as Electrode Catalysts for Fuel Cells

Currently, pure metal-free original CMPs as oxygen reduction catalysts used in fuel

cells are still rarely reported. Maji et al. prepared electrochemical active CMPs, TPA-
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BP-1 and TPATPE-2, by Sonogashira—Hagihara coupling of tris(4bromophenyl)amine
with 1,1,2,2,-4,4"-diethynylbiphenyl and with tetrakis(4-ethynylphenyl)ethane,
respectively (Fig. 48A) [442]. The prepared CMPs system has a dense nitrogen site that
is easy to bind to oxygen molecules. The prepared CMPs system has a dense nitrogen
site that is easy to bind to oxygen molecules, and tris(4-bromophneyl) amine as hole-
transporting  bodies, and 1,1,2,2 tetrakis(4-ethynylphenyl)ethane and 4,4’-
diethynylbiphenyl as suitable acceptors, the whole system is easier to transfer electrons
and easier to carry out electrocatalytic reduction and has appropriate ORR onset
potential and good current stability. Cyclic voltammetric curves, linear sweep
voltammetric curves, and the chronoamperometric study indicate the potential
application of these metal-free CMPs in ORR (Fig. 48B). These metal-free porous
organic catalysts open the way for low-cost and effective fuel cells due to the

appropriate donor nodes and acceptor units in their structure.

Please insert Fig. 48

Phthalocyanines (Pcs) and porphyrins (Pors), nitrogen-rich conjugated macrocycles,
both have excellent electrocatalytic activity, and CMPs based on Pcs-Pors are still
infrequent. Liu et al. proposed a strategy to alternately connect phthalocyanine
monomers and porphyrin monomers into 2D conjugated porous networks through
aromatic linkage, including FePcZnPor-CMP, ZnPcFePor-CMP, FePcFePor-CMP, and
ZnPcZnPor-CMP [441]. The main advantage of this strategy is that the 2D porous
network structure composed of conjugated macrocycles and aromatic links and the

complete m-conjugated structure is conducive to the complete exposure of the catalytic
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active sites and the promotion of electron transfer. The results of CV showed that two
kinds of FePc-CMPs showed excellent ORR catalytic activity in an alkaline
environment, with Ei2 up to 0.863-0.866 V. These results are beneficial to the design

and synthesis of new catalysts with enhanced ORR catalytic properties.

6.5.2 CMPs as Supports of Catalysts for Fuel Cells

CMPs are excellent carriers of catalytic active components because of their highly
stable porous skeleton [446]. In the previous discussion, Roy et al. demonstrated the
role of TPA as a redox center in electrochemical reduction [442]. Recently, Maji et al.
reported a donor-receptor CMPs (TPA-PDI) based on tris-(4-aminophenyl)amine (TPA)
and perylenediimide (PDI) with stable charge separation and semiconductor behavior
[212]. PDA and its derivatives are excellent electron acceptor parts that bind to TPA to
produce efficient electron transfer within the networks. TPA is the redox catalytic
activity center, which can reduce metal salts into their nanoparticles. TPA-PDI, with
their conductivity and natural oxygen binding site, is an excellent metal-free catalyst
for catalytic ORR, and can also be used as an excellent carrier of metallic (Au and Co)
NPs (Fig. 49A). The Au and Co NPs are uniformly and stably loaded on the TPA-PDI
matrix (Fig. 49B-E), and the two new nanocomposites (Au@TPA-PDI and Co@TPA-

PDI) have significantly improved overall electrocatalytic activity and stability.

Please insert Fig. 49
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6.5.3 CMPs as Precursors of Catalysts for Fuel Cells

As mentioned above, the graphene excitation strategy is an emerging strategy for the
synthesis of CMP films with large aspect ratio and high specific surface area, which
can be used for the pyrolysis of heteroatom-doped 2D porous carbon. Feng’s group
based on monomers of thiophene-, thiazole- and pyridine- polymerized with 1,3,5-
triethynylbenzene on the surface of graphene via Sonogashira-Hagihara reaction to
obtain a large aspect ratio and high surface area porous polymer nanosheet (GMPs),
thiophene-containing GMP-S, thiazole-containing GMP-NS, and pyridine-containing
GMP-N, then template-less thermal carbonization of the polymer nanosheets produced
2D heteroatom-doped porous carbon (GMC), GMC-S, GMC-NS, and GMC-N (Fig.
50A) [430]. The TEM images (Fig. 50B) display many independent flakes in a form
like graphene. CV (Fig. 50C) shows that the ORR onset potential of GMC-S is 0.15 V
and the peak potential is 0.28 V, lower than that of GMC-NS and GMC-N. The
galvanostatic charge/discharge curves experiment (Fig. 50D) shows GMCs’ excellent

ORR performance and excellent supercapacitive behavior (244-304 F gl at 0.1 A g!).

Please insert Fig. 50

Furthermore, Feng’s group prepared templated 1D CMP by the layer-by-layer
templating method and used it as a precursor for direct pyrolysis to product 1D three-
layers heteroatom-doped porous carbon nanotube (CNT). The CNT has a high specific

2

surface area of up to 750 m? g, graded porous structure, and outstanding

electrochemical catalytic performance for ORR [177]. The Diffusion-limited current
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density of 4.4 mA cm™? and electron transfer number of 3.8 of three-layer CNT are
superior to the correlated arbitrary 1D porous carbon, which shows that reasonable
design and control of the shape types of CMP and derived heteroatomized porous
carbon is an excellent strategy for the preparation of fuel cells with excellent
performance.

Similarly, Scherf et al. prepared a MoS; template Co-containing CMP (MoS,-Co-
CMP) sandwich using a structurally oriented, base plane functionalized MoS, template
[447]. M0S,-Co-CMP pyrolysis and acid leaching resulted in a MoS,-cored layered
porous carbon hybrid (MoS,-Co-C) with a high specific surface area. Layered porous
carbon shells with uniformly distributed N-doped atoms, and catalysis of CoN and/or
CoNC motifs are involved, as well as, there may be a synergistic effect between the
MoS:; template and the heteroatom-doped porous carbon shell. Therefore, the MoS;-
Co-C sample has a high electrochemical energy storage capacity for ORR, its high
capacitance value is up to 288 F g!, and it has significant cycling stability (capacitance
retention of 99% at 5 A g™ over 4000 cycles).

