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Covalent organic frameworks (COFs) as an emerging class of crystalline porous materials have received
much attention due to their tunable porosity, modifiable skeletons, and atomically precise structures.
Besides, COFs can provide multiple high-rate charge carrier transport (electron, hole, and ion) pathways,
including conjugated skeletons, overlapped m electron clouds among the stacked layers, and open
channels with a variable chemical environment. Therefore, they have shown great potential in
electrochemical energy storage (EES) and conversion (EEC). However, in bulk COFs, the defects always
impede charge carrier conduction, and the difficulties in reaching deep-buried active sites by either
electrons or ions lead to limited performance. To overcome these obstacles, numerous research studies
Received 10th January 2020 have been carried out to obtain COF nanosheets (NSs). This review first describes the preparation
strategies of COF NSs via bottom-up and top-down approaches. Then, the applications of bulk COFs
and COF NSs in EES and EEC are summarized, such as in batteries, supercapacitors, and fuel cells.
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1. Introduction

Demand for continued energy supply is one of the tremendous
challenges that we are facing today due to the disparity between
increasing energy requirements and worldwide energy short-
age. Electrochemical energy conversion (EEC) and storage (EES)
are represented as the most effective technologies for the
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Finally, key challenges and future directions in these areas are discussed.

utilization of energy. The EEC techniques can convert sustain-
able energy sources (e.g., wind energy and solar energy) into
transportable and stable chemical energy."™ To obtain higher
energy densities and energy conversion efficiency, developing
novel materials with high performance is of vital importance.”>™*?

Covalent organic frameworks (COFs), assembled by covalent
bonds through reversible reactions, have the advantage of high
porosity,'*** adjustable and periodic pores,'®™*° well-defined
structures,”®>' and functional skeletons.?>?* The reversibility

of the polymerization reaction allows ‘“error corrections” to
ensure the obtaining of thermodynamically stable networks
with long-range order.

2024 COFs have been widely applied in

Xuechun  Jing received her
Bachelor’s degree from Qingdao
University of Science and
Technology in 2018 and then
joined Prof. Bo Wang’s group as
a MS student at the School of
Chemistry and Chemical
Engineering, Beijing Institute of
Technology. Her current research
focuses on the synthesis and
application of covalent organic
framework films.

Xuechun Jing

Chem. Soc. Rev., 2020, 49, 3565-3604 | 3565


http://orcid.org/0000-0002-3212-3051
http://orcid.org/0000-0001-9092-3252
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cs00017e&domain=pdf&date_stamp=2020-05-04
http://rsc.li/chem-soc-rev
https://doi.org/10.1039/d0cs00017e
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS049011

Published on 05 May 2020. Downloaded on 12/15/2025 3:33:31 AM.

Review Article

25-28 29-32 33-39

storage and
40-42

sorption, separation, catalysis,
sensing, optoelectronics,”® ™’ and so on. The first COFs
were synthesized by Yaghi and co-workers in 2005.** The
successful preparation of COFs has overcome the “crystal-
lization problem”, i.e. the covalent bonding of building blocks
often produces amorphous or poorly crystalline polymeric
materials, and makes it possible to design and prepare poly-
mers with highly ordered and predictable primary, secondary,
and tertiary structures based on the reticular chemistry
principle. Furthermore, the recent achievement of producing
high-quality single crystals enables the deciphering of their
structures with atomic precision.***°

COFs can be categorized into two dimensional (2D) and
three dimensional (3D) COFs depending on the geometric
symmetry of the building blocks (Fig. 1).>*">° In 2D COFs, the
organic units are covalently bonded and restricted in 2D sheets
that further stack to form a layered structure via m-n inter-
action. Most of them are stacked in eclipsed mode with the
formation of periodically aligned channels, while very few of
them are stacked in a staggered fashion.'®”' Both stacking
modes show well-defined arrangements. For 3D COFs, their
building blocks including an sp® carbon, silane, or boron atom
help to expand the network to three-dimensional space.
Furthermore, the diversity of building blocks creates numerous
combinations, which endows the COFs with immense possibi-
lities in structural design (Fig. 2).>°

The unique structural features of COFs endow them with
great advantages and potential for application in EES and EEC.
(a) Periodic arrangement. The redox/catalytic active sites can be
accurately anchored to specific sites on the skeleton with the
predesigned environment, and their electronic structures can
be easily tuned, offering great opportunities for tailoring the
performance of COFs and serving as platforms for the mecha-
nism and structure-function relationship study. Moreover, in
2D COFs, vertical columnar arrays formed by the stacking of
aromatic building units as well as conjugated polymeric layers
can provide continuous channels for the hole and/or electron
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Fig. 1 Schematic representation of 2D COFs, 3D COFs, and the exfoliation
of the bulk 2D COF into COF nanosheets. The atomic connectivity and
structure of 3D COFs (right) is reproduced from ref. 53 with permission from
American Association for the Advancement of Science, copyright 2007.

movement.””®° In 3D COFs, the 1D conjugated segments
interlace with each other and construct long-range conjugated
systems that may also provide transport pathways. (b) Porous
framework with well-aligned channels. Normally, both 2D and
3D COFs have the advantages of modified skeletons, multiple
open sites, and a highly porous structure with large pore volume.
Because of these advantages, COFs provide the possibility
of incorporating active fragments into their skeletons or

Bo Wang obtained his BS and MS
degrees from Peking University in
2004 and the University of
Michigan in 2006, respectively,
and his PhD from the University
of California Los Angeles in 2008.
He has been a professor in the
School  of Chemistry and
Chemical Engineering, Beijing
Institute of Technology, since
2011. His research interests
focus on novel functional porous
materials design and synthesis,
energy storage, advanced battery
materials, gas  purification,
toxicant capture, and sensing.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0cs00017e

Published on 05 May 2020. Downloaded on 12/15/2025 3:33:31 AM.

Chem Soc Rev

View Article Online

Review Article

Aldehyde Amine
C,CHO CyNH,
NH; R
onc—.—.—cno onccnooKC_Q_ ‘Q‘CNO ]¢( \/@/\ o @,o/ HN_NH, M g QNH; . _@_Nm NzN-Q-NNZ i AQ—NHz i _@_
) HAN'
R=H,OH,OMo, SMoF R = OH, OMe, F e R =H, CHs, OH, OMe, SOH R=NOp SOH
3 42 43 44 45 48
R o
NH,
n( ey e S v e rasa o SR [ e Sw S oS e SN g S N 090 e S
R = H, CH, OH, OMe, NO, » 6
OCHe 49 50 51 52 QQQ
e D-Qrow oo we-LLpoe qu» °°'—ﬂ—’ ot A A "l
14 CoNH, 54 NH,
OHC, o HO onc@ dno NH, NHy NK: i
HNAC )L )—NH2 HA NH
‘z' o,o :; (: F00 @ ?
OHC tcno OHC Qno ,©)\ )\Q "z"@ O"“’ HN O O
19 2
C4-CHO
Ca-NH, Ce NHZ Te NHZ
oHC I HN NH,
@NO NO%{)H O O
H;N O H,
2
23 24
65
OHC, CHO .
Hydrazine
O Q C, NH, NH, NH,
OHC: O OQO O CHO O NH o Nr; o N_oO
2 ~
% BQ T D
O e N W
OHC CHO
2 66 67 68 69
Boronic acid Cactgoci'hol
C,-B(OH), CyB(OH), C4-B(OH), z
R
HO OH HO. OH
HO, OH HO, OH HO OH Ho...
SO OO Bo=0% 3" e O,
32 33 34 P Gy o8 7 7
HOF—Q-ON HGE-O-B&BQ C3-OH HO_ OH
o, I o+ Ho OH  Ho s  OH HO o\ o4 Ho HO_ OH P,
no‘BBoH LY B on HOB'(;I’)'BOH wo B ts S %Aou o5 o ‘
35 36 37 38 39 40 M HOHO O:HHDNO -
75 76
Quinone Methyl Anhydride Benzyl nitrile Tetrafluoro "
Oy o oN 0 O
) NchLcN A S g & B F F NC, NC. T F F F F
go e A fed ol g -oe 00 000 o X el
oo ) ) ° O Ol
7 80 81 82 83 84 85 86 87 88 89 %0 N e

Fig. 2 Chemical structures of building blocks with different geometries.

impregnating active molecules within their channels. The
ability for selective adsorption or enrichment of particular
reactants, like gases or ions,*® inside their channels is beneficial
for electrochemical reactions. In addition, the open channels of
COFs are capable of permitting ion migration;** especially, the
ionic COFs or COFs encapsulated with carriers can efficiently
accelerate ion transport.

In the past few years, COFs have been broadly investigated in
the EES and EEC fields (Fig. 3).°>"* Although 2D COFs are good
electro-functional materials, long channels formed by stacked
layers pose a great obstacle for ion diffusion and for reaching
the active sites, and the defects of COFs and boundaries
between particles restrict the transportation of electrons
and ions. These issues lead to an increased mass transport
resistance and inherent low conductivity of bulk COFs, which
limit their applications. Remarkably, the sheet-like COFs with a
thickness of single- or few-atom layers possess unique chemical,
physical, electronic, and optical properties.®®°® They can minimize
the transport length for the ions to reach the active sites, and

This journal is © The Royal Society of Chemistry 2020

provide sufficient electron conduction pathways from the elec-
trodes or conductive additives to the active sites in COFs.
Specifically, COF NSs with adjustable electronic/optoelectronic
properties and fully exposed active sites are of particular
interest for EES and EEC applications.

Specifically, for battery electrodes and supercapacitors, the
shortened ion diffusion pathways and more accessible active
sites in the COF NSs give rise to an elevated rate performance;
for anode materials, the sheet-like structure provides the
capability of accommodating ions between the layers based
on the manner in which ions are inserted, even the single-
layered COF NSs can follow the surface ion storage mechanism
where ions are exchanged on the surface of electrodes during
the charging-discharging processes; for supercapacitors, COF
NSs by virtue of their porous nature and higher specific surface
area are helpful for wetting the electrode surface by electrolytes
and absorbing ions, resulting in improving their specific
capacitances. As for electrocatalysts: (a) compared with the
bulk COFs, COF NSs possess more accessible active sites on

Chem. Soc. Rev., 2020, 49, 3565-3604 | 3567
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Fig. 3 Conceptual presentation of an integrated system of EES and EEC.

the surface that are able to directly contact substrate molecules
as well as electrons with a lower diffusion/transportation
barrier; (b) in terms of metal-containing COF-based electro-
catalysts, the ultrathin nanosheet structures are conducive to the
incorporation of metal atoms/clusters in a similar chemical and
physical environment, benefiting the study of the structure—
function relationship and the modulation of their performance;
(c) generally, COF NSs exhibit a better dispersibility in solvents,
making it easier to afford electrodes with uniform coverage of
active materials.

Many reviews focusing on COFs in EES and EEC fields have
been summed up,®®~"? but few have discussed the fundamental
understanding of the relationship between COFs’ structure
and their electrochemical performance. In this review, we have
presented the most recent progress, emphasized the importance
of preparing 2D COF nanosheets for their electrochemical
applications, highlighted the transport pathways of electrons
and ions in COFs, established the association between the
functions of COFs and their applications, and evaluated their
performance from structural design. Firstly, we have summar-
ized the synthetic methods for COF NSs and thin films which
have been classified into bottom-up and top-down approaches;
then we discussed the development of COFs in EES and

3568 | Chem. Soc. Rev., 2020, 49, 3565-3604

EEC applications, including in rechargeable batteries, super-
capacitors, as well as electrocatalysis; in the final part, we have
discussed the challenges that still exist in these areas and have
provided some perspectives.

2. Synthesis of COF nanosheets

Bulk COF materials can be prepared under solvothermal,
microwave, ionothermal, or mechanical conditions, and
many previous reviews have summarized and discussed these
methods in detail.">*®>' Thus, in the following sections, we
have mainly introduced the strategies for the preparation of
COF NSs and thin films, which are classified into bottom-up
and top-down methodologies (Fig. 4).

2.1 Bottom-up synthesis

The bottom-up strategy is an approach of great importance to
fabricate COF NSs and thin films, the key point of which is the
preorganization of precursors and the restriction of condensa-
tion reactions between the monomers in well-confined spaces,
such as the surface of smooth substrates or the interface
between two phases.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Diagram of the synthesis of CONs. The left represents the bottom-up method and the right top-down synthesis.

For the preparation of COF NSs with atomic thickness,
generally, an on-surface strategy is employed. It is crucial to
control the growth orientation of COF NSs or thin films and
avoid random dispersion or accumulation of monomers on
substrates. Therefore, the selected substrates, such as highly
oriented pyrolytic graphite (HOPG) and metals, should possess
a well-defined single-crystal surface to guide the polymerization
reactions. Very recently, few-layered COF NSs were successfully
prepared with the aid of surfactants or laminar assembly
polymerization (LAP).”®

In comparison, the conditions for the fabrication of COF
thin films with multilayer nanosheet-stacked structures are not
so strict, but it is required to carefully optimize the tempera-
ture, monomer concentration, solvent polarity, substrate, etc.

2.1.1 Single-layered covalent organic frameworks (sCOFs).
The on-surface synthesis approach has been proved to be one
of the most efficient ways to produce single-layered COF
nanosheets. The atomic arrangement of sCOFs can be well
visualized by scanning tunneling microscopy (STM) with
high resolution. Compared with the supramolecular systems
organized by non-covalent interactions, sCOFs linked by
covalent bonds are more chemo- and thermo-robust. Indeed,

This journal is © The Royal Society of Chemistry 2020

the reversibility of the condensation reaction is of vital impor-
tance to ensure error-checking and proof-reading processes to
yield COFs with long-range order. However, for the preparation
of sCOFs, in addition to reversible reactions like imine coupling
and boronic anhydridation reaction, irreversible reactions
(e.g., Ullmann coupling) can also be applied owing to the pre-
organization of the monomers guided by the ultra-flat surface.

2.1.1.1 Chemical vapor deposition growth under ultrahigh
vacuum (UHV). The pioneers of on-surface synthesis of 2D
covalently bonded molecular nanostructures are Grill and
Hecht et al.,”* who reported that molecular nanostructures
containing porphyrin building blocks and linked by covalent
bonds were successfully formed on Au(111) surface after thermal
activation. Moreover, they also noted that the resulting nano-
architectures with controlled shape and size could be precisely
manipulated by changing the chemical structures of the construc-
tion units. To activate the molecular building blocks, they
proposed two alternative methods but obtained similar products.
The first one was depositing the intact molecules on the metal
surface and then dissociating the Br substituents by heating.
The second one was activating the molecules in the evaporator

Chem. Soc. Rev., 2020, 49, 3565-3604 | 3569
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copyright 2011.

and then depositing them onto the metal surface at room
temperature (Fig. 5a-d). By comparison, the former method
was more efficient, attributed to the enhanced molecular
diffusion and clustering of networks upon heating compared
to that at room temperature. Similarly, other halogenated
aromatic monomers have been utilized for the preparation of
sCOFs under UHV conditions.””®

Boronate linkage with planar molecular configuration and
good reversibility has been applied for constructing sCOFs.”” %"
In 2008, Abel et al.”” prepared sCOFs with tunable nanoporous
structures on Ag(111) surface under UHV by using boronate-
based building units. Both sSCOF-1 (obtained by self-condensation
of 1,4-benzenediboronic acid (BDBA) (32)) and sCOF-2 (obtained
by co-condensation of BDBA and 2,3,6,7,10,11-hexahydroxytri-
phenylene (HHTP) (40)) displayed energetically favorable struc-
tures and formed a hexagonal array with boroxine or triphenylene
moieties at the nodes (Fig. 5e and f). Since the network of sCOF-2
showed fewer defects compared to that of sCOF-1, they thought
that it could be attributed to the fact that the bimolecular reaction
for dioxaborole formation was more kinetically favorable than
the trimolecular boroxine reaction and the HHTP units may

3570 | Chem. Soc. Rev., 2020, 49, 3565-3604

help to improve the rigidity of the networks. They found that
the temperature of the substrate and evaporator, as well as the
annealing process, greatly influenced the surface coverage by
SCOFs. In 2012, Zamora, Gomez-Rodriguez et al. reported the
formation of a sCOF on Au(111) based on polyester condensa-
tion under UHV.%? In 2015, Chi and Li et al. showed that the
cyclotrimerization of acetyls to aromatics can also be used for
the preparation of sCOFs on the surface under UHV.*® In
addition, Schiff-base coupling between primary amines and
aldehydes is of great interest in the on-surface synthesis of
sCOFs.?*%

2.1.1.2 Thermal polymerization at ambient pressure. The pro-
cess of implementing UHV conditions is complex, and the
instrumentation and also single-crystal metallic surfaces have
to meet high requirements. Alternatively, solution deposition
may serve as a more efficient and simpler preparation route to
obtain long-range ordered sCOFs. However, after solution
deposition, the aryl-aryl coupling reaction proceeded on a
heated gold surface only afforded dimers and trimers.*® The
long-range ordered sCOFs with high surface coverage have been

This journal is © The Royal Society of Chemistry 2020
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successfully prepared by reversible dehydration reactions with
the manipulation of the amount of water.**8714

In 2011, Lackinger et al first deposited BDBA monomers
with boronic acid groups or nanocrystalline precursor COFs on
the graphite surface by drop-casting (Fig. 5g and h), and
then positioned the samples in a container placed within a
preheated oven.'® Additional water was added in the reactor
but did not directly contact the samples, and the container
remained slightly open to maintain the ambient environment
during the reaction. They found that the presence of water
molecules was helpful for dominating the growth of COFs,
which came to an end when all the water molecules were
evaporated. STM characterization showed that the resulting
monolayers of COF-1 formed on the graphite substrate with
or without precondensation seemed to be indistinguishable
regarding lattice parameters, domain size, and defect density.
Then they obtained a series of high-quality sCOFs with pore
sizes ranging from 1.0 to 3.2 nm by choosing building blocks
with different lengths.®® Additionally, they investigated the
impact of the activation temperature on molecule diffusion
ability and reaction rate. They observed the structural charac-
teristics of both sCOFs and noncovalently self-assembled struc-
tures depositing on the surface before the thermally activated
polycondensation. Furthermore, Lei and Tian et al.'® reported
that they successfully co-condensed triangular aromatic alde-
hydes and linear aromatic diamines based on Schiff-base
reaction at the octanoic acid/HOPG interface either at room
temperature or in a low vacuum with moderate heating.

In 2012, Wan and Wang et al. successfully fabricated well-
ordered and large-scale SCOF-1 with a domain size of 200 x
200 nm” on HOPG by modulating the chemical equilibrium via
introducing CuSO,-5H,0 into a closed reaction system. The
controlled experiments without the addition of CuSO,4-5H,0
only resulted in products with disordered networks.** Then
they successfully produced another three ordered sCOFs with
triangular, rhombille, or semi-regular Archimedean tilings, via
Schiff-base reaction on the surface of HOPG with the aid of
CuS0,-5H,0.%%7

Notably, most of the sCOFs usually possess single linkages.
To further broaden the variety of sCOF structures, it is attractive to
develop multi-component molecular covalent nanoarchitectures.
Wang’s group proved that Schiff-base reaction and boronic acid
dehydration have orthogonality; in other words, they can take
place simultaneously during on-surface synthesis without inter-
ference with each other.'®® They adopted the gas-solid (HOPG)
interface reaction methods to prepare highly ordered hybrid
sCOFs linked by boroxine rings and imine bonds. Moreover,
they successfully synthesized the first chiral sCOF with a
windmill structure.

Kunitake et al. proved that extended 2D networks could
be fabricated via a surface-mediated Schiff-base reaction on
hydrophobic iodine-modified Au(111) surface in aqueous
solution with precise pH and thermodynamic control.”® They
emphasized the importance of choosing substrates and mono-
mers. This method avoided complicated operations such as
high temperature and ultrahigh vacuum. It paved the way

This journal is © The Royal Society of Chemistry 2020
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for the synthesis of well-designed sCOFs via facile ways of
“bottom-up” methodology.

2.1.1.3 Influencing factors. The on-surface synthesis of 2D
sCOFs contains many kinetic processes such as adsorption,
diffusion, nucleation, growth, etc. In order to obtain well-
ordered and high-quality 2D sCOFs, the density of the nucleus,
the diffusion rate of the precursors, and the growth rate should
be taken into account. In most cases, the suitable growth
conditions for the formation of 2D sCOFs include low nucleus
density, high diffusion rate, and slow growth rate to guarantee
a large domain size, high reaction efficiency, and thermo-
dynamically stable structures, respectively. In this part, we have
discussed the primary influencing factors for sCOF growth.

(a) Thermodynamic equilibrium control. The key to produce
ordered and uniform molecular networks constructed with
covalent bonds is the regulation of the reaction equilibrium
and reversibility.

The substrate or system temperature will affect the reaction
rate, and consequently, the quality of the sCOFs. Usually, the
condensation reaction does not occur at low temperature;
however excessively high temperature leads to a large number
of defects caused by desorption or excessive polymerization of
monomers.®>%* Therefore, a suitable temperature range that
allows the reaction to proceed in a controllable and reversible
manner is of great importance.

The reversible surface polycondensation is considered to be
endothermic, and thus, elimination and release of water mole-
cules will entropically promote the forward reaction. According
to Le Chatelier’s principle, the reversibility of the condensation
reaction, which determines the domain size and defect degree,
can be manipulated by water control. In the above-mentioned
methodologies, the amount of water in the reaction system
has been managed by additional water supplement, pressure
control, or adding aquo-complex. For example, CuSO,-5H,0 in
the closed system acted as a water “reservoir”. During heating,
the water molecules were released from CuSO,-5H,0 to facilitate
defect repair via decomposing and reconnecting mislinked
units; on the other hand, during the cooling process, these water
molecules would be soaked up again by anhydrous CuSO, to
prevent the sCOFs from decomposition.®**?”

(b) Substrate. In addition to the ability to guide the poly-
merization process, substrates also have a great influence on
the adsorption capacity and diffusion degree of the precursor
molecules on them.”>7679:108:199 Therefore, substrates play
significant roles in increasing the coverage, regularity, and
orientation of the resultant polymeric sCOFs. Substrates with
single-crystal surfaces are required to produce high-quality
sCOFs for the on-surface synthetic procedures. For example,
Gutzler and Lackinger et al. polymerized halogenated aromatic
monomers under UHV and found that the dissociation of
covalent carbon-halogen bonds and subsequent association of
radicals were different on graphite(001), Cu(111), and Ag(110),
respectively.”” Bieri and Fasel et al. prepared polyphenylene
networks by covalent bonding of the hexaiodo-substituted
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macrocycle on Cu(111), Au(111), and Ag(111).”® They found that
the morphologies of the resultant products were significantly
different on different substrates. Density functional theory
(DFT) analysis revealed that the equilibrium of diffusion and
coupling pathways of the precursors influenced by substrates
were different. On Cu(111), the formation of covalent inter-
molecular bonds between radicals occurred spontaneously as
soon as the primal diffusion barrier was overcome. In contrast,
the diffusion progress proceeded prior to the intermolecular
coupling on the Ag surface, thus promoting the motion of the
radicals and resulting in well-ordered 2D networks.

(¢) Monomer. Monomers, as well as their relative ratios,
also have strong impacts on the structure, stability, uniformity,
and application properties of SCOFs,5%9>79%:110

Wan and Wang et al. investigated the effects of monomer
diffusion and the molecule-substrate interaction by changing
the length and rigidity of the monomer skeleton. They demon-
strated that the increase of substrate-molecule interaction
preferred to form macrocycle structures rather than sCOFs
due to the poor mobility of the adsorbates.'’® They also
demonstrated that sCOFs synthesized on the surface by using
tetrathiafulvalene equipped with four benzaldehyde groups
(4ATTF) (21) and two linear diamine molecules with different
lengths as precursors showed compelling differences.”® When
reacted with p-phenylenediamine (PPDA) (45), 4ATTF was
inclined to form long-range ordered rhombus structures. In
contrast, 4ATTF when reacted with 1,1’-biphenyl-4,4’-diamine
dihydrochloride (BPDA) (49) resulted in the formation of
triangular and irregular rhombus structures.

Lei’s group investigated the influence of precursor concen-
tration on the production of sCOFs.” They proved that, when
reacting with the same aldehyde, the larger amine monomer
demanded lower concentration to form a well-ordered crystal-
line 2D polymer. Wang’s group used tetradentate monomer
1,3,6,8-tetrakis(p-formylphenyl)pyrene (20) with D,;, symmetry
and ditopic linear diamines to prepare sCOFs whose network
shape varied from rhombus, parallelogram, and Kagome. They
illustrated that high precursor concentration led to the for-
mation of quadrate networks, while low concentration resulted
in Kagome networks.””

2.1.2 COF multilayer nanosheets and thin films

2.1.2.1 Solvothermal method. The solvothermal synthesis
method as a typical wet-chemical synthesis strategy is widely
applied to produce ultrathin 2D nanomaterials. During the
solvothermal synthesis, water or an organic solvent works as
the reaction medium in a closed system and the heating
temperature is set above the boiling point of the solvent. The
heated solvents in high pressure can facilitate the reaction and
enhance the crystallinity of nanocrystals."** The solvothermal
method has also been used to prepare COF multilayer
nanosheets and thin films with or without the presence of
substrate soaking in the solvents.!**>™**?

In a typical example, Dichtel et al. reported that 2D COF-5
thin films can be formed on the surface of single-layer graphene
(SLG) supported by copper, silicon carbide, or transparent fused
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silica (SiO,) substrates in a mixture of monomers and solvents at
90 °C (Fig. 6a-d)."** Compared with the corresponding COF
powder sample, the COF film possessed a much higher orienta-
tion, in which the polymeric layers stacked normal to the SLG
surface.

Talyzin’s group developed a hybrid 2D-2D material consisting
of perpendicularly oriented COF-1 NSs and graphene (Fig. 6e).""?
For directing the vertical growth of COF-1 NSs, they modified
graphene oxide with diboronic acid molecules to function as
nucleation sites. The thickness of COF-1 NSs was controlled from
about 3 to 15 nm. Besides, Wang’s group realized the growth of
boronic ester-based COFs on carbon nanotubes (CNTs) to form
COF-10@CNT with a few-layered structure. It can be seen from
the high-resolution transmission electron microscope (HRTEM)
images that the CNTs were covered by a COF-10 thin layered
structure (about 6 nm) with a layer spacing of 0.35 nm."*!