Klaus et al. synthesized Fe/Co N-doped carbon without templates using porphyrin-
based CMPs as precursors [437]. It has inherent porosity and large surface area,
excellent thermal stability, and high density of MN4 (CoN4 and FeN4) units with precise
connections. The reasonable localization of the active site of MNy4 is conducive to
enhancing the performance of non-noble metal-based catalysts for ORR. Among them,
the presence of CoNs contributes to the increase of the ratio of catalytic active

substances, and the spatial distance between CoN4- and FeNy- sites can compensate for
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the catalytic selectivity of CoNy, as well as the FeNy site has a higher electron density.
Meanwhile, Chen’s group prepared N-rich porous organic polymers by Schiff-base
method of ferrocene (Fc) with melamine/melem, as a precursor, the polymers were
carbonized to obtain N-doped porous carbon nanocomposites [444]. Among them, The
N-Fc-800 as a cathode catalyst to assemble a rechargeable zinc-air battery, showed
excellent catalytic activity, with a high onset potential of 0.96 V and a half-wave
potential of 0.82 V, as well as excellent stability and charging and discharging cycles
(200 cycles). These non-noble metal catalysts are conducive to improving the
electrochemical performance of the ORR catalytic material, which contributes to the
development of new, cost-effective, and environmentally friendly materials for fuel
cells.

Wang et al. loaded metal nanoparticles in situ into N-doped carbon matrixes (MNCs)
based on heat-treated metallophthalocyanine-CMPs [445]. Various metal nanoparticles,
including Co, Fe, and Cu, can be uniformly immobilized in the porous N-doped carbon
frameworks and interact with the N active site, which acts as a catalyst for ORR and
show enhanced diffusion kinetics. Due to the effective synthesis strategy and specific
structure, the obtained MNCs showed high catalytic performance on ORR in both
alkaline and acidic media, with a larger half-wave potential and a favorable limiting
current, and almost carried out oxygen reduction reaction for the four-electron transfer
pathway. MNCs, as a cathode catalyst for Zn-air batteries with stability and methanol
acceptance, provides a new strategy for the design and preparation of highly active

ORR composite catalysts for fuel cells.

92



1936

1937

1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

6.6 CMPs for Solar Cells

Organic photovoltaic (OPV) devices, under irradiation, the active layer is stimulated
by light to generate a charge that is transmitted to the electrode to provide a photovoltaic
effect, which has always been the star attraction in the field of clean energy
[80,448,449]. Among them, perovskite solar cells (PSCs) has the advantages of a high
light absorption factor, wide spectral absorption range, rapid carrier migration speed,
and long diffusion length, and the solid PSCs can overcome the technical difficulties of
encapsulation in practical application, their power conversion efficiency (PCE) has
increased from 3.8% to more than 20% in the past few years [450-452]. PSCs generally
consist of metal electrode, hole-transporting layer (HTL), perovskite layer, mesoscopic
support, and electronic selective layer (ESL). Currently, indium tin oxide (ITO) is
usually used as an anode to collect holes, and low-power function metals (such as Al
and Ag) are usually used as cathodes to collect electrons. The insertion of the HTL
between the ITO electrode and the active layer can facilitate hole extraction and thus
enhance PCE [453,454]. Poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) is used as the main material in the HTL owing to its high conductivity,
low opacity, and outstanding film formation [455]. However, the moisture absorption
and acidity of PEDOT:PSS tends to erode ITO, resulting in poor chemical stability of
PEDOT-based devices and a rapid decline inefficiency, which greatly reduces the actual
service life of solar cells. To find the candidate materials of PEDOT:PSS and improve
the stability of PSCs, many attempts have been made in the search for new HTL

materials, such as transition metal oxides [456-460] and other conducting polymers
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[461-464]. Although these materials have made progress in some aspects, the search
for effective HTL materials remains one of the major challenges for organic
photovoltaic cells. CMPs have monomers with non-planar configuration, adjustable
morphology and structure, and skeletons conducive to charge transmission
[86,465,466], which are popular materials for HTL in recent years.

The porous aromatic matrix (PAF-86) thin film prepared by Zhu et al., using the
electropolymerization (EP) method, was used as a stable HTL material for the first time
in inverted PSCs (Fig. 51A) [467]. The monomer M1 of PAF-86 film not only has the
function of electronic and electrochemical (EC) to provide effective active sites. The
prepared PAF-86 film has the advantages of dense and smooth surface, reasonable pore
structure, strong electronic blocking ability, and good stability. Meanwhile, the EP
process is simple, controllable, and operates under environmental conditions, so it is
appropriate for industrial large-scale production. The J-V curve of PSC shows that the
PAF-86 film has PCE of 9.84%, Js. of 18.23 mA cm™, Vo of 0.91 V, fill factor of 0.59
(Fig. 51B), and the corresponding incident-photon-to-current conversion efficiency
(IPCE) spectra (Fig. 51C) showed that the comprehensive current density consistent
with the result of J-V was 18.23 mA cm™, the IPCE value can reach about 70% in the
range of wavelength 390 ~ 760 nm. At room temperature of 20 ~ 30°C and relative
humidity of 30 ~ 35%, the PAF-86 thin-film PSC has excellent stability and retains
about 80% PCE in the air without encapsulation. Under the same condition, the PCE
performance of the PSC device based on PEDOT:PSS drops sharply to 4% of the

original PSC. Compared with other existing HTL materials, PAF- 86 thin-film has the
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following advantages, small dosage of monomer, synthesis of mild conditions, energy
consumption is reduced, and the cost high polymer chemical and mechanical stability,
which is advantageous to the assembly of flexible, lightweight, portable organic

photovoltaic devices and provides more choices for PSCs HTL materials.

Please insert Fig. 51

Based on the carbazole group, Zhou et al. were successfully prepared a pH neutral
CMP films by in-situ electrochemical deposition, which were used as HTL materials in
OPVs (Fig. 52A) [468]. This strategy has the following advantages: (i) The non-planar
configuration of the monomer of the CMP films can promote charge transfer. (ii) The
film thickness can be precisely controlled by the scanning cycle and the cost can be
saved. (ii1) A pH neutral CMP films helps prevent erosion of OPVs. The morphologies
and energetics of the synthesized CMP films and PEDOT:PSS are shown in Fig. 52B.
Compared with PEDOT:PSS (-4.94 V), CMP thin films has higher work function (WF,
-5.03 eV), which can promote hole extraction of OPVs, and the surface roughness of
CMP is slightly lower, which is conducive to solution deposition of OPVs active layer.
The J-V curve (Fig. 52C) of the device indicates that the efficiency of CMP device is
slightly higher than that of PEDOT:PSS device, V. increases from 0.78 to 0.80 V, and
J increases from 15.94 to 16.14 mA cm, which may be due to the built-in potential,
modulated charge composition, and deeper HOMO level of CMP films. It can be seen
from the external quantum efficiency spectrum (Fig. 52D) that CMP films have higher
external quantum efficiency (EQE) in two spectral ranges (360nm to 470nm and 520nm

to 700nm), which confirms the increase of J-V. Meanwhile, the illumination intensity-
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dependent J, in these two devices (Fig. 52E) indicated that the main bimolecular charge
was approximately retained in the solar cells of CMP-based HTL. In terms of practical
applications, electrochemical polymerization of CMP films shows great potential in

OPVs.

Please insert Fig. 52

7. Conclusions and Perspectives

The clean energy systems will be the most important system in the energy field of
the future. Compared with other inorganic and organic materials, the unique multi-
function CMPs can provide adjustable and improved functions, which has been
regarded as a breakthrough start in this field. CMPs have organic structures, conductive
skeletons, and adjustable energy levels, and scientists are working on using CMP
materials for energy-related applications. As previously mentioned, as a classic z-
conjugated polymer, they offer a new platform with opportunities in the application of
this type of polymers in gas storage, photocatalysis, and energy storage. However, to
make these polymer network structures more efficient and able to compete with other
excellent materials that have been developed, some significant exploration and
improvements are needed. Here, we give a summary and a discussion of the challenges
and future directions in the field, including design and synthesis, functionality, and

applications.
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7.1 Adjustment of Pore and Bandgap Structure

Most CMPs synthesis routes involve metal-catalyzed carbon-carbon cross-coupling
reactions. However, simple polymerization techniques without metal catalysts need to
be further developed, allowing the use of industrial-scale metal-free polymerization
routes while preserving the properties of the polymers. They are amorphous and have
no long-period molecular ordering, but the flexibility of molecular design, structural
tunability, and variety of synthesis methods give CMP with different structures and
function the characteristic of "predictable". Based on carefully selecting the monomer
or functional group and the multifunctional connector, CMPs can adjust various
properties, including pore properties and electronic structure.

Efforts in design, synthesis, and function over the past few years have led to advances
in the field of property regulation of CMPs. As a powerful platform for the design of
porous materials, CMPs have made progress in the field of property regulation in design,
synthesis, and function over the past few years. They provide an effective strategy for
regulating porosity, pore environment, and function. However, the current realization
of CMP materials with a high surface area of more than 5000 m? g remains a
formidable challenge. High surface area, definite pore size, and controlled pore size
distribution are important for selective adsorption and storage of fuel molecules or
chemicals of CMP. The careful selection of functional groups on the surface of CMP
pores is expected to lead to a breakthrough based on synthetic reactions in an
adjustment of pore structure and characteristics of CMPs.

Furthermore, as a platform for designing n-conjugated materials, CMPs can be used
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to develop 3D polymer networks for exciton migration and carrier transport. The
enhancement of charge carrier mobility and conductivity of these polymer materials is
important for photoelectric applications. In this respect, the synthesis of low bandgap
CMPs is particularly important but remains challenging. To systematically study the
electronic structure-property correlation of CMPs are needed, which is not clear in
many CMP photo- and electro-catalysts but is helpful for their further design. Similarly,
the dynamic distribution of charge in these CMP networks is an important aspect to be
explored in areas such as energy storage, conversion, and catalysis. Of these challenges,
the most immediate concern is controlling the energy levels of such conjugated
semiconductor materials. For example, in the process of light energy conversion, one
must fully understand the location of the HOMOs and the LUMOs. In fact, in some
field, such as photocatalytic devices, a mismatch in the energy levels of equipment
components made of polymer materials can lead to inefficiencies in the devices. The
development of a reliable method or technique to predict and/or specify their HOMOs

and LUMOs levels would be a breakthrough for these materials.

7.2 Development of CMP Composites and Derived Materials

At present, CMP materials serve as promising energy storage materials [75,469]
although they have many advantages unmatched by other porous materials, there are
still many places to be explored. Doping behavior [360,470] can enhance the catalytic
activity and stability of traditional CMP catalysts. As a platform for designing

collaborative catalytic systems, the resulting CMP composites can be used in energy
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conversion systems if different functions, such as photo-capture components, redox-
active components, and catalytic centers, can be doped into the networks. However, the
intrinsic relationship between doping behavior and the specific properties of these
CMPs has not yet been established, by doping accurately obtain excellent features of
CMP catalyst still need further exploration.

Besides, CMPs encapsulate nanoparticles [154,471-473] to produce composites that
can be used for energy applications in more demanding environments. For our best
knowledge, some metal-free CMPs cannot alone provide the energy and environment
required for the conversion of light energy. With the further development of CMPs, the
research on the reaction mechanism of their light energy conversion extends to how to
maximize the utilization of the “naked” CMP materials that have been developed. The
features of existing excellent CMPs have not yet been systematically developed and
need to be fully explained before CMP application research can be extended. CMPs has
design flexibility and diversity of building monomer, in the case that CMPs cannot meet
the requirements of light energy conversion. Individuals can through the metal loading
or post-synthesis modification to introduced various impurity atoms and metal species
into the porous networks effectively to realize the control metal-mixed compound
synthesis and heterostructure and to simplify the metal recovery process. As the study
continued to expand, CMPs, as a whole platform, show urgency not only in light energy
conversion but also in other areas of clean energy, such as electrical energy storage.

Finally, porous carbon is widely used in the field of clean energy [474-478]. CMPs

as their precursors' pyrolysis to prepare CMPs derived porous carbon materials
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[177,443] is a promising strategy. For example, the pyrolysis of MPc-CMPs is an
effective strategy for the construction of N-doped carbon compounds without the need
for additional templates [445]. However, the loss of coordination of metal nitrogen
during direct pyrolysis requires attention in the synthesis of other CMP-derived

materials using this strategy.

7.3 Extend the Optoelectronic Applications of CMPs

In recent years, it has been found that CMPs can replace the traditional homogeneous
catalyst effectively in a variety of optoelectronic applications [72]. In terms of
morphology, these polymer materials have broken through simple amorphous powders,
such as nanoparticles and nanotubes, thin films, and macroscopic bulks. The further
development of CMPs in optoelectronic applications, especially under the condition of
a continuous flow of photoreactor, needs to solve the problems of photon flux and
continuous reaction. For example, these materials need to be compatible with a variety
of solvents in a flow reactor and react very efficiently at low energy wavelengths [117].
Compared with traditional photocatalysts, the construction of CMPs which can absorb
low-energy wavelengths of light is conducive to efficient utilization of energy, greater
optical stability, and less photodegradation. Most of the reported work has focused on
the electron donor (p-type) component, such as carbazole and tetraphenylvinyl, and the
corresponding CMPs [49,176,479], as well as the introduction of electron acceptor (n-
type) species to build a promising transfer of charge/energy [480,481]. Furthermore, as

mentioned in our previous review [72], water wettability and biocompatibility of CMP
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materials also need to be addressed when attempting to compete with more
conventional and mature photocatalysts such as enzymes, especially for larger-scale

optoelectronic applications.