2.1.2.2 Interface synthesis. Liquid/air and liquid/liquid inter-
faces can provide confined spaces for the preparation of 2D
COF nanosheets or films.

For instance, Zhang’s group prepared Schiff-base 2D COF
NSs with a thickness of about 0.7 nm at the air/water interface
by the Langmuir-Blodgett method."”* Bao’s group placed the
reaction solution in a covered Petri dish for 2 days in an
ambient environment and the COF films were formed at the
solution/air interface. The surfaces of the resulting films were
smooth and the thickness could be tailored from 1.8 nm to
29 nm by altering the monomer concentration and reaction
time."”® Choi et al. found that the formation of the COF NSs at
the air/water interface could be significantly shortened to less
than 1 h by photon irradiation, and the thickness of the
resultant COF NSs was 0.75-2.59 nm (Fig. 6f and g).''”*** They
noted that photon energy played a vital role in both accelerating
imine condensation and facilitating the transformation from
generated amorphous imine to crystalline COFs.

Feng’s group prepared crystalline quasi-two-dimensional
(g2D) polyaniline (PANI) films at the air-water interface by
using surfactant (sodium oleyl sulfate, SOS) monolayers as the
template. The obtained crystalline q2D PANI films possessed
lateral sizes of 50 ecm”® and tunable thickness (2.6-30 nm)."*®
Furthermore, Feng, Zheng, and Kaiser et al. successfully proposed
a surfactant-monolayer-assisted interfacial synthesis (SMAIS)
strategy to synthesize crystalline few-layered 2D polyimide
(2DPI) and 2D polyamide (2DPA) at the interface of water and
air with the aid of surfactant monolayers (sodium oleyl sulfate,
SOS). The obtained 2DPI possessed a thickness of about 2 nm and
a crystal domain size of about 3.5 pm?, while these values for
2DPA were 10 nm and 0.4 nm pm? respectively. They also
identified that the amorphous areas connected with crystalline
domains dominated about 40% area (Fig. 7a-€)."*® Very recently,
Feng, Dong, Zheng, and Kaiser et al. used a similar strategy to
synthesize three fully crystalline PI-2DPs with tunable thickness
(6 to 200 nm) and crystalline domain (100-150 nm in size),
which were one order of magnitude larger than those of
previously reported 2D polyimine films."”” Feng, Dong, and
Cuniberti et al. further prepared 2D crystalline boronate ester

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Schematic illustration of the reaction of COF-5 films. (b) X-ray scattering data of the COF-5 powder (top) and GID data of the COF-5 film on

SLG/Cu (down). (c) SEM image of the COF-5 thin film. (d) Cross-sectional SEM images and their corresponding GIDs of COF-5 films grown on SLG/Cu for
30 minutes, 2 hours, and 8 hours with film thicknesses of 195 + 20 nm, 94 + 5 nm, and 73 + 3 nm, respectively. Reproduced from ref. 120 with
permission from American Association for the Advancement of Science, copyright 2011. (e) Schematic illustration of the two methods: (a—b-c)
functionalization of GO with DBA which worked as a vertically growing COF-1 nanosheet molecular nucleation site; (a—d—e) formation of COF-1
platelets parallel to GO in the absence of BDA for GO functionalization followed by carbonization to form carbon nanosheets oriented perpendicular or
parallel to the RGO surface. Reproduced from ref. 112 with permission from Wiley-VCH Verlag GmbH & Co. KgaA, copyright 2018. (f) AFM images and
thickness distribution of single, double, triple, and six 2D Lp-pi-COF films. (g) Schematic illustration of the reaction of Lp-pi-COF synthesized on the

water interface with the assistance of photons. Reproduced from ref. 124 with permission from American Chemical Society, copyright 2018.

covalent organic framework (BECOF) films with tunable
thickness (6-16 nm) and large single-crystalline domain up to
60 umz'us

Li and Ma et al. reported a buffering interlayer interface (BII)
method to synthesize high-quality 2D COF NSs at the interface
of two miscible organic solvents.'*® They introduced a low-
density solvent interlayer between two miscible solvents to
work as a buffer layer, in which the difference in density caused

the directional movement of the interface.

This journal is © The Royal Society of Chemistry 2020

Banerjee, Mukherjee, and Das et al. prepared a series of free-
standing large-scale COF thin films with a thickness of sub-
100 nm at the liquid-liquid interface by Schiff-base reaction."*°
They introduced amine-p-toluene sulfonic acid (PTSA) salt to
slow down the precursors’ diffusion rate for increasing the
crystallinity of films (Fig. 8a—c). Zhang, Ma, and Chen et al
transformed polymeric covalent organic frameworks (polyCOFs)
into defect-free and freestanding films. The linear polymers
PEG400/600 were used as building blocks to prepare the polymer
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Fig. 7 (a) Schematic illustration of the synthetic procedure for the 2D polymers at the interface of water and air with the aid of surfactant monolayers.
(b) Schematic illustration of the reaction of 2DPI and 2DPA. (c) A TEM image of the 2DPI film. (d) An AC-HRTEM image of 2DPI. (e) An AFM image of
the 2DPI film. Reproduced from ref. 126 with permission from Nature Publishing Group, copyright 2019.

monomer (DTH-POLYMER) containing 2,5-diethoxy-terephthalo-
hydrazide (DTH) (68) moieties, and then, DTH-POLYMER and
DTH reacted with another monomer triformylbenzene (TB) (23)
to form the final product poly,COF-42 films at the interface
between mesitylene and mixed solution of water and dioxane.
What’s more, they successfully synthesized films with a thick-
ness of 4.5 £ 0.3 nm by adjusting the concentration of the
reactants."!

Besides, Xu’s group successfully proposed a solution-synthesis
strategy to prepare triazine-based COF NSs with single-/multi-
layered structures.*> They first added CF;SO;H to a flask, and
then the monomer solution (1,4-dicyanobenzene (85) in CH,Cl,)
was introduced into the flask through a dropping funnel at a
reaction temperature of 100 °C. Abundant liquid-liquid interfaces,
where the cyclotrimerization reaction took place, were formed
between the two insoluble solvent phases (Fig. 8d-f).

Wang and Liu et al. synthesized free-standing 2D COF films
by using superspreading water layers between hydrogel and oil
phase as a confined interface. In detail, 4,4’,4"-(1,3,5-triazine-
2,4,6-triyl)trianiline (TTA) (58) was dissolved in the hydrogel
while 2,5-dihydroxyterethaldehyde (DHTA) (3) was dissolved in
the oil phase; the two monomers encountered and reacted in

3574 | Chem. Soc. Rev., 2020, 49, 3565-3604

the superspreading water layer to form COF films with tunable
thickness ranging from 4 to 150 nm when changing the

concentration of monomers (Fig. 8¢ and h)."*?

2.1.2.3 Influencing factors for few-layered COF NSs. In order
to obtain highly qualified few-layered COF NSs for different
applications, many factors should be taken into account,
including monomer, solvent, reaction time, temperature, sub-
strate, auxiliary reagent, and so on.

(a) Monomer. Types, concentration, ratio, and other related
parameters of monomers greatly affect the preparation process,
thickness, quality, number of layers, and other properties of COF
NSS.112’115’117’124’127’130’132’133

Typically, the concentration of monomers plays an impor-
tant role in controlling the thickness and layer number of
COF NSs. In the process of preparing perpendicularly oriented
COF-1 NSs on GO, Talyzin’s group successfully controlled the
thickness of films in the range of 3-15 nm by adjusting the
loading of monomers.''? Wang’s group synthesized COFrgpy-
PPDA thin films on SLG by a solvothermal method, wherein
they employed 1,3,6,8-tetrakis(p-formylphenyl)pyrene (TFPy)
(20) and p-phenylenediamine (PPDA) (45) as building blocks.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Chemical structures of COF films (Tp-Tta, Tp-Ttba, Tp-Bpy, Tp-Azo). (b and c) SEM and AFM images of Tp-Bpy films. Reproduced from ref. 130
with permission from American Chemical Society, copyright 2017. (d) Schematic illustration of the reaction of triazine-based 2DP. (e) Cross-sectional
SEM image of the 2DP film. (f) The photo of the self-supporting 2DP film. The inset is 2DP film's fluorescent picture under UV light. Reproduced from
ref. 132 with permission from American Chemical Society, copyright 2017. (g) Schematic illustration of the formation of a self-supporting COFrpa film at
the oil/water/hydrogel interface. (h) Schematic illustration of the reaction of COFra.pyta. Reproduced from ref. 133 with permission from American

Chemical Society, copyright 2018.

The thickness of the obtained thin films varied in the range
of 47-55 nm, based on the concentration of TFPy from 2 to
5 mmol L™""" Choi et al found that the number of layers
for COF NSs at the air/water interface could be efficiently
regulated by changing the concentration of the precursor

solution (Fig. 6f)."*” "

(b) Solvent. 1t is worth noting that the proper solvent
combination is one of the key factors for preparing uniform
and highly crystalline COF thin films. The solvent mixture with
an appropriate ratio is beneficial for spreading the precursor
solution homogeneously at the interface, which can be attri-
buted to the polarity effect of the precursor solution,"'”*>413?
Choi et al. synthesized polyimine-based COF (pi-COF) NSs at

This journal is © The Royal Society of Chemistry 2020

the air/water interface. The solvent composition they used to
dissolve the reactive monomers was 1,4-dioxane, mesitylene,
chloroform, and acetic acid, by which they successfully con-
trolled the polarity of the precursor solution, resulting in the
formation of a uniform and stable layer on the water surface."**

(¢) Reaction time. The duration of the reaction affects the
thickness of the obtained COF thin films. For example, Bao’s
group prepared COF films at the solution/air interface in a
covered Petri dish and they found that longer reaction time led
to thicker films."*?

(d) Substrate. Choosing a suitable substrate is regarded as
one of the efficient ways to prepare COF thin films with a highly
crystalline and ordered structure. The obtained COF thin films

Chem. Soc. Rev., 2020, 49, 3565-3604 | 3575
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have been shown to form 2D layers oriented preferentially
parallel to the substrate surface and vertically aligned via n-n
stacking.'*°

Dichtel et al. demonstrated that 2D COF-5 thin films can be
formed on the surface of SLG supported by copper, silicon
carbide, or transparent fused silica (SiO,) substrates. They
found that the COF-5 films exhibited a similar structure but a
more uniform film/substrate interface and smaller thickness
(94 £ 5 nm) on SLG/SiO, compared with that on SLG/Cu, while
the COF-5 film formed on SLG/SiC showed no visible grain
boundaries, few bulk crystallites, and the smallest thickness
(73 £ 3 nm) (Fig. 6d)."*°

(e) Auxiliary regent. In some cases, adding auxiliary
reagents (e.g., surfactants">>""*® and regulators'*®) to the reac-
tion systems can effectively regulate the structures and improve
the quality of COF NSs.

For example, Feng, Zheng, and Kaiser et al. successfully
synthesized few-layered 2D polyimide (2DPI) and 2D polyamide
(2DPA) at the water-air interface with the aid of a surfactant
(sodium oleyl sulfate, SOS). They further tried other surfactants
with different polar groups, including sodium 4-dodecylbenzene-
sulfonate (SDBS) and hexadecyl-trimethyl-ammonium bromide
(CTAB). They found that in the pre-organization process, only
when the surfactant (SDBS) and monomer 4,4’,4” 4"'-(porphyrin-
5,10,15,20-tetrayl) tetraaniline (62) had electrostatic interaction it
could lead to the formation of crystalline 2DPI. In contrast, if the
surfactant (CTAB) and the monomers had electrostatic repulsion
interaction, the obtained product was amorphous.'*

In 2019, Jiang, Zeng, and Wang, et al. reported an imine-
exchange synthesis strategy to prepare COF NSs by introducing
excess 2,4,6-trimethylbenzaldehyde (TBA) into the reaction
system under solvothermal conditions. During the formation
of the COF, TBA molecules were attached to the edge of COF
NSs, which hindered the accumulation of n-r stacking of COF
NSs and promoted the growth of COF NSs along the 2D plane,
realizing the control of NS layers, and the increase of yield as
well as size. They successfully synthesized porphyrin-based
COF-366, COF-367, COF-367-Co, TAPB-PDA COF, and TAPB-
BPDA COF by using this method."*®

2.2 Top-down method

Bulk 2D COFs are layered structures with periodically aligned
channels. The individual polymeric layers are stacked along
the vertical direction through relatively weak interactions (e.g
van der Waals force and/or hydrogen bonding). The top-down
method can prepare multi-/mono-layered COF NSs by directly
breaking the interactions between the neighboring layers of COFs,
which is a facile and effective approach to obtain NSs. To date, the
methodologies applied to exfoliate COFs can be divided into four
classes, including mechanical exfoliation, liquid-assisted exfolia-
tion, self-exfoliation, and chemical exfoliation.