7.4 Application Prospects of CMPs in Clean Energy

CMPs as a new class of porous materials still have challenges in practical application
[326,482-485]. For example, in the field of hydrogen energy: (i) How to improve the
hydrogen adsorption performance of CMPs at a convenient temperature. (ii) How to
synthesize more heat-stable CMPs and use them in the pyrolysis of chemical hydrides
to produce hydrogen. (iii) How to improve the catalytic activity of CMPs and clarify
the specific catalytic mechanism. (iv) How to develop other hydrogen production
methods. Meanwhile, LIBs are very common in clean energy devices, and CMPs have
shown great potential as an electrode material for LIBs. The integration of the
advantages of CMPs into traditional LIB materials would facilitate the development of
a new generation of batteries. However, currently, most reported electrochemical
properties of CMPs are not comparable to those of commercial electrode materials. The
challenges with LIBs are: (i) To prepare stable CMP electrode materials to prevent
excessive volume changes during the entire ion insertion/extraction process. (ii) To
discover more effective electroactive structures and deeper understand the charge/ion
transport mechanism to improve electrode stability. (iii) To solve the compatibility
problem between electrode material and electrolyte. (iv) To increase the discharge-

recharging cycle, capacity, and cycle life of the electrode material.
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For fuel cells, the low cost and adjustable properties of CMPs can act as electrolytes,
electrode catalysts, and catalyst precursors for fuel cells. The major challenges that
remain are improving efficiency, energy density, and improving reliability and reducing
application costs. Meanwhile, as a kind of renewable energy storage device, the
supercapacitor has been widely used in various electroluminescent devices. In
supercapacitor applications, the development of high specific surface areas, suitable
holes, low internal resistance, good cycling performance, and low-cost CMP electrode
materials remains a challenge. Therefore, for fuel cells, LIBs, and supercapacitor
applications, the industrialization of CMPs as the main catalysts and the precursors or
carriers of catalysts still has a long way to go. Additionally, the investigation of the
application of CMPs in solar cells has just started, and the corresponding reports are
still very few, but the application of CMPs in solar cells is one of the future research

priorities.

7.5 Summary

In summary, the past efforts in design, synthesis, and functional exploration have
shown that CMPs are a powerful platform for structural and functional design, and
many CMP-based materials with high chemical and thermal stability and excellent
performance have been reported. We look forward to a bright and promising future for
CMPs as a robust platform for addressing challenging environmental and energy issues.
Currently, there are two main goals for the development of CMPs in clean energy: One
is to maximize the application of existing CMP-based materials in the clean energy
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field; the other is to synthesize new CMPs by optimizing synthetic monomers, links,
and synthesis methods and conditions to develop more outstanding CMP candidate
materials for clean energy. Finally, CMP materials and clean energy are a rapidly
growing field that will yield many excellent results even as we write this review.
Therefore, it is difficult to consider all the work in the limited space and time, and we

apologize to our readers for this.
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Figure Captions

Fig. 1. Historical development of microporous organic polymers (MOPs). Solubility film-

Fig. 2.

forming PIMs. [53], Copyright 2004. Reproduced with permission from the Royal
Society of Chemistry. Synthesis of crystalline COFs with exceptionally high surface
areas. [54], Copyright2007, Reproduced with permission from the American
Association for the Advancement of Science. CMPs which combine porosity with
extended m-conjugation. [47], Copyright 2007. Reproduced with permission from the
John Wiley & Sons Inc. More robust crystalline COF analogs. [55,56], Copyright 2008
and 2009. Reproduced with permission from the John Wiley & Sons Inc and American
Chemical Society. Robust and highly porous aromatic frameworks. [42], Copyright
2009. Reproduced with permission from the John Wiley & Sons Inc. Metal-organic
CMPs (MO-CMPs) comprising catalytic metal centers. [57], Copyright 2011.
Reproduced with permission from the John Wiley & Sons Inc.

Quintessential examples of CMP materials development. A milestone in the
development of CMP materials. 2007. [47], Copyright 2007. Reproduced with
permission from the John Wiley & Sons Inc. 2008. [79,80], Copyright 2008.
Reproduced with permission from the Royal Society of Chemistry and the American
Chemical Society. 2009. [81], Copyright 2009. Reproduced with permission from the
John Wiley & Sons Inc. 2010. [67,82], Copyright 2010. Reproduced with permission
from the American Chemical Society. 2011. [57,83], Copyright 2011. Reproduced
with permission from the John Wiley & Sons Inc and the Royal Society of Chemistry.
2012. [84,85], Copyright 2012. Reproduced with permission from the John Wiley &
Sons Inc and the American Chemical Society. 2013. [86,87], Copyright 2013.
Reproduced with permission from the John Wiley & Sons Inc and the Royal Society
of Chemistry. 2014. [76,88], Copyright 2014. Reproduced with permission from the
Royal Society of Chemistry. 2015. [89,90], Copyright 2015. Reproduced with
permission from the John Wiley & Sons Inc. 2016. [91], Copyright 2016. Reproduced
with permission from the American Chemical Society. 2017. [92], Copyright 2017.
Reproduced with permission from the John Wiley & Sons Inc. 2018. [93], Copyright
2018. Reproduced with permission from Elsevier Science Ltd. 2019. [94], Copyright
2019. Reproduced with permission from the John Wiley & Sons Inc.

Fig. 3. CMPs as a powerful platform for the application in clean energy.

Fig. 4. Synthesis of the triazine monomer and molecular structures of TCMP networks. [108],

Copyright 2012. Reproduced with permission from the Royal Society of Chemistry.

Fig. 5. (A) Synthesis route and structure for HCMP1-HCMP5. (B) Volumetric H2 adsorption

isotherms for HCMP1-HCMPS5 up to 1.0 bar at 77.3 K. [112], Copyright 2012.
Adapted with permission from Elsevier Science Ltd.
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Fig. 6. (A) Synthetic route and representative structures of the L-PDBT, N-PDBT, L-PDBT-O,
N-PDBTO. (B) Water contact angle measurements of L-PDBT, N-PDBT, L-PDBT-O,
and N-PDBT-O. [114], Copyright 2018. Reproduced with permission from the John

Wiley & Sons Inc.

aQ

Fig. 7. Suzuki reaction to the networks and the diversity of the molecular structure of CMPs.
[65], Copyright 2018. Reproduced with permission from Elsevier Science Ltd.

Fig. 8. Syntheses of LMOPs by Heck reaction and representative molecular structures of
LMOPs. [100], Copyright 2013. Reproduced with permission from the Royal Society
of Chemistry.

Fig. 9. The Yamamoto reaction to the synthesis of polymer networks 1 and 3. [107], Copyright
2010. Reproduced with permission from the American Chemical Society.

Fig. 10. (A) PTPAs synthesized by Buchwald-Hartwig coupling reaction. [128], Copyright
2010. Reproduced with permission from the Royal Society of Chemistry. (B) HCMPs
synthesized by the Buchwald-Hartwig coupling reaction. [91], Copyright 2016.
Reproduced with permission from the American Chemical Society.

Fig. 11. (A) Synthetic routes to monomers Cz-4, Cz-6, and Cz-7. (B) Preparation of
microporous conjugated polymers CPOP-2~7. [130], Copyright 2013. Reproduced
with permission from the John Wiley & Sons Inc.

Fig. 12. Schiff-base condensation polymerization to the synthesis of KECMP-1. [102],
Copyright 2016. Reproduced with permission from Elsevier Science Ltd.
Fig. 13. (A) Solvothermal synthesis and structures of Aza-CMP and TIPS-CMP. (B) Chemical
structure (with twist angles) of TIPS-CMP. [104], Copyright 2017. Reproduced with
permission from the John Wiley & Sons Inc.

aQ

Fig. 14. Cyclotrimerization reaction of cyano monomer to the synthesis of CTFs. [55],
Copyright 2008. Reproduced with permission from the John Wiley & Sons Inc.