2.2.1 Mechanical exfoliation. The mechanical delamina-
tion has been well established for graphene and other 2D
materials.""" Banerjee et al first employed this method in
2013 to exfoliate COFs."** They prepared eight chemically
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stable Schiff-base COFs with different functionalized diamines
and pore apertures ranging from 15 to 24 A. These COFs were
exfoliated by using a simple and environmentally friendly
strategy: firstly, the COFs were placed in a mortar with a few
drops of methanol and ground using a pestle at room tempera-
ture for 30 min; secondly, the resulting dark red fine powder
was dispersed in 100 mL of methanol and then centrifuged to
get a clear liquid; finally, the COF NSs with flat nanosheet-like
structures were obtained by complete removal of the solvent by
evaporation. The size of the nanosheets was several micro-
meters in length, while their thickness ranged from 3 to
10 nm, corresponding to the presence of only ~10-30 COF
layers. The integrated structures of exfoliated nanosheets were
characterized by Fourier Transform Infrared (FT-IR) and Raman
spectroscopy. The random displacement of 2D layers in nanosheets
affected the eclipsed pore structures and decreased the periodicity
along the z-direction, as proved by the decrease of the intensity of
powder X-ray diffraction (PXRD) assigned to the (100) plane and the
broadening of the (001) diffraction.

Compared with pestle grinding,"** ¢ ball milling"*""*° is a
scalable mechanical delamination method to obtain COF NSs.
As an example, a series of aromatic B-ketoenamine linked
COFs with intramolecular C=O- - -HN hydrogen bonding were
exfoliated by mechanical milling without solvent, operating at
30 Hz for 30 min."*° The resultant powder was diluted with
toluene (or water) and sonicated for 30 min. After removing big
particulates by centrifugation, the visibly clear supernatant
containing COF NSs was obtained. The COF NSs revealed
approximately half-micron large sheets with the thickness in
the range of 0.7-4.5 nm, corresponding to a stack of ~2-15
COF sheets. Similarly, a Schiff-base COF was wet-ball milled in
dimethyl formamide (DMF) (80 mL) at 225 rpm for 24 h. The
resultant powder was dispersed by sonication for 30 min and
then centrifuged, achieving few-layered nanosheets."*®

2.2.2 Liquid-assisted exfoliation. Layered bulk COFs can
also be exfoliated into ultrathin 2D nanosheets in liquid phase
with external mechanical forces such as sonication."**™* At
first, layered bulk materials are dispersed in a specific solvent
with proper surface energy that matches COFs and then are
sonicated to obtain a nanosheet suspension. During the opera-
tion, sonication introduces bubbles in the solution that provide
microjets and shock waves across the layered bulk materials
when the bubbles break. The produced intense tensile stress
will be applied to the bulk materials, resulting in exfoliated
sheets with a few layers.

Firstly, the solvent system is an essential factor for achieving
efficient exfoliation in liquid."**'**'*® The proper solvent
system can both facilitate the exfoliation and inhibit the
aggregation of the nanosheets. For instance, the relationship
between different solvents and products for the exfoliation of
2D hydrazone-linked COF-43 with the expected stability of
hydrazone linkages was investigated."*° When COF-43 was
immersed in tetrahydrofuran (THF), trichloromethane (CHCl;),
toluene, and methanol, it did not change its original diffraction
patterns, whereas its exposure to dioxane, H,O, and DMF led
to the loss of crystallinity as judged from PXRD patterns.

This journal is © The Royal Society of Chemistry 2020
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The authors speculated that the loss of crystallinity might be
attributed to the exfoliation of bulk COF-43 rather than break-
ing of its covalent linkages. The hydrolysis of COF-43 was
excluded by solid and solution-state infrared spectroscopy
(IR) measurements, demonstrating that COF-43 possessed
good chemical stability in each solvent. The atomic force
microscope (AFM) images of the suspensions sonicated in
different solvent systems further confirmed the exfoliation
behavior. When combined with dynamic light scattering
(DLS), it was observed that there were significant size differ-
ences between the dispersed species in the different solvent
systems. When COF-43 was sonicated in dioxane, high aspect
ratio platelets with a width of 200 nm were achieved with a
height of 1.32 + 0.37 nm (related to 3-5 layers). Thin sheets
with a height of 3.3 A (bi-/single-layered) were realized after
sonicating in H,O while much thicker sheets were obtained
after deposition from non-exfoliating solvents, such as THF.
These observations suggested that dispersing COF-43 in
exfoliating solvents led to high aspect ratio platelets.
Secondly, the design of skeletons is another crucial factor
that can influence the exfoliation products. The introduction of
flexible building units into the skeleton of COFs can weaken
the m-m interactions and make them easily exfoliated to
nanosheets. Two Cj,-symmetric flexible building units were
used to form an [3+3] imine-linked COF, TPA-COF (Fig. 9a),
which possessed a layered hexagonal structure with an inter-
layer distance of 4.1 A and could be easily transformed to
nanosheets by exfoliation."*" In a typical process, bulk TPA-
COF was dispersed in 150 mL of ethanol and sonicated for 3 h.
After sedimentation for 24 h, the upper colloidal suspension
was collected and then centrifuged at 7000 rpm for 5 min,
resulting in TPA-COF NSs with a thickness of 3.5 £ 0.3 nm
(Fig. 9d). Notably, the fine crystallinity of the nanosheets was
revealed by low-dose HRTEM (Fig. 9b). The arranged hexagonal

300 °C
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Thermal
expansion
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structures were observed in the denoised HRTEM image,
matching well the simulated one (Fig. 9c).

A temperature-swing gas exfoliation approach also trans-
forms bulk COFs to NSs in liquid.'** Three azine-/imine-linked
2D COFs, NUS 30-32, were exfoliated by using this method.
First, the bulk powder was heated to 300 °C for 10 min in air,
and then immersed into liquid N, quickly (Fig. 9e). These
procedures were repeated 5 times, and large particles were
removed by centrifuging the suspension at 3500 rpm for
10 min. The supernatant containing NSs was further collected
and centrifuged at 8000 rpm for 10 min to remove bulk particles.
The micrometer-sized CONs with a thickness around 2-4 nm
were observed by AFM and transmission electron microscopy
(TEM). The authors suggested that the interlayer distance was
expanded during the heating processes, allowing the gasified
liquid N, to exfoliate the layered structure.

2.2.3 Self-exfoliation. Different from the exfoliation with
external forces, the self-exfoliation approach tends to delaminate
by internal forces introduced from the inbuilt ionic character.
Several ionic COFs (iCOFs) with charged centers are exfoliated in
solvents via self-exfoliation.’>*™>* For instance, a guanidinium
halide-based 2D iCOF (TpTG¢) in an eclipsed mode with Cl™
counter anions inserted in two monomer units (~3.3 A) was
prepared. After immersing the powder in an aqueous medium,
the TpTGc, layers were exfoliated into nanosheets spontaneously
since the interlayer distance was increased to ~5.5-6 A in
contrast to the initial distance of 3.338 A.**° It is attributed to
the fact that the n-n interactions between the adjacent layers
were significantly weakened by electrostatic repulsion originated
from the loosely bound chloride ions and positively charged
guanidinium building units. The micrometer to sub-micrometer
sized sheets with a height profile of 2-5 nm were observed by
TEM and AFM. To prove that the self-exfoliation mechanism
was closely connected with COF’s ionic skeleton, the positively

Fig. 9 (a) Schematic of TPA-COF. (b) High-resolution TEM image of a typical TPA-COF NS with the low-dose technique using a direct-detection
electron-counting camera. Inset: FFT of the TPA-COF NS. (c) Denoised HRTEM image, and the inset image is the simulated HRTEM image. (d) AFM image
of TPA-COF nanosheets. Reproduced from ref. 141 with permission from American Chemical Society, copyright 2017. (e) Schematic illustration of
the exfoliation of NUS-30 by the temperature-swing gas method. Reproduced from ref. 142 with permission from the Royal Society of Chemistry,

copyright 2019.
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Fig. 10 (a) Schematic of PyVg-COF. (b) Photos represent PyVg-COF
dispersed in various solvents. Top, under sunlight; bottom, under 365 nm
UV light. (c) Low magnification TEM image of PyVg-COF nanosheets.
(d) SAED of the PyVg-COF nanosheet. Reproduced from ref. 155 with
permission from the Royal Society of Chemistry, copyright 2019.

charged guanidinium units were replaced by a neutral ligand
and no sheet-like products were observed by TEM. Besides, the
mechanically grinding method was expected to exfoliate as-
synthesized TpTGc;, but there was no significant change in
PXRD patterns as well.

The behavior of self-exfoliation in different solvents was also
investigated. PyVg-COF (Fig. 10a) was synthesized combining
two building blocks with opposing properties.'”> One of the
monomers (4,4’,4” 4" -(pyrene-1,3,6,8-tetrayl)tetraaniline, Py (57))
tends to form crystalline stacks with strong n-r interactions; the
other one (1,1-bis(4-formylphenyl)-4,4’-bipyridinium dichloride,
Vvg>*2Cl~ (13)) with inherently high charge density exhibits
strong electrostatic repulsion upon stacking. The large-area
monolayer or multilayer nanosheets were achieved after immer-
sing PyVg-COF in various organic solvents, showing an obvious
Tyndall effect (Fig. 10b). The HRTEM image and selected area
electron diffraction (SAED) pattern revealed the micro-scaled
size and high crystallinity of NSs, respectively (Fig. 10c and d).
The self-exfoliation behavior appeared when attaining a higher
skeleton-solvent interaction absolute value, that is, the success-
ful self-exfoliation of PyVg-COF only happens when the
skeleton-solvent interactions are higher than the interlayer
interactions of the skeletons.

2.2.4 Chemical exfoliation. The chemical exfoliation
method is highly efficient to prepare COF NSs by introducing
intercalated molecules or groups to reduce the interlayer
interactions.’®* ™ An anthracene-based COF (DaTp) was
exfoliated chemically by post-synthetic modification of
anthracene moieties with N-hexylmaleimide molecules through
Diels-Alder cycloaddition reaction.>® The resultant NSs
showed a sub-micrometer sized and ribbon-like morphology
with a thickness of around 17 nm. The reduction of the
interlayer interaction was evidenced by a model reaction, where
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the planarity of the anthracene moiety in the cycloaddition
product distorted from 180° to 107°. The NSs were assembled
layer-by-layer in the air-water interface to cast a scalable thin
film of DaTp-CONs, leading to a self-standing and semi-
transparent COF thin film with 1 ¢cm in diameter.

In addition, a 2D porphyrin-containing COF (DhaTph) was
delaminated by introducing disruptions between the layers,
which was implemented through coordinating the porphyrin
centers with axial ligands."” The NSs with a width of several
hundred nanometers and a thickness of around 3 nm were
obtained by refluxing DhaTph in pyridine solutions for 20 h.

Notably, Dichtel et al. presented a strategy to exfoliate 2D
imine-linked COFs by acid. For example, the addition of excess
trifluoroacetic acid (TFA) could temporarily protonate BND-TFB
COF’s imine linkages and lead to a disordered stacking, which
minimized the electrostatic repulsion between adjacent sheets
and further promoted exfoliation. The exfoliated NSs with the
thickness ranging from 5 to 50 nm were capable of being
dispersed in organic solvents. The retained imine-linked net-
work, uniform six-fold symmetry, and well-matched diffraction
peak (100 plane) were demonstrated by FT-IR, HRTEM, and FFT
(fast Fourier transform), respectively.'®

3 Electrochemical energy storage
3.1 Batteries

A battery is an energy storage device consisting of cathode,
anode, electrolyte, and separator. The cathode and anode
communicate with electrons under a potential difference, and
thus the electrochemical energy is stored or released in the
batteries. To prevent short circuits, a porous membrane as a
separator is placed between cathode and anode to insulate
electrons but allow ions to move across. At the same time,
liquid or solid electrolytes with high ionic conductivity are
employed to facilitate ion transport. Currently, the capacity,
rate performance, and lifetime of electrode materials still
cannot fulfill the demand of matching the supply and releasing
energy anytime and anywhere; liquid electrolytes suffer from
safety risk while solid electrolytes show low ion conductivity. As
a highly porous crystalline polymer, COFs are capable of storing
numerous ions and their inner surfaces can be metrically
modified with redox-active sites."®>"®* Thus, COFs are potential
materials as battery electrodes. Besides, their electrical insula-
tion nature and open channels make COFs an attractive option
in solid electrolytes and separators.

3.1.1 Cathode. COFs can provide abundant redox-active
sites to directly participate in multi-electron redox reactions
via reversible chemical bonding and can be also used as hosts
to accommodate other redox-active materials for fabricating
cathode composites.

3.1.1.1 COFs as redox-active cathodes. Conventional electrode
materials are dominated by inorganic materials such as transi-
tion metal oxides or phosphates (e.g., LiCoO,, LiMn,0,, and
LiFePO,). Organic molecules as electrodes have been developed
recently for their environmental benignity, adjustable theoretical

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0cs00017e

Published on 05 May 2020. Downloaded on 12/15/2025 3:33:31 AM.

Chem Soc Rev

capacity, and redox potential. However, their high capacity is
generally accompanied with an inferior cyclic performance at
high rates due to their partial dissolubility in the electrolyte and
poor conductivity. Besides the merits from organic materials,
highly crosslinked COFs exhibit high stability and are almost
non-soluble in any solvent, and specifically, 2D COFs theoreti-
cally possess high charge carrier (electron and/or hole) con-
ductivity in planar layers through m-conjugation as well as
across the stacking sheets via overlapped n electrons. Moreover,
few-layered 2D COFs are beneficial for ionic/electronic diffu-
sion and are able to deliver a high rate capability.

For instance, 1,3,5-triformylphloroglucinol (Tp) (24) showed
a capacity below 30 mA h ¢! and couldn’t be fully recharged
during cycling. 2,7-Bis((E)-benzylideneamino)benzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (DANTB) (69) delivered
an initial capacity of 125 mA h g !, and then, the capacity
decreased rapidly within 10 cycles. In sharp contrast, on
incorporating these redox-active groups into a Schiff-base
COF (Tp-DANT-COF), it displayed a capacity of 78.9 mA h g™*
at the current density of 1.5C (corresponding to 200 mA g )
and retained the capacity for more than 200 cycles.'®* It
demonstrated the importance of robust networks. In addition,
when the monomer Tp is replaced by 1,3,5-triformylbenzene
(Tb) (23), the resultant Tb-DANT-COF exhibited lower voltage
hysteresis and higher initial discharge capacity.

Despite the fact COFs exhibit high conductivity in and
between the layers theoretically, the battery performance still
suffers from their limited electron and ion conductivity. The
reasons for this are (1) the defects and boundaries between
particles greatly hinder the electron transport; (2) the 2D COF
sheets tend to be packed closely in an eclipsed fashion due to
strong -7 interactions, leading to difficulty in the diffusion of
ions to the interior active sites through the long transportation
paths even at a high current density."?”"'%°

The electron conductivity can be enhanced by integrating
COFs with conductive materials such as carbon nanotubes
(CNTs) or graphene.'®®™%° Jiang et al.'®” presented a strategy
for improving the electron mobility via growing redox-active
COFs on CNTs (Dpp-AnprrCOF@CNTSs). The capacity of Dyp-
Anpr-COF@CNTSs was retained at 74 mA h g~ " after 700 cycles,
corresponding to 90% utilization efficiency of the redox-active
sites, and with a stable Coulombic efficiency reaching 100%.

Feng and Wang et al. proposed a strategy to reduce the ion/
electron migration length and accelerate the ionic/electronic
diffusion by exfoliating bulk COF materials into few-layered
NSs with more accessible functional sites."*” An anthraquinone-
based COF (DAAQ-TFP-COF) (Fig. 11a) was successfully exfo-
liated to ultrathin NSs with a thickness of 5 nm via ball milling
(donated as DAAQ-ECOF) (Fig. 11c). The Li" ion diffusion
coefficient of DAAQ-ECOF is 6.94 x 10~ ' em? s, which is
three times higher than that of DAAQ-TFP-COF and higher than
those of conventional inorganic materials. The electrochemical
process of bulk DAAQ-TFP-COF was dominated by ion-diffusion,
whereas that of DAAQ-ECOF got rid of the ion-diffusion restric-
tion and was controlled by electron transport. Accelerated Li"
transport and shortened diffusion paths resulted in good battery
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Fig. 11 Chemical structures of DAAQ-TFP-COF (a) and TEMPO-COF (b).
(c) Schematic representation of the exfoliated 2D redox-active COFs
as cathodes for LIBs; (d) discharge curves; (e) capacity retention. Repro-
duced from ref. 137 with permission from American Chemical Society,
copyright 2017.

performance. DAAQ-ECOF presented a capacity of 145 mA h g™ *
at 20 mA g~ ' over more than 70 cycles, delivering 96% of its
theoretical capacity, while only 73% was retained for pristine
DAAQ-TFP-COF (Fig. 11€). At a current density of 500 mA g~ ', DAAQ-
ECOF also exhibited a capacity retention of 98% (107 mA h g~ ") after
1800 cycles. Attractively, by introducing benzoquinone building
units or attaching 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
functional groups (Fig. 11b) via molecular design, the capacity
could be increased to 210 mA h g~" and the discharge voltage
could be increased to 3.6 V (Fig. 11d).

3.1.1.2 COFs as the host for phase-changing components. COFs
can be considered as promising hosts for phase changing
cathodes. Phase changing cathodes during charge and discharge
processes involve chemical bond breaking and recombining as
well as multiple phase transitions.® The theoretical capacities of
the phase changing cathodes are generally high because these
reactions usually involve multi-electron transfer.

Taking lithium-sulfur batteries (LSBs) as an example, they
are typical multi-electron transfer reaction systems with a
high theoretical capacity of 1675 mA h g~'. Although LSBs
are considered as one of the most promising candidates for
next-generation batteries due to their exceptional theoretical
capacity, low cost, and natural abundance, there are several
drawbacks hindering their development: (1) element sulfur will
produce large volume fluctuation (about 80%) during charge
and discharge owing to the huge density mismatch between
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sulfur and final products, Li,S; (2) the insulating nature of
sulfur and Li,S,/Li,S will influence electrochemical kinetics;
(3) the intermediates (lithium polysulfides (PSs)) during opera-
tion are soluble and migrate freely between cathode and anode,
leading to a “shuttle effect” and rapid capacity fading.'”°'">
COFs are suitable for LSBs for the following reasons: (1) the
accessible cavities and adjustable apertures can be designed to
accommodate volume changes and limit the migration of PSs;
(2) the electronic interactions between the layers in 2D COFs can
facilitate the transportation of electrons and ions; (3) the interior
of pores can be introduced with specific functionalities to bind
the soluble intermediates; (4) COFs consist of strong covalent
linkages, which provide favorable thermal and chemical stability.
Several efforts have been devoted to illustrating COFs as suitable
hosts to encapsulate sulfur species.’”*5!

CTF-1 was the first COF used as the sulfur host for LSBs."”® It
possessed a surface area of 789 m> g~' with a pore size of
1.23 nm. The composite CTF-1/S@155 °C was prepared by a
melt-diffusion strategy with a sulfur loading of 34 wt%, which
showed a discharge capacity of 1197 mA h g " at the 2nd cycle
and maintained at 762 mA h g~ after 50 cycles at 0.1C.

The sulfur loading is an important parameter, which can
influence the electrochemical performance. A porphyrin-
based COF (Por-COF) loaded with 55 wt% sulfur gave a capacity
of 929 mA h g™ ' at the 2nd cycle and held a capacity of
633 mA h g~ ' after 200 cycles at 0.5C."”* Another porphyrin-
based COF (Py-COF) with 70 wt% sulfur loading delivered a
capacity of 963.4 mA h g~ " after 100 cycles at 1.0C."””

View Article Online
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Compared with N-doped porous organic polymers, doping
positively polarized elements or introducing active groups that
can react with sulfur can trap PSs more efficiently, such as
elemental B, fluorinated groups, or vinyl groups.'”®177:179:180
Tang and Li et al. presented a boronate ester COF (COF-1) as the
sulfur host for trapping PSs (Fig. 12a)."”® With a sulfur loading
of 40%, COF-1/S delivered an outstanding initial capacity up to
1628 mA h g %, and a capacity of 929 mA h g~* was achieved
after 100 cycles at 0.2C. CTF-1 was selected for comparison
because it had a similar pore size but a different pore surface
environment. The calculated adsorption energy between Li"
ions with COF-1 and CTF-1 was similar, while that for linear
S¢>~ in COF-1 and CTF-1 delivered quite different values:
34 kcal mol™' for COF-1 and 24 kcal mol™' for CTF-1
(Fig. 12b). These differences suggested that COF-1 can trap S,>~
species more effectively, which may be attributed to the more
positively polarized pore surface because of the electron-deficient
B atoms in COF-1.

The COF-derived material is another alternative to increase
the conductivity of the composite cathode and hence improve
its electrochemical performance."”””'”® A boron/oxygen co-doped
porous carbon (BOC) host material (BOC@CNT) was prepared by
carbonizing the COF-10@CNT composite. BOC@CNTY/S had a sulfur
loading of 68.5% and exhibited an outstanding reversible capacity
of 1077 mA h g~ " after 200 cycles at 0.2C, and 794 mA h g~*
after 500 cycles at 1C."7”

Tables 1 and 2 summarize the electrochemical perfor-
mances of COFs as redox-active materials or as hosts for
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Fig. 12 (a) Graphical representation of the synthesis of COF/S composites. (b) The adsorption energy for Sg2~ anions in the pores of COF-1 and CTF-1,
calculated by quantum mechanics/molecular mechanics. Reproduced from ref. 176 with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
copyright 2016. (c) Schematic of COF@CNTs showing CNTs covered with a few COF layers. (d) COF's capacity contribution calculated based on its mass
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with permission from Nature Publishing Group, copyright 2018.
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Table 1 COFs as redox-active cathodes
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Capacity (CC/DC/CD) Cycling performance (RC/CD/CN) Voltage range (vs. Li/Li") Ref.
PIBN-G —/271.0/28 208.1/280/300 1.5-3.5 168
NT-COF —/124/20 —/20/100 1.5-4.0 165
2D CCP-HATN —/62.5/11.7 —/—/— 1.2-3.9 166
2D CCP-HATN@CNT —/116/11.7 —/58.5/1000
PI-ECOF-1 —/112/14.2 72/14.2/300 1.5-3.5 193
PI-ECOF-1/rGO50 —/167/14.2 —/142/300
2D-PAI@QCNT —/104.4/100 —/500/8000 1.5-3.5 169
2D-PAI —/28.5/100 —/—/—
DAAQ-ECOF —/145/20 107/500/1800 1.5-4.0 137
DABQ-ECOF —/210/20 —/—/—
TEMPO-ECOF —/115/20 —/—/—
DTP-ANDI-COF —/42/200 —/—/— 1.5-3.5 167
DTP-ANDI-COF@CNTSs —/74/200 67/200/700
Tp-DANT-COF 78.9/93.4/200 71.7/1000/600 1.5-4.0 164
Tb-DANT-COF 135.4/144.4/50 80.1/500/300
PPTODB —/198/20 135.2/20/150 1.5-3.5 194
DAAQ-TFP —/—/78.5 53.5/157/500 1.4-3.6 195
DAPH-TFP —/96.2/85.5 81.7/171/500
PEDOT@DAAQ-TFP —/—/78.5 59.8/157/500
PEDOT@DAPH-TFP —/99.2/85.5 93.2/171/500

Note: CC: charge capacity (mA h g—*), DC: discharge capacity (mA h g~'), CD: current density (mA g~ "), RC: reversible capacity (mA h g~ '), CN: cycle

number.

Table 2 COFs as the host for the phase-changing component for cathodes

Loading (ML/PL) Capacity (CC/DC/CD) Cycling performance (RC/CD/CN)  Voltage range (vs. Li/Li") Ref.

CTF-1/S@155 °C —/34 1304/1497/168
S/Azo-COF —/39 —/1536/167.2
COF-F-S 0.5/60 —/1120/167.2
S/TpPa-COF@MWCNTSs 1-2/— —/1242.2/83.6
S@TFPPy-ETTA-COF —/— —/723/167.2
poly-sulfide@TFPPy-ETTA-COF  —/— —/1069/167.2
Por-COF/S 1.8/55 —/1166/840
Py-COF/S 0.8-1.2/70 —/1145/836
S-COF-V —/67 —/1400/335
COF-F-SeS, 1.2/40 —/1703/167.2
COF-1/8 —/40 —/1628/334.4
TAPB-PDA-COF/S —/60 —/1357/200
HCPT@COF/S —/69.3 —/1224/334.4

Carbonized COFs

BOC®@CNT/S 3.5/— —/1434/334.4

762/168/50 1.1-3.0 166
741/167.2/100 1.5-2.8 196
645/167.2/100 1.7-2.8 180
526.5/836/450 1.6-2.8 197
—/167.2/130 1.7-2.8 181
—/167.2/130

633/840/200 1.8-2.7 174
877.2/3344/200 1.8-2.7 175
959/335/100 1.7-2.8 179
970/167.2/100 1.7-2.8 198
770/836/200 1.5-3.0 176
705/200/210 1.8-2.8 199
1053/334.4/300 1.7-2.8 200
797/1672/500 1.7-2.8 177

Note: ML: mass loading (mg cm™?), PL: percentage loading (%), DC: discharge capacity (mA h g~"), CD: current density (C), RC: reversible capacity

(mA h g "), CN: cycle number

phase-changing components used in cathodes, respectively.
The COF-based cathodes possessed high capacity (up to
~200 mA h g7") and good cycling performance, which were
comparable or even better than those of the commercialized
cathodes (e.g., LiPFeO,, capacity of about 150 mA h g~' in
practice). However, due to the lack of investigations of COF-
based cathodes in full cells these evaluations are not very
appropriate and further efforts are still needed.

3.1.2 Anode. Two mechanisms are involved in the charge-
discharge process of COF-based anodes in Li*/Na‘/K" batteries:
(1) ion insertion/deinsertion in the 2D COFs with layered
graphite-like structures and rich ion transport channels; (2)
redox reactions on the skeletons of COFs.'>!82:1847192 gimjlar
to the COFs used in cathodes, the COF NSs provide shortened
ion/electron transport paths and accelerated conductivity,
leading to the sufficient utilization of active sites.