Fig. 15. (A) Post-modification of the structure of the CMPs by using —SH monomers. [165] ,
Copyright 2011. Reproduced with permission from the American Chemical Society.
(B) Post-modification of the CMPs with amidation reaction. [166] Copyright 2013.
Reproduced with permission from Elsevier Science Ltd.

Fig. 16. Schematic representation of (A) ZnP-XN3-CMPs (X =5, 25, 50, 75 and 100%) and (B)
ZnP-XF-CMPs (X = 5, 25 and 50%). [167], Copyright 2017. Reproduced with
permission from the Royal Society of Chemistry.

Fig. 17. Synthetic route for H-MONs using a silica template. [179], Copyright 2013.
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Fig. 18.

Reproduced with permission from the American Chemical Society.

(A) Random and layer-by-layer controlled synthesis of 1D CMPs. (B) Morphology
characterization of the as-prepared 1D CMPs. [177], Copyright 2016. Reproduced
with permission from the John Wiley & Sons Inc.

Fig. 19. (A) Solution spray-coating. [84] , Copyright 2012. Reproduced with permission from

the John Wiley & Sons Inc. (B) Layer-by-layer self-assemble. [188], Copyright 2014.
Reproduced with permission from the American Chemical Society. (C)
Electrochemical deposition. [189], Copyright 2015. Reproduced with permission from
the John Wiley & Sons Inc. (D) Interfacial polymerization. [190], Copyright 2017.
Reproduced with permission from the Royal Society of Chemistry. And (E) Surface-
initiated polymerization. [191], Copyright 2018, Reproduced with permission from
the Springer Nature. for the preparation of the CMP films.

Fig. 20. (A) Structure of thiophene-based monomers BTT and TTB. The blue arrows indicate

the carbon positions for the C—C bond formation in the polymerization reaction. (B)
Setup of the three-electrode electrochemical cell. (C) The pore structures of the BTT-
CMP and TTB-CMP films (inset: photos of the films). [71], Copyright 2015.
Reproduced with permission from the John Wiley & Sons Inc.

Fig. 21. (A) Dimensionally controlled synthesis of BODIPY-based CMPs. (B) SEM (left) and

Fig. 22.

Fig. 23.

TEM (right) images of 0D, 1D, and 2D CMP. [90], Copyright 2015. Reproduced with
permission from the John Wiley & Sons Inc.

Surface modification of CMP-nanomembranes using photoinduced thiol-yne click
chemistry. [202], Copyright 2016. Reproduced with permission from the Royal
Society of Chemistry.

(A) Synthesis of the amorphous ethynyl-linked phthalocyanine conjugated polymer
(MPc-CP) films. (B) The four kinds of isomers (with Dan, D2n, C2v and Cs symmetry)
for tetra-fB-substituted phthalocyanines. (C) Nine quadrilateral structure models
fabricated from four phthalocyanine molecules with D4n or Don symmetry. (D)
Schematic of the Zn—air battery. (E) Photographs of a LED light ( = 2 V) powered by
two zinc—air batteries with a mixture of the films and RuO as the cathode in series.
[208], Copyright 2019. Reproduced with permission from the Royal Society of
Chemistry.

Fig. 24. (A) The optimized structure of the Fe-CMP unit cell; The HOMO and LUMO of the

Fig. 25.

Fe-CMP with an isosurface of 0.03 e A=, (B) The overall pathway of CO, reduction
and the activation barrier of each basic step. [217], Copyright 2018. Reproduced with
permission from the Owner Societies.

(A) Top and side views of the optimized structures of aza-CMPN with the different
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number of layers. (B) Top and side view of the optimized structure of bulk aza-CMP.
(C) Each basic thermodynamic step involved in OER. (D) Proposed photocatalytic
pathway of the OER on the active site “4”. [222], Copyright 2017. Reproduced with
permission from the Royal Society of Chemistry.

Fig. 26. (A) Calculated band structures for PTEPB and PTEB from I" (0.0, 0.0, 0.0) to M (0.0,

0.5, 0.0) and K (0.333, 0.667, 0.0) k-point in the first Brillouin zone along with the
calculated density of states (DOS). (B) The top and side views of charge distribution
of VBM and CBM at I'(0.0, 0.0, 0.0) k-point of PTEPB and PTEB. [92], Copyright
2017. Reproduced with permission from the John Wiley & Sons Inc.

Fig. 27. (A) The theoretical technique for the formation of amorphous porous organic materials.

Fig. 28.

Fig. 29.

[223], Copyright 2016. Reproduced with permission from the American Chemical
Society. The route was adapted from Trewin et al. [224-226]. (B) Cross-linking
exercise of dichloroxylene starting from (top) recognition of closest reactive pair of
atoms (here a Cl atom and an H atom) followed by (middle) development of a bond
linking the cross-linking sites corresponding to the closest pair of reactive atoms
whereupon the reactive pair of atoms is removed and eventually ending with (below)
equilibration. Carbon, chlorine, and hydrogen atoms are colored gray, green, and white,
respectively. [227], Copyright 2011. Reproduced with permission from the American
Chemical Society.

(A) Computed model structure for TPE-CMP at a density of 0.798 g cm™. (B) Pore
architecture in the structural model. (C) Optimized geometry of CO; in TPE-CMP. (D)
Comparison of the adsorption isotherms at 195 K between the experiment (violet line)
and that calculated from GCMC simulations (red squares). [228], Copyright 2014.
Reproduced with permission from the American Chemical Society.

(A-F) Synthetic route of the conjugated microporous polymer PTAT. (G) Hydrogen
adsorption and desorption isotherms of the Li*~PTAT and PTAT at 77 K; (H) The
hydrogen uptake capacities of reported lithium-doped MOF [251], and CMP [242],
PTAT and Li'—PTAT; (I) Hydrogen adsorption and desorption isotherms of the Li'—
PTAT and PTAT at 273 K. [242], Copyright 2019. Reproduced with permission from
the Royal Society of Chemistry.

Fig. 30. (A) molecular structure of PyDOBT-1; (B) Hydrogen generation of the polymers under

Fig. 31.

visible light. [283], Copyright 2018. Reproduced with permission from the American
Chemical Society.

(A) The preparation route of FxCMPs. (B) FxXCMPs with adjustable bandgap
photocatalytic water splitting for hydrogen production. (C) Hydrogen evolution rate
of FxCMPs. [284], Copyright 2019. Reproduced with permission from the John Wiley
& Sons Inc.
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. 32. (A) Synthesis route of the PyPOP-Pt@G, C (Orange, Teal in Graphene Sheet), N (blue),

Br (Break Red), Cl (Yellow), Pt (Green), H (White). (B) The first few cyclic
voltammetry (CV) scans for a fresh electrode of the PyPOP-Pt@G on a glassy carbon
electrode (GCE) (left); The CVs for GCE casted with the PyPOP-Pt@G with scan rate
100 mV/s (middle); Linear sweep voltammetry (LSV) for GCE casted with PyPOP-
Pt@G with scan rate 10 mV/s with inset (right). [291], Copyright 2017. Reproduced
with permission from the American Chemical Society.

. 33. (A) Synthesis route of CoNOC:s. (B) Polarization curves and corresponding Tafel plots

obtained in 0.5 m H2SO4, CV curves of CoONOC-900, capacitive current density as a
function of scan rate, Nyquist plots, and durability. [300], Copyright 2018.
Reproduced with permission from the John Wiley & Sons Inc.

. 34. (A) The functionalized route to polycarbazole networks (PCZNs); (B) CO2 adsorption

isotherms of PCZNs at 273 K, and CO; and N adsorption isotherms measured at 298
K. [126], Copyright 2017. Reproduced with permission from the Royal Society of
Chemistry.

. 35. (A) Metal-catalyzed reactions for P2, P3, and P4, and molecular structure of P1, P2,

P3, and P4. (B) The CO; adsorption capacity of P1, P2, P3, and P4 at 273 K. [327],
Copyright 2017. Reproduced with permission from the John Wiley & Sons Inc.

. 36. (A) The schematic of the electrochemical device for the gas-phase CO; reduction, and

(B) Gas diffusion membrane (GDM) assembly. [120], Copyright 2015. Reproduced
with permission from Springer Nature.

. 37. (A) Schematic representation of the synthesis of hexaazatrinaphthalene CMP (HATN-

39.

CMP) and the elementary pore structure. (B) The photos of HATN-CMP electrodes
and lithium batteries thus fabricated. (C) Cycle stability and (D) capacity retention
ratio of HATN-CMP (filled circle) and monomer (open circle) cathode electrodes
within 50 cycles under 100 mA g™'. [76], Copyright 2014. Reproduced with permission
from the Royal Society of Chemistry.

38. (A) The synthetic route of PTPAn and PTTPAB samples. (B) SEM images of powder

samples of PTPA and PTTPAB. (C) Cycling stability of PTTPAB and PTPAn at a
current of 20mAg h! between 2.5 and 4.2 V. (D) Coulomb Efficiency of PTTPAB and
PTPAn. (E) Rate performance of PTTPAB and PTPA polymers. [335], Copyright 2018.
Reproduced with permission from Elsevier Science Ltd.

(A) Synthetic routes to the polymers of PT and P33DT and their notional polymer
structures (left) and SEM images (right) for PT and P33DT. (B) The rate performance
at different current densities from 45 to 5000 mA g'. (C) the cyclability at 500 mA g°
U'of PT and P33DT. (D) The schematic redox reaction mechanisms of PT (top) and
P33DT (bottom). [75], Copyright 2017. Reproduced with permission from the John
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Wiley & Sons Inc.

Fig. 40. (A) The synthetic route of PBIM and (B) reaction mechanisms. (C) Cycle performance

Fig. 41.

Fig. 42.

Fig. 43.

Fig. 44.

at a current density of 1000 mA g'. (D) The rate performance at different current
densities from 0.05C to 2.5C. [337], Copyright 2018. Reproduced with permission
from the Royal Society of Chemistry.

(A) Schematic illustration of the reaction for the CMP nanotubes synthesis (top).
Schematic illustration of the fabrication of MnO—PCNTs and MnO-CNTs (below). (B)
SEM image of MnO-PCNTs (top), and SEM images of MnO—CNTs (control, below).
(C) EIS of the fresh cells loaded with PCNTs, MnO-PCNTs, and MnO-CNTs. [392],
Copyright 2016. Reproduced with permission from the Royal Society of Chemistry.

(A) Synthetic route of ALP-8 and its redox mechanism with sodium ions. (B)
Galvanostatic charge/discharge profiles of ALP-8 battery at 0.3 C, (C) cycle stability
and Coulombic efficiency up to 150 cycles at 0.3 C, and (D) rate capability at different
current densities. [344], Copyright 2019. Reproduced with permission from the
American Chemical Society.

(A) Notional polymer structures of the Bz-containing CMPs (top) and the BT-
containing CMPs (below). (B) Rate performance of PyBT at a current density from 30
to 500 mA g!. (C) Cycling stability and Coulombic efficiency of PyBT at 50 mA g™
(D) Proposed K storage mechanism. (E) Charge/discharge curves of the first cycle at
30 mA g for PyBT. (F) Ex situ FT-IR spectra of a PyBT-based battery recorded at
different states. [345], Copyright 2019. Reproduced with permission from the
American Chemical Society.

(A) Synthetic schemes for H-CMP and H-CMP-BPPB. (B) SEM images and TEM
images of H-CMP and H-CMP-BPPB. (C) Cycling performance of symmetric coin
cell type pseudocapacitors (inset) of H-CMP-BPPB (current densities: 1 and 6 A g™!).
(D) Nyquist plots (left) and TEM images (right) of H-CMP-BPPB before and after
10000 cycles. [418], Copyright 2018. Reproduced with permission from the Royal
Society of Chemistry.

Fig. 45. (A) Synthetic route of the PAQs. (B-D) Proposed redox reactions, i.e., charge/discharge

mechanism for PAQTA. [412], Copyright 2018. Reproduced with permission from the
John Wiley & Sons Inc.

Fig. 46. (A) Synthesis route and the three-dimensional view of TAT-CMP-1 and TAT-CMP-2

in an amorphous periodic cell (grey: carbon, white: hydrogen, blue: nitrogen, red:
oxygen and n-hexyl groups (R) are omitted for clarity). Galvanostatic charge-
discharge curves of (B) TAT-CMP-1 and (C) TAT-CMP-2 at different current densities,
and (D) cycling number for TAT-CMP-1 and TAT-CMP-2. [416], Copyright 2017.
Reproduced with permission from the Royal Society of Chemistry.
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Fig. 47.

(A) Preparation of graphene-based conjugated microporous polymer sandwiches and
related  nitrogen-doped  microporous carbon  nanosheets. (i)  Sodium
dodecylbenzenesulfonate, 4-iodophenyl diazonium salt, 0 °C(2 h) to room temperature
(RT) (4 h); (i1) building blocks: tris(4-ethynylphenyl)amine and 2,5-dibromopyridine,
or 2,5-dibromopyrazine, or 2,4,6-trichloro-1,3,5-triazine, argon, Pd(PPh3)4,Cul, Et3N,
DMF, 120 °C, 3 days; (iii) argon, RT to 800 °C, 10 °C min™!,2h. (B) SEM (left), and
AFM (right, inset: thickness analyses along the marked line) of GMP2N. (C) CV and
(D) GCD curves of three GMP2NC-based supercapacitor devices connected in series.
[433], Copyright 2017. Reproduced with permission from the Royal Society of
Chemistry and the Chinese Chemical Society.