This journal is © The Royal Society of Chemistry 2020

A COF denoted as IISERP-CON1 and incorporated with the
triazole moiety was grown into self-exfoliated COF NSs and
further used as the anode in lithium-ion batteries (LIBs)."®*
A reversible intercalation mechanism was proposed due to the
following reasons: its electrochemical behavior did not show
obvious redox peaks during cycling; based on computational
studies, the distance between lithium and the ring nitrogen
atoms of the triazole or the hydroxyl oxygens of the phloro-
glucinol was longer than the Li-N or Li-O distance; IR, PXRD,
X-ray photoelectron spectroscopy (XPS) and "H nuclear mag-
netic resonance ("H-NMR) characterization demonstrated the
weak interaction between lithium ion and COF. A capacity of
720 mA h g at 100 mA g~ * over 100 cycles was achieved and a
capacity of over 500 mA h g~ at 500 mA g~ " after 1000 cycles
was retained. Such a good cycling performance was attributed
to the mildly reversible interaction between lithium and
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IISERP-CON1. Wang et al.'*' reported a few-layered structure of
COF-10@CNT used in potassium ion batteries. The exposed
active sites attributing to the few-layered structure facilitated
the intercalation of K, which was based on the r-cation
interaction between K' and conjugated n-electrons of benzene
rings. Thus, an impressive reversible capacity of 288 mA h g™*
after 500 cycles at 0.1 A g~ and 161 mA h g~ " after 4000 cycles
at 1 A g was obtained.

For achieving higher capacity, introducing more redox-active
sites in the backbones of COFs is desired. A few-layered 2D imine-
based COF fixed by carbon nanotubes was achieved and used as
the anode in LIBs (Fig. 12¢)."®® The CNTs were covered by thin
COF layers with a thickness of about 5 nm (Fig. 12e). Interestingly,
the capacity of COF@CNTs gradually increased from 362 to
1536 mA h g~ ' at 100 mA g ' after 320 cycles (Fig. 12d). The
activation process and high capacity were attributed to (1) the
14-electron redox mechanism involving the reaction between Li"
ion and COF skeleton (one Li" per C=N linkage and six Li" per
benzene ring); (2) the expansion of the interlamellar space in
COFs by ion insertion during the lithiation/delithiation process.

Besides, the formation and transformation of radical inter-
mediates during the lithiation/delithiation process were
observed. Moreover, stabilizing the radical intermediates is an
efficient method to improve electrochemical performance.*8%>
B-Ketoenamine linked DAAQ-COF was employed as the anode in
sodium-ion batteries (SIBs) and it resulted in C-O° and o-C
radical intermediates upon charging and discharging."®® It was
found that reducing the thickness of COFs could promote the
stability of radical intermediates as well as their contributive
capacity, owing to the restriction of interlayer electron self-
exchange behavior and the increase of available active sites.
The COF with a thickness of 4-12 nm exhibited a high capacity
of 420 mA h g~ " at 100 mA g~ " and outstanding cycling stability
with 99% capacity retention over 10000 cycles at 5 A g~ ™.

Despite the fact that very high capacity (>1500 mA h g™*)
can be achieved by using COF-based anodes, their high voltage,
long activation process, and high cost are still greatly limiting
their real application.

3.1.3 Electrolyte and separator. Ionic transportation is a
critical process of battery operation that associates the internal
circuit between the electrodes and avoids short circuits caused
by electronic transport. High ionic conductivity (J;) and trans-
ference number (¢") of working ions (e.g., Li", H', Na') are
required for the electrolyte component.

3.1.3.1 Solid electrolyte. Since liquid electrolytes suffer from
serious safety issues including electrolyte leakage, flammability,
and dendrite formation, solid electrolytes have been considered
with great interest.""*%*°"*% However, the processability and
mechanical strength of inorganic electrolytes and the ionic
conductivity of polymeric solid electrolytes still cannot fulfill the
demands for practical application. For example, poly(ethylene
oxide) (PEO) has been accepted as a promising candidate for
solid state electrolytes in the past few years, but its further
application has been hindered by limited ionic conductivity (ionic
conductivity can up to 10~* S em ™" under 65-78 °C) and generally
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a low ¢ value. Regarding inorganic ceramic materials (e.g., Al,O3
and Li;La;Zr,0,,), although they have been widely studied
owing to their outstanding conductivity (ionic conductivity
ranges from 107> to 107 ® S ecm™ ' at room temperature), the
poor machinability and the often instability at electrodes limit
their practical application.

The basic mechanism for Li" ion transport is the Grotthuss
(hopping) mechanism, in which the ion can hop from sites to
sites. COFs may provide the following opportunities: (1) open
channels and well-defined pore structures create directional
ion conduction pathways; (2) hopping ability is promoted by
introducing functional groups and/or guest molecules with
hopping sites for ions; (3) versatile structural design features
the selective adsorption of counter ions, which can facilitate the
migration of target ions.®"1332037210

There are two effective strategies to increase Li-ion conduc-
tivity: (1) building an ionic skeleton to facilitate the dissociation
of ion pairs and promote target ionic migration; (2) introducing
soft and flexible building units or polymer chains in the
framework to increase hopping sites.

Feng et al successfully prepared an anionic 3D COF
(CD-COF-Li) with Li* as the counterion by linking soft and
flexible building blocks, and investigated its ion conduction
behavior as a quasi-solid electrolyte.?*® With the encapsulation
of a small amount of ethylene carbonate (EC)/dimethyl carbo-
nate (DMC) and LiPF; in the channels, the resultant composite
exhibited a conductivity of up to 2.7 x 107> Sem ™" at 30 °C with
a low activation energy of 0.26 eV. Besides, the comparison
between neutral framework and cationic/anionic framework
was investigated for further demonstrating the promotion
effect of the ionic framework.®"!3%20%208:209 ¢ ig worth men-
tioning that the organic solvents that can greatly increase ionic
conductivity are inevitably used in the solid electrolyte fabrica-
tion process, but not all the works clearly clarify whether the
solvent molecules are residual or not.

Poly(ethylene oxide) (PEG)-based polymers with oxygen atoms as
Li" ion hopping sites are representative polymeric solid-state electro-
Iytes; however, the existence of the crystalline area restricts
their chain oscillation and ion conduction ability. Anchoring oligo-
(ethylene oxide) chains to the pore walls or accommodating PEG in
COFs provides chances to suppress the oxyalkyl chain crystallization
and accelerate ion conduction in the channels.”**>%” A polyelec-
trolyte COF, TPB-BMTP-COF, was loaded with LiClO, through a
solution diffusion method.”** The Li-ion conductivity of Li'@TPB-
BMTP-COF was up to 1.66 x 10~ * S cm ™" at 80 °C, which is 30 times
and 731 times higher than that of Li'@TPB-DMTP-COF (methoxy
groups on the edge phenyl units) and Li'@TPB-TP-COF (bare pore
walls), respectively. Li'@TPB-BMTP-COF possessed the lowest acti-
vation energy of 0.87 eV among these three electrolytes. The
obviously increased conductivity and decreased activation energy
of Li*@TPB-BMTP-COF could be attributed to the advantage that
the covalently bonded dense oligo(ethylene oxide) chains can
complex with lithium ions and form a polyelectrolyte interface in
the channels, thus accelerating the dissociation of the ionic
compounds and facilitating the ion hopping for Li-ion transport
between the neighboring hopping sites.
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Fig. 13 (a) Schematic for Li* transport in neutral or ionic COFs, and
chemical structures of CD-COF, COF-5, COF-300, and EB-COF. (b) DSC
curves of PEG, PEG-Li*@EB-COF-ClO4 and PEG/Li*/EB-COF-ClO4
(mechanical mixture sample). (c) The contribution of Li* conduction (red
area) and anion conduction (orange area). Reproduced from ref. 205 with
permission from American Chemical Society, copyright 2019.

Without the complex monomer synthetic procedure, Feng
and Wang et al directly encapsulated low-molecular-weight
polyethylene glycol (PEG, M, = 800) and lithium salt into the
channels of COFs to prepare all-solid-state electrolytes without
any solvent residue (Fig. 13a).>°® The results showed that PEG
in the confined space can indeed significantly boost the ion
conduction rate by orders of magnitude. PEG-Li'@EB-COF-CIO,
showed a high ion conductivity, reaching 1.78 x 107> S ecm™ ' at
120 °C. Interestingly, PEG 800 has a phase transition from the
elastic to viscous state at around 30 °C, but after the incorpora-
tion of PEG into the channels, the differential scanning calori-
metry (DSC) curve did not show any endothermic/exothermic
peaks from —10 to 120 °C. It indicated a possibility that the
incorporation of PEG chains in the channels could inhibit the
formation of crystalline regions of PEG, and endowed a wide
operating temperature range (Fig. 13b).

Notably, ¢" is another important factor for electrolytes that
depends on the proportion of the target ions to the total ions
carried through the electrolyte. During the charge-discharge
process, Li" and its counter anions migrate oppositely, while
anions are blocked by the anode and accumulated on it. The
accumulation of anions leads to a concentration gradient and
polarization problem, which will cause increased internal
impedance and the occurrence of inevitable side reaction.
Thus, improving the value of ¢ close to unity is important for
cell performance.

Feng and Wang et al chose two neutral COFs (COF-5,
COF-300), a cationic COF (EB-COF-ClO,), and an anionic COF
(CD-COF-Li) with the inclusion of PEG and LiClO, to explore
their ¢* (Fig. 13a).>>> Among these four PEG-included COFs,
PEG-Li"@EB-COF-ClO, showed the highest ¢* of 0.60, while
PEG-Li' @CD-COF-Li only possessed a low t" of 0.2 (Fig. 13c).
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It is attributed to the anionic skeleton that can fix Li* to restrain
its mobility, but the cationic skeleton can trap anions and
promote Li" migration. To further improve ¢', a single-ion
conducting strategy was provided. Lee and Zhang et al. reported
a series of crystalline imidazolate-containing diamine (1-H,
1-CHj, 1-CF;) iCOFs (Li-ImCOFs) as quasi-solid electrolytes.”®® Ion
conductivities of 7.2 x 1072, 5.3 x 103, and 8.0 x 10 > Scm™*
were achieved at room temperature for CF5-Li-ImCOF, H-Li-ImCOF,
and CH;-Li-ImCOF (with ~20% propylene carbonate) with ¢
values of 0.81, 0.88, and 0.93, respectively. These high t* values
are owing to the fact that, without further addition of Li salt, the
anionic groups were fixed in COFs’ skeleton and immobilized,
thus providing higher Li" mobility. It is noted that the ion
conductivity obtained via the single ion conducting strategy in
all-solid-state electrolytes needs to be further improved.>*’

In addition to the Li" ion conduction, COFs can also serve as
proton conductors in the proton exchange membrane fuel
cells (PEMFCs).”"' %' Nafion-based electrolytes used as proton
conductors are strongly dependent on humidity and are
deactivated above 80 °C. The current strategies for developing
COF-based proton conductors rely on encapsulating proton carriers
in the channel,***'* constructing an ionic skeleton,”** covalently
decorating pendant acid groups, or combining a proton-conductive
polymer to form a composite conductor.>**>>* Nitrogenous
molecules (e.g., imidazole molecules, pyridines), acidic mole-
cules (e.g., HsPO,, polyoxometalates), water molecules, and
pendant sulfonic acid groups are usually considered as favor-
able proton carriers encapsulated in COFs’ channels or fixed on
the walls to enhance the integral proton conductivity.

Jiang et al. endowed TPB-DMTP-COF with high proton
conductivity by loading proton carriers (triazole or imidazole)
in it (Fig. 14a).>'* The im@TPB-DMTP-COF exhibited a con-
ductivity of 4.37 x 107 S em ™" at 130 °C with 155% imidazole
loading. Besides, Li and Zang et al. applied ethidium bromide
(EB) based cationic 2D COFs with a series of counterions
(EB-COF:X, X = F, Cl, Br, I, and PW,;,04,° ) for proton
conductors.>"* Since hydrophilic PW,,0,,®> possesses a good
water retention ability, it may attract water clusters and form
interconnected hydrogen bonding networks throughout the
channels. Therefore, EB-COF:PW;, with an abundant proton
pathway showed a proton conductivity of 3.32 x 10> S ecm™*
under 97% RH at 25 °C.

Remarkably, COF-based proton conductors were applied to
construct a PEMFC (Fig. 14b).>'"?**° For example, the RT-COF-
1AcB film prepared from 1,3,5-tris(4-aminophenyl)benzene
(TAPB) (58) and 1,3,5-benzenetricarbaldehyde (BTCA) (23)
possessed a proton conductivity of 5.25 x 10°* S em™' at
313 K under 100% RH. When assembled in a PEMFC, it
exhibited an optimal balanced performance with high conduc-
tivity (1.1 x 107> S em™* at 323 K) and low H, fuel crossover,
leading to a maximum power density (12.95 mW cm ™ ?) and a
maximum current density (53.1 mA ecm ™ 2).

Up to now, the reported COFs and their composites could
achieve a Li" conductivity of 107> S em™" at room temperature
and a high ion transference number (> 0.9). However, in most
cases, COFs were pressed into pellets for the ion conduction
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Fig. 14 (a) Schematic for proton carriers in COFs' channels. Reproduced from ref. 212 with permission from Nature Publishing Group, copyright 2016.
(b) Schematic of the PEMFCs with COF films as membrane electrode assemblies (MEA). Reproduced from ref. 211 with permission from American
Chemical Society, copyright 2017. (c) Visual experiments displaying permeation of polysulfides with different separators. (d) Schematic illustration of the
usage of the TPB-DMTP-COF separator. (e) Cycling performance of the Li-SeS; cell with the TPB-DMTP-COF modified separator at 1C. Reproduced
from ref. 222 with permission from the Royal Society of Chemistry, copyright 2019.

measurements. The ability to form self-standing films for COFs
makes them good candidates as flexible solid-state electrolytes
but this remains largely unexplored.

3.1.3.2 Separator and interlayer. As mentioned in Section
3.1.1.2, one of the most effective strategies to suppress the
shuttle effect of phase-changing electrodes is to fabricate a
composite electrode by impregnating redox-active components
(e.g., S and Se) in a porous host. Although this leads to a
remarkable promotion in their electrochemical performance,
the energy density is inevitably decreased because the host
materials make up a mass percentage. To block the shuttle
effect without sacrificing the redox-active component loadings
in cathode composites, introducing a cation (e.g. Li* and Na")
selective separator/interlayer between the electrodes that
inhibits the passage of soluble intermediates (e.g., PSs) is
developed. Compared with the conventional materials used in
interlayers/separators including polymers, graphene-based
materials, carbon materials, and metal oxides, 2D COFs with
pre-designable and well-defined channels in nanometer-scale
are more beneficial for selective passage of cations.”>'>**

Wang and Hu et al. prepared a COF-rGO double-layer film by
depositing dispersed COF-1 onto graphene through filtration

3584 | Chem. Soc. Rev., 2020, 49, 3565-3604

and applied it as an ion-sieving separator in both organic
sodium-ion batteries and Li-S batteries.”** The cell assembled
with the COF-rGO membrane showed an excellent initial capacity
of 1386.9 mA h g~ which slowly decreased to 1169.4 mA h g~*
after 50 cycles at 0.1C, while the capacity of the cells without an
ionic sieve decreased from 869.9 mAh g~ " to 519.1 mA h g~ " after
50 cycles. Together with permeation measurements that demon-
strated that the COF-rGO membrane could efficiently block the
passage of polysulfides, these results proved that the improve-
ment in the electrochemical performance was originated from
the inhibition of the shuttle of polysulfides by the ionic sieve
membrane.

Besides, a separator coated with TPB-DMTP-COF was proved
to preferentially adsorb LiTFSI species into its cavities by strong
hydrogen-bonding interactions, which created a narrower
cavity size and further blocked the transportation of polysulfide/
polyselenide species in the electrolyte and enhanced the Li* ion
conductivity at the same time (Fig. 14d).>** After separating the
LiTFSI solution and LiTFSI/Li,Se solution in the H-tube by the
TPB-DMTP-COF-coated separator, the LiTFSI solution side
remained colorless after 48 h, which indicated its effective
inhibition for the transport of Li,Ss species (Fig. 14c). Mean-
while, a three-times increment in the lithium ion migration
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coefficient was achieved after using the TPB-DMTP-COF-coated
separator. At a SeS, loading of 2 mg cm ™2, a specific capacity of
844.6 mA h g~ was achieved at 0.5C. After increasing the SeS,
loading to 4 mg cm ™2, a specific capacity of 684 mAh g ' at 1C
was achieved, and a capacity of 416.3 mA h g~ ' was retained
after 800 cycles (Fig. 14e).

Lee and Kwak et al. presented a strategy to construct a
“microporous COF net on mesoporous CNT net” hybrid archi-
tecture and fabricated a self-standing film as the interlayer
(NN interlayer) between sulfur cathode and separator to capture
Li,S,.>** Since the high conductivity and the hierarchical struc-
ture including mesopores and micropores of the NN interlayer
were beneficial for electron and ion transportation as well as PS
capture, the cell equipped with the NN interlayer exhibited a
capacity retention of 84% after 300 cycles at 2.0C, but 15% for
the cell without the interlayer.

3.2 Supercapacitor

Supercapacitors (SCs) possess high power density, high coulombic
efficiency, long cycling life, and fast charge-discharge rate.
Traditional SCs store electrical energy based on the surface
charging mechanism through electrochemical double-layer
capacitors (EDLCs) that attract anions and cations from
the electrolyte to opposite electrodes’ internal surfaces after
applying an external electrical field. The capacity of EDLCs is
related to the available surface sites of the electrode materials,
where surface area, porosity, thickness of the double layer,
dielectric constant, and ion species in the electrolyte all have
impacts.>® The representative electrode materials like porous
carbon-based active materials for EDLCs have a high specific
surface area, good chemical and electrical stability, and good
conductivity. Another crucial class of supercapacitors based on
reversible surface redox reactions, namely faradaic supercapacitors
(FS) or pseudocapacitors, have shown at least an order of
magnitude improvement in energy densities. The pseudocapa-
citance of the electrode materials strongly relies on the pore size
and distribution, porosity, and redox-active species. Accordingly,
combining the surface charging mechanism and the reversible
surface redox reactions can significantly increase the energy
density of supercapacitors. COFs with inherently large surface
area (abundant adsorption sites), well-defined channels and
long-range ordered arrangement (idealized ion transport path-
ways within the electrode-electrolyte interface), and redox-active
building blocks (excellent redox activity) can contribute to both
EDLCs and pseudocapacitors. COF-based SCs have been exten-
sively developed in recent years. There are three ways for COFs
to apply as electrodes in SCs: (1) synthesizing a redox-active
skeleton by directly introducing or post-synthetically function-
alizing with reversible redox response units; (2) constructing
COF-based composites with conductive materials by inclusion
or in situ polymerization of conductive polymers in their nano-
channels to enhance both electrical conductivity and processability;
(3) pyrolyzing COFs to form porous carbon materials to enhance
conductivity and capacitance.

3.2.1 Pristine COF. 2D layered COFs provide continuous
1D channels as well as latticed n-columns, rendering them able
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to provide efficient electronic transport and rapid charge
transfer to redox-active groups decorated on the walls.?>*>*?

Although high charge carrier transportation rates are
achieved in the nano-scaled region of 2D COFs with high
periodicity, the electron conductivity of COFs is still limited
due to the existence of disordered area and particle boundaries.
Therefore, pristine COFs are usually mixed with or grown on
conductive materials to afford SCs. The contribution of redox-
active groups was illustrated by comparing DAAQ-TFP COF
possessing reversible redox-active units 2,6-diaminoanthraquinone
(DAAQ) (57) (Sger = 435 m® g ') and DAB-TFP COF without redox-
active groups (Sger = 365 m”> g~ ').**® Not surprisingly, DAAQ-TFP
COF provided a capacitance of 48 4= 10 F g~ with a current density
of 0.1 A g~ * and the capacitance remained at 40 + 9 F g~ * after
more than 5000 cycles, while DAB-TFP COF showed a double-
layer capacitance behavior that delivered a lower capacitance of
15+ 6 F g~ . However, only 2.5% of the DAAQ moieties in DAAQ-
TFP COF were utilized to participate in the electrode reaction,
which may be attributed to the inferior conductivity originated
from randomly oriented and polycrystalline DAAQ-TFP COF
particles. Yang and Guo et al. presented that the conductivity
of COFs could be improved by enhancing their nitrogen
content. A triazine-based COF, PDC-MA-COF with a nitrogen
content of 47.87%, showed an electronic conductivity of 3.34 x
1072 S ecm ™ '.**” The PDC-MA-COF exhibited a capacitance of
335 F g ' at 1 A g~ ' and approximately 19.71% triazine units
were accessed during the electrochemical process.

An alternative approach to introducing redox-active groups to
COFs is post-synthetic modification. Jiang et al. prepared radical
COFs by post functionalizing the channel wall of imine-linked
COFs with TEMPO via click chemistry.>*® [HC = C]yy,-NiP-COFs
(X = 0, 50, and 100) assembled by 5,10,15,20-tetrakis-
(4’-tetraphenylamino) porphyrin (NiP) (62) with different molar
ratios of 2,5-bis(2-propynyloxy)terephthalaldehyde (BPTA) (7) and
2,5-dimethoxyterephthalaldehyde (DMTA) (3) were grafted with
4-azido-2,2,6,6-tetramethyl-1-piperidinyloxy to yield [TEMPO]sqq,-
NiP-COF and [TEMPO];ge,-NiP-COF (Fig. 15a and b). After
decorating TEMPO on the walls, a pair of reversible peaks
appeared in CV curves. [TEMPO];009,-NiP-COF exhibited a
capacitance of 167 F g~ at 100 mA g ', similar to redox-
active MOFs (Fig. 15c¢).

Recently, researchers found that the existence of interlayer
hydrogen bonds can effectively enhance 2D COFs’ electro-
chemical stability.”****”**° In the charge-discharge process of
TpPa-(OH), synthesized from 1,3,5-triformylpholoroglucinol (Tp)
(24) and 2,5-dihydroxy-1,4-phenyldiamine [Pa-(OH),] (44), a con-
certed electron-proton transfer reaction occurred.>*® TpPa-(OH),
exhibited a capacitance of 416 F g~ ' at 0.5 A g~ ', while high
accessibility (43%) of redox-active hydroquinone units was
achieved. The capacitance remained at 66% after 10 000 cycles,
attributed to the fact that the H-bonding between the carbonyl
oxygen of the benzoquinone functionality and its neighboring
amine functionality inhibited the decomposition of benzoquinone.

Constructing conductive COFs is a promising method for
designing high-performance COF-based supercapacitors. Gu,
Li, and Yan et al. built a Ni-COF containing Ni(u)-Salphen units.
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Fig. 15 (a) Schematic illustration of the synthesis of a radical COF ([TEMPO];gg%-NiP-COF) in which TEMPO radicals are anchored on the walls. (b) The
redox reaction involves one electron of TEMPO radicals during the charge—discharge process. (c) Capacitance of radical COFs at various current density
(on the top). Reproduced from ref. 228 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2015. (d) Photo of the self-standing and
flexible thin sheet. (e) Cycling performance of TpOMe-DAQ with 1 cm? area exposed. (f) Photo of the enkindling experiment: a 1.8 V LED was lighted by
three solid-state-devices connected with each other. Reproduced from ref. 229 with permission from American Chemical Society, copyright 2018.

The Ni-COF possessed an electrical conductivity up to
1.3 x 107> S em ™' and showed a high specific capacitance of
1257 F g ' at 1 A g~ ! with an outstanding cycling performance
in that the capacitance remained at 94% after 10 000 cycles. An
excellent energy density of 130 W h kg™ " at a power density of
839 W kg~ ' was achieved after assembling in a two-electrode
configuration. In contrast, the COF without Ni** (Niy-COF)
exhibited an electrical conductivity of 8.4 x 107® S em ™", and
a much lower capacitance of 184 F ¢ ' at 1 A g . The great
promotion of electrical conductivity may be attributed to the
strong m-conjugation and square-planar Ni(u) coordination,
which further improved the electrochemical performance.***
In the above-mentioned examples, pristine COFs are usually
mixed with carbon black before measuring their capacitance.
Preparing highly oriented COF films is able to effectively
alleviate the influence of the grain boundaries and random
orientation on the conductivity. A B-ketoenamine-linked 2D
COF was used to fabricate crystalline and oriented thin films
on the Au electrode surface with adjustable thickness.”*® The
vertical orientation along with the stacking direction with
respect to the substrate was determined by grazing incidence
X-ray diffraction (GIXD). A much higher electrochemical
accessibility (83%) of anthraquinone groups in DAAQ-TFP
COF thin films was achieved compared to that of the randomly
oriented microcrystalline COF powder (3%). A 7.5-fold increase
in areal capacitance was observed from powder (0.4 mF cm™ > at
150 pA cm ) to films (3.0 mF cm™ > at 150 pA cm™ 2). Besides,
Banerjee et al. assembled and tested solid-state supercapacitors
based on free-standing COF thin sheets.”***° For example, an
imine-based COF, TpOMe-DAQ, was fabricated as uniform and
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continuous thin sheets with a centimeter scale and a thickness
of about 200 um (Fig. 15d).>*® The pristine COF sheets exhi-
bited an outstanding areal capacitance of up to 1600 mF cm >
(gravimetric capacitance 169 F g~ '). Interestingly, an increment
of the initial capacitance was obtained in the first 30 000 cycles
under a current density of 10 mA cm >, and the resultant
capacitance did not decay in the following 70000 cycles
(Fig. 15e). The activation process may be related to the increasing
number of redox-active centers that became available to electro-
Iytes during the cycling progress. The symmetric solid-state
supercapacitor device was assembled with two 1 ecm?® pristine
COF thin sheets and a 2 M aq. H,SO,/PVA gel (poly(vinyl
alcohol)) as an electrolyte. The device showed a high areal
capacitance of 84 mF cm > (8.8 F g ') and delivered energy
and power densities of ~2.9 pW h ecm 2 and ~61.8 pW cm ™2,
respectively. Using these three solid-state devices connected in a
series could light up a 1.8 V LED for 20 s (Fig. 15f).
Researchers also grew COFs on CNTs or graphene to
enhance the composites’ conductivity.>*>*** For instance, two
B-ketoenamine-based 2D COF hybrid films with conductive
carbon nanofiber (CNF) were prepared by including CNF into
the COF precursor matrix.>** The intermolecular 7- - -7 interaction
between the 7 electrons in COF backbones and the sp> graphene
carbons of CNF built efficient electron transfer pathways from
COFs to the matrix. An increment of 10°fold in the electrical
conductivity between COF-CNF hybrids (0.25 x 10> S ecm™ ') and
pristine COFs was found. The COF-CNF hybrids delivered a high
areal capacitance of 464 mF cm™ > at 0.25 mA cm™~ %, much higher
than that of the mixture of COF and CNF (6.25 mF cm™ ), owing
to the feasible long channel electronic movement through
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the m---m interaction. Integrating the COF-CNF-based super-
capacitors with a highly efficient perovskite solar cell achieved a
power conversion efficiency of 16.7% and an areal capacitance
of 42.0 mF cm 2 for the 300 s photocharging at a current
density of 0.25 mA cm™>.