Fig. 48. (A) Synthetic scheme towards the fabrication of two redox-active and semi-conducting

CMPs. (B) Cyclic voltammetric curves for TPA-BP-1 under O> saturated (blue) and
N> saturated (red), TPA-TPE-2 under O, saturated (red) and N> saturated (blue) (left);
Linear sweep voltammetric curves observed under different rotation speeds of glassy
carbon electrode for TPABP-1 and TPA-TPE-2 (middle); Chronoamperometric study
for TPA-BP-1 and TPA-TPE-2 (right). [442], Copyright 2018. Reproduced with
permission from the Royal Society of Chemistry.

Fig. 49. (A) Schematic Representation Showing in Situ Stabilization of Au and Co NPs in the

Fig. 50.

Fig. 51.

Fig. 52.

CMP Matrix. (B) TEM image of Au NPs stabilized in the matrix of TPA—PDI. (C)
HRTEM image of Au@TPA—PDI showing lattice fringes. (D) TEM image of Au NPs
stabilized in the matrix of TPA—PDI. (E) HRTEM image of Co@TPA—PDI showing
lattice fringes. [212], Copyright 2019. Reproduced with permission from the
American Chemical Society.

(A) Preparation of GMPs and related graphene-based microporous carbons (GMCs).
Graphene-based 2D porous carbons (GMCs) and their ORR performances: (B) TEM
image of GMC-S; (C) CV curves of GMCs in N»-saturated (dashed line) and O»-
saturated (solid line) 0.lm KOH at a scan rate of 50 mV s'; (D) galvanostatic
charge/discharge curves of MC-S and GMC-S at a current density of 0.1 Ag'. [430],
Copyright 2013. Reproduced with permission from the John Wiley & Sons Inc.

(A) Schematic representation of the device structure and Structural formula of PAF-
86. (B) J-V curve of the PAF film based PSC, and (C) IPCE spectra and integral
photocurrent of the PAF film based PSC. [467], Copyright 2017. Reproduced with
permission from American Chemical Society.

(A) Energy alignment of the CMP film and other materials (top), and Device
configuration of organic solar cells with the CMP film as a hole transporting layer
(below). (B) KPFM images of PEDOT:PSS and various CMP films captured by
atomic force microscopy in the Kelvin probe mode: WFs of PEDOT:PSS and CMP
films, and roughnesses of PEDOT:PSS and CMP films. (C-E) J-V characteristics of
devices under 1 sun irradiation (100 mW cm) based on CMP films prepared under
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different CV deposition conditions: (C) J-V curves and (D) EQE data of PEDOT:PSS-
and CMP-devices, and (E) Irradiation intensity-dependent Jsc of PEDOT:PSS and
CMP containing devices. [468], Copyright 2018. Reproduced with permission from
the Royal Society of Chemistry.
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Table 2

Summary of hydrogen storage in CMPs

SeET Viotal
CMPs Molecular structure  (m? g™') (cm? g P (bar) T (K) Ha (wt. %) Ref.
Li-CMP - 795 1.61 1 77 6.1 [238]
POP-1 1031 0.641 60 77/87 2.78/2.31 [143]
POP-2 1013 0.712 60 77/87 2.71/2.14 [143]
[ |
I
POP-3 = . 1246 0.729 60 77/87 3.07/2.51 [143]
| |
| . |
POP-4 m 1033 0.730 60 77/87 2.35/1.75 [143]
u -
BLP-1(Cl) 1364 0.746 1 77 1.10 [239]
BLP-1(Br) 503 0.303 1 77 0.68 [239]
| |
BLP-2(Cl) 1174 0.649 | 77 1.30 [239]
BLP-2(Br) 849 0.571 1 77 0.98 [239]
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BLP-10(Cl)

PCTF-1

PCTF-2

ThPOP-1

ThPOP-2

PTAT

Li*—PTAT

CMP-Gl1

CMP-G2

HCMP-1

924

2235

784

1050

160

304

281

997

786

842

0.67 1 77/87 1.3/0.9
1.56 1 77 1.86
0.38 1 77 0.9
0.69 1 77 2.23
0.27 1 77 1.03

- 1 77 1.9

- 1 77 7.3
1.32 1/20 77 1.27/2.69
0.87 1/20 77 1.01/2.14
1.16 1.13 773 1072
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[240]

[241]

[241]

[147]

[147]

[242]

[242]

[243]

[243]



HCMP-2

p-PPF

m-PPF

SCMP-1

BILP-10

827

269

229

505

787

0.20

0.15

1.13

45

45

40

773

77

77

77

77

131*

67°

56°

3.8¢

27.3¢

[79]

[244]

[244]

(84]

[150]

2 Hy uptake (cm?® g''); ® H, uptake (mL g''); © Ho uptake (mmol g''); 9 H, uptake (g L™').
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Table 3

Summary of Carbon dioxide capture and storage in CMPs

CMP sample Molecular structure  Sper (Mm? ) Vi (cm? g'h) T(K) CO;(mmolg') Ref
PAF-33 821 - 273 2.16 [312]
PAF-33-NH> 370 - 273 1.19 [312]
PAF-33—COOH 445 - 273 1.94 [312]
PAF-34 953 - 273 2.50 [312]
PAF-34-OH 771 - 273 2.21 [312]
PAF-35 567 - 273 1.77 [312]
CMP-1 837 0.45 298/273 1.18/2.05 [313]
CMP-1-(CHs)2 899 0.75 298/273 0.94/1.64 [313]
CMP-1-(OH)2 1043 0.71 298/273 1.07/1.80 [313]
CMP-1-NH:2 710 0.39 298/273 0.95/1.64 [313]
CMP-1-COOH 522 0.30 298/273 0.95/1.60 [313]
CMP 772 1.21 298 71.0 [63]
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Co-CMP

Al-CMP

MFCMP-1

PAF-26-COOH

PAF-26-COOK

p-PPF

m-PPF

Cz-POF-1

Cz-POF-2

Cz-POF-3

Cz-POF-4

PON-1

965

798

840

717

430

269

229

2065

671

1927

914

1447

236

2.81

1.41

0.52

0.36

0.20

0.20

0.15

1.57

0.42

1.35

0.60

1.0

298

298

273

273

273

195/273

195/273

273

273

273

273

195/298

79.3

76.5

3.69

286*

572*

73.0/44.9°

41.5/24.2°

202°

77°

210P

121°

976/109¢

[63]

[63]

[131]

[314]

[314]

[244]

[244]

[315]

[315]

[315]

[315]

[316]