Besides, incorporating conductive polymers into the
channels was proved to be a feasible strategy to enhance the
electron transfer ability of COF-based composites.****** As an
example, a redox-active AQ-COF as a scaffold infiltrated with
conductive poly(3,4-ethylenedioxythiophene) (PEDOT) was pre-
pared by a facile in situ solid-state polymerization method.>*?
The resultant PEDOT@AQ-COF nanocomposite showed an
excellent electrical conductivity of 1.1 S em™', which was
10 orders of magnitude higher than that of AQ-COF. In PEDOT@
AQ-COF, the redox-active groups can directly receive the electrons
from PEDOT chains encapsulated in the channels, providing a
rapid electronic exchange between the working electrode and
redox-active groups. Thus, PEDOT@AQ-COF showed a peak
current density of 27 A g~ at a sweep rate of 5 mV s ' in CV
measurements, while AQ-COF/PEDOT (the mixture of AQ-COF
and PEDOT) showed only 1.8 A g~ . The specific capacitance was
up to 1663 F g " at 1 A g~ for the all-organic PEDOT@AQ-COF.
Besides, it also showed a comparable rate performance with a
capacitance of 998 F g~ " at 500 A g ' and was available to operate
over 10000 cycles at 50 A g~ ' without capacitance decay.

3.2.2 Carbonization of COFs. Porous carbon materials
have been widely employed as electrode materials for SCs,
which are mostly derived from the thermal decomposition
of precursors.”*° 2% COFs are one such material with the advan-
tages of intrinsic heteroatom doping (e.g. B, N, O, and S),
providing a choice to form heteroatom-doped porous carbons
for SCs by pyrolyzing,'!>2°6259:263

Hao et al. pyrolyzed a series of Cz;-symmetric COFs under
ionothermal conditions. The resultant porous carbons showed
a typical double-layer capacitor behavior.>*® Three Schiff-base
BTT-COFs with different pore sizes (BTT-DADP COF, BTT-DAB
COF, and BTT-TAB COF) were synthesized and treated in melt
ZnCl, at 700 °C for 20 h, leading to the formation of porous
carbon materials. The surface area was largely increased after
pyrolyzing, which may be attributed to the additive ZnCl, that
provided the padding and supported the pore structures during
thermal decomposition. The specific capacitance of BTT-DADP
COF-700 assembled symmetric supercapacitor was more than
100 F g~ " at 1 A g%, and the capacitance remained at 77.5%
of the initial after 10 000 cycles at 10 A g~ '. A similar strategy
was implemented by Awaga and Wu et al>** The multiple
heteroatom-doped carbons (ONC-T1s) with ultra-high specific
surface area were pyrolysed from AQ-COF impregnated with
K,COj, in which ONC-T1-850 (Sggr = 1518 m* g~ ') showed a
typical EDLC behavior, with a high specific capacitance of
1171 Fg tat1Ag .

In addition to directly pyrolyzing pristine COFs to produce
porous carbon materials, carbonizing the hybrid COF materials
was also investigated. Talyzin et al. grew COF-1 perpendicularly
to the surface of graphene (v-COF-GO) via covalent bonding.'*?
The vertically oriented COF-1 may provide an interconnected

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review Article

pore network to facilitate ion diffusion. After carbonization
in molten salts, the orientation of the resultant boron-
doped carbon nanostructures (v-CNS-RGO) still remained, and
v-CNS-RGO showed a good specific capacitance and excellent
cycling stability.

With the rapid development of emergency multifunctional
electronics, thinner and lighter supercapacitors with high
volumetric power density are needed. The electrode materials
are of vital importance. The volumetric energy density of a
supercapacitor is positively correlated with its volumetric capa-
citance (equal to gravimetric capacitance multiplied by bulk
density). However, there is a trade-off effect between the gravi-
metric capacitance and bulk density. For electrode materials,
proper surface area with accessible pore volume for ions and
high active site density can greatly promote the ion adsorption,
which is beneficial for gravimetric capacitance but generally
results in a relatively low bulk density. To achieve an ideal
supercapacitor electrode, the materials are required to balance
the density, porosity, and pore size, instead of only pursuing a
high surface area. Furthermore, the capacitor performance is
also influenced by other factors, such as electronic conductivity
(amount of conductive additive, and electrochemical accessi-
bility of COFs’ redox-active sites), loading amount of active
materials (volume fraction), and electrolyte system (working
voltage). It is a challenge to well balance these parameters to
fabricate an outstanding energy-storage device.

We have summarized the performances of supercapacitors
based on COFs and carbonized COFs in Tables 3 and 4,
respectively. Some of them were compared in the Ragone
plot (Fig. 16),>** possessing a decent energy density with an
acceptable power density. Even few devices showed an energy
density higher than 5 W h kg™ ' at a power density greater than
1 kW kg~ " under a working voltage larger than 1 V, which can
fulfill the basic requirements for the industry devices.

4 Electrochemical energy conversion

For catalysts used in electrochemical energy conversion,
possessing catalytic sites with high activity and selectivity, high
electrical conductivity for electron transport and path for rapid
mass transport is highly desired. In addition, chemical stability
towards water and long-term stability upon catalytic cycles also
should be taken into consideration.

Many porous frameworks including amorphous porous
organic polymers,”*>**® metal-organic frameworks (MOFs),>*"2%
COFs,”®” and zeolite?**”° have been reported to possess electro-
catalytic activity and have led to great achievements. They have
attracted great interest as electrocatalytic materials because of
their large surface area and permanent porosity, which are
beneficial for charge/mass transport and full contact between
substrate and active sites. Compared with other host materials,
COFs have several advantages: (1) in addition to the highly
ordered structural feature, the active sites can be incorporated
into either backbones or side chains with atomic precision,
facilitating electrocatalytic mechanism study; (2) the chemical
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Table 3 COF-based supercapacitors
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Electrode

Specific capacitance

Current density

Working voltage (V) Retention (cycle) Sggr (m*g™')  Ref.

In three-electrode configuration

NIBDZ 88.4Fg ! 05Ag" 0-1.0 93.61% (5000) 120 233
TPT-DAHQ COF 256 F g * 05Ag" 0.1-1.0 98.8% (1750) 1855 232
PDC-MA-COF 355 F g * 1.0Ag™" 0-1.5 78% (9000) 748.2 227
DAB-TFP-COF 15+6Fg " 0.1Ag™" —1.0 to 0.25 — 365 225
DAAQ-TFP-COF 48+ 10F g 83.3 (5000) 435
TpOMe-DAQ 169 F g ' 3.3 mA cm —0.5t0 0.5 65% (50 000) 1531 229
[TEMPO];99,-NiP-COF 167 Fg ! 0.1Ag" 0-0.8 — 5.2 228
TEMPO|544,-NiP-COF 124 F g 100 264

g
TPA-COF-1 51.3Fg ' 02Ag" 0.2-0.7 — 714 234
TPA-COF-2 144F g " 478
TPA-COF-3 51Fg ' 557
TPA-COF-4 24Fg" 1132
TFP-NDA-COF 348 F g " 05Ag" 0-1.0 75% (8000) 353 235
Dq,Da,Tp COF thin sheet 122F g’ 156 mAcm 2 —0.7 to 0.3 — 1004 230
DqTpCOF thin sheet 154 Fg ! — 940
Dq;Da,;Tp thin sheet 111 Fg! — 804
Car-TPA COF 13.6 F g’ 02Ag" 0-0.6 — 1334 236
Car-TPP COF 145F g’ 743
Car-TPT COF 174Fg " 721
TpBD-(OH), 9Fg*' 05Ag" —0.2 to 0.5 — 197 226
TpPa-(OH), 416 Fg " 66% (10000) 369
TDFP-1 418F g ! 05Ag" 0-1.0 95% (1000) 651 237
TpPa-COF@PANI 95Fg ! 02Ag" 0-0.7 83% (30 000) 574.4 238
SWCNTs-TpPa-COFs 153 Fg ! 0.5Ag™" —0.2 to 0.8 >2000 235.5 239
COFDAAQ-BTA-3DG 31 mF cm > 0.5 mA cm > —1.05 to 0.4 24.0% (2000) — 240
COFs/NH,-tGO 533 Fg " 02Ag" 0-0.5 79% (1000) — 241
PEDOT@AQ-COF 1663 Fg ! 1Ag! —0.2t0 0.6 >10000 131 242
DqDaTp-CNF 364 mF cm 2 025mAcm >  —0.5t0 0.5 — 532 243
2-C34Ns-COF/CNT MSC 13.1 mF cm 2 2 mA ecm™? 0-0.8 93.1% (5000) 1003 244
PEDOT/DAAQ-TFP 350 mF/cm® — —0.3t0 0.6 >10000 — 245
NH,-f-MWCNT@COFTTA-DHTA 1275 F g " 04Ag" 0-0.8 96% (1000) 1157 246
Fe;0,/COF-5d 112F g ' 05Ag" —0.1t0 0.7 76% (2000) 872 247
NiNWs@TpPa-COFs 426 F gt 2Ag" —0.2t0 0.6 >2500 596.7 248
DAAQ-TFP thin films 3 mF cm 2 0.15mAcm >  —2.0to0 0.5 93% (5000) — 249
TaPa-Py COF 209F g™ " 0.5Ag™" —0.3 to 0.4 — 687 250
DAB-TFP COF 98Fg ' 05Ag" —0.3 to 0.4 — 385
TPPDA-TPTPE COF 2371 Fg " 2Ag" —0.92 to 0.18 86.2 (5000) 1067 251
TPPDA-TPPyr COF 188.7Fg ! 85.6 (5000) 1020
PG-BBT 724 F g ! 1Ag"! 0-0.6 96% (10 000) 507 252
ONC-T1-700 768 F g " 1Ag™ 0-0.6 98.3% (10000) 3451 253
ONC-T1-850 1711 F g ! 101.5% (10000) 1518
Ni-COF 1257 F g ! 1Ag" 0-0.6 94% (10 000) 362 254
In two-electrode configuration
PDC-MA-COF//AC 94Fg ! 1.0Ag" 0-1.5 88% (20000) 748.2 227
CT-Dq1Da1TpCOF//CT-Dq1Da1TpCOF 8.5 mF cm™ > 039 mAcm >  0-1.0 78% (7000) 804 230
CT-DqTpCOF//CT-DqTpCOF 12 mF cm 2 0.39 mA cm ™2 80% (2500) 940
TpPa-(OH),//TpPa-(OH), 214 +1Fg " 02Ag" 0-0.7 88% (10000) 369 226
DgDaTp-CNF//DgDaTp-CNF 167 F g’ 0.5 mA cm > 0-1 76% (4500) 532 243
PEDOT/DAAQ-TFP//AC 197 Fg ' — —0.9t0 0 — — 245
TaPa-Py COF//TaPa-Py COF 102 F g " 05Ag" 0-0.8 92% (6000) 687 250
DAB-TFP COF//DAB-TFP COF 427Fg! — 385
e-JUC-510//e-JUC-510 4.17 mF cm™> 1000 mV s~ 0-1.3 — 666 255
e-JUC-511//e-JUC-511 5.46 mF cm™> 100% (10000) 416.6
e-JUC-512//e-JUC-512 5.85 mF cm > 100% (10000) 336
PG-BBT//AC 220F g " 1Ag" 0-1.5 — 507 252
ONC-T1-700/CNT//ONC-T1-700/CNT 480 F g ! 1Ag" 0-0.6 — 3451 253
ONC-T1-850/CNT//ONC-T1-850/CNT 700 F g * — 1518
Ni-COF//AC 417 Fg ! 1Ag" 0-1.5 — 362 254
TpOMe-DAQ//TpOMe-DAQ 84 mF cm™? 025 mAcm >  0-1 >70% (30000) 1531 229

and physical environment around the active sites is able to be
easily modulated, resulting in the fine-tuning of their catalytic
activity; (3) their chemical stability can be achieved by choosing
proper linkages; (4) 2D COF NSs with conjugated electron
structure may provide sufficient conductivity; (5) the rich choices
in the linkers and linkages lead to tremendous opportunities for

3588 | Chem. Soc. Rev., 2020, 49, 3565-3604

the designing of high performance electrocatalysts. Moreover,
despite boroxine and boronate linkage-based COFs are sensitive
to moisture, most of the developed linkages (e.g., imine, hydra-
zine, azine, ketene, imide, squaraine, triazine, and ethylenic
linkages) are chemically stable in water.’®*”* The introduction
of tautomerization, hydrogen bonding, and interlayer interactions
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Table 4 Carbonized COF for supercapacitors