PON-2

PON-3

P-1

P-2

P-TCzPhSi

P-TCZTAT

P-BCz

P-TCz

P-HCz

TEPO-1

TEPO-2

TEPO-3

189

44

611

1222

1856

1028

640

1109

790

485

534

592

237

0.83

0.09

0.95

1.55

1.7

0.76

0.85

1.31

1.20

0.82

0.30

0.30

195/298

195/298

273

273

273

273/298

298

298

298

273/298

273/298

273/298

482/34¢

525/37¢

8.9¢

14.5¢

23.5¢

18.15/10.69¢

9.274

16.02¢

9.414

6.52/3.65°

7.62/3.93¢

8.40/5.33¢

[316]

[316]

[144]

[144]

[317]

[318]

[319]

[319]

[319]

[320]

[320]

[320]



ThPOP-1 1050 0.69 273 15.0¢ [147]

ThPOP-2 160 0.27 273 4.0° [147]
a
|
.
NCMPI I “1 N = 58 0.15 273/298 6.1/3.5¢ [293]
H EEm
| & ]
|| ||
NCMP2 i | 280 0.30 273/298 8.2/4.4¢ [293]
|
NCMP3 485 0.57 273/298 11.0/6.5¢ [293]
|
PCTF-1 2235 1.56 273 44.91 [241]
PCTF-2 784 0.38 273 2401 [241]
CMP-LS1 493 0.32 273/298 3117 [321]
CMP-LS2 1576 1.06 273/298 87/471 [321]
CMP-LS3 643 0.37 273/298 42/24¢ [321]

2 COz uptake (mg cm) at 101 kPa; ® CO2 uptake (cm? g!) at 30 bar; © CO: uptake (mg g''); ¢ CO2 uptake (wt. %) at 1.1 bar;
¢ COz uptake (wt. %); F CO2 uptake (cm3 g!).
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Table 4

Summarizes CMP materials as a platform for metal-ion batteries

molecular SBET Viotal
CMPs structure (m?>gh  (em’gh) CR/CN RC/rate CE% Ref.
Lithium-ion batteries
PDCzBT 1166 0.7 312/400 (200 mA g'1)  215/500 >98 (10™) [333]
HATN-CMP 616 0.63 61.9%/50 147/100 100 (50™) [76]
|
NG-HCP " 72.56 0.2548 76.9%/230 1320/20 100 [334]
| B |
PTDATA 560.58 - 98.2/100 20 mA g')  125.4/50 95 (45™) [74]
PTPAn 11 - 93%/50 81/50 92 [335]
PTTPAB 595 0.13 96%/150 84/50 98 [335]
312.5/10
HATNPF1 384 0.27 92%/1200 0 100 [336]
|
PBIM 711 0317 807/ (0.05C) 1172/50 992 (60")  [337]
| |
PTTE 312 - 80.8%/100 834/200 46 (initial) [338]
141/300
PT 13 0.07  90/1000 (500 mA g . - [75]
387/500
P33DT 696 0.53 79.9%/1000 . 43.1 (initial) ~ [75]
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PTPADTz

NGA-
CMP400

IEP-11-E12

TzThBT

Sodium-ion batteries

PDCzBT

PYT-TABQ/
rGO

ALP-8

PTTE

Potassium-ion batteries

PyBT

PI-CMP

~657

521.3

2000

406

1166

550

312

493

110

0.31

0.7

95/20 20 mA g'')

701.2/500 (1 A g

90%/5000

326/1500 (5 A g

119/200 (50 mA g™

98%/1400

90%/150

88.1%/50

272/500 (50 mA g™

60.2%/200

80/50

874.3/10
0

47/30C

1599/50

145/20

245/200

180/0.3C

326/50

428/30

46.6 (initial)

100

100 (500t

>96 (15

>92 (initial)

96 (150t)

100 (100t

99.5 (500

[339]

[340]

[341]

[342]

[333]

[343]

[344]

[338]

[345]

[346]

CR: capacity retention (mA h g'); CN: cycle number; RC: reversible capacity (mA h g-')/rate: current density (mA g');

CE: coulombic efficiency.



Table 5

Conductive CMPs for supercapacitors in recent years

Molecular SBET Viotal
CMPs structure (m?>g"h  (em’g’) CD SC CR/CN Electrolyte Ref.
TAT-CMP-1 88 - 1 141 83%/10000 1.0 M NaSOs  [416]
TAT-CMP-2 106 - 1 183 95%/10000 1.0 M NaxSOs  [416]
0.1 M
Zn-mTCPP - - 5 14 - [189]
BusNPFs
PYBDA 136 - 0.5 456 100%/2000 2 M H2S04 [417]
H-CMP-
622 0.18 1 189 90%/10000 1 M H2S0O4 [418]

BPPB
Fc-CMPs/rGO - 800.1 - 0.5 470 95%/8000 1 M H2SO4 [413]
PAQTA 331 — 1 576 85%/6000 0.5 M H2SOs4  [412]
CAP-1 704 0.34 1 81 — 2 M KCl [414]
CAP-2 594 0.38 1 240 ~80%/10000 2 M KCl [414]
PYT-

- - - 1 312.5 94.5%/10000 1 M Na2SO4 [343]
TABQ/rGO
PTPA-25 33 - 0.5 335 65%/5000 1.0 M H2S04  [419]
GH-CMP 219.2 — 0.2 208 92.6%/10000 1 M H2S0O4 [415]

CD: current density (A g™"); SC: specific capacitance (F g'); CR: capacity retention/CN: cycle number.
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Table 6

CMPs or CMP derivatives for oxygen reduction reactions of fuel cells

Molecular SBET Viotal
CMPs structure (m? g™ (cm? g!) Eonset Ein Electrolyte Ref.
CoPEF 311 - 0.42 - 0.5MH:SOs  [436]
ZnPcFePor-
442 0.22 0.902 0.724 0.1 M KOH [441]

CMP
FePcFePor-

- 322 0.17 0.934 0.863 0.1 M KOH [441]
CMP
FePcZnPor-

- 404 0.22 0.936 0.866 0.1 M KOH [441]
CMP
TPA-BP-1 468 - 0.80 - 0.1 M KOH [442]
TPA-BP-2 117 - 0.82 - 0.1 M KOH [442]

Vtotalc
Molecular Sper?  (em’ g

CMP derivatives ~ CMP precursor structure? (m? g'h) D) Eonset  Ein Electrolyte Ref.
Fe/Co-CMP-
200 Fe/Co-CMP 372 - 0.88 0.78 0.5 M H2SOs  [437]
N/S-2DPC-60 2DP-S 953 0.80 0.86 0.75 0.1 M KOH [443]
HPC-Fe/N-700 HCMP-Fe 518 - 0.92 0.84 0.1 M KOH [438]
N-Fc-800 Fc-melamine-POP 511 - 0.96 0.82 0.1 M KOH [444]
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CoNCs800 CoPc-CMP 59.8 - 0.905  0.807 0.1 M KOH [445]

CoO/ZnO@N-
PC

ST-CMP 1236 0.68 0.91 0.85 0.1 MKOH  [440]

Eonset for onset potential (V vs. RHE); Ei1/2: half-wave potential; * molecular structure of precursor; ™ ¢ BET surface area,

and pore volume of CMP derivatives.
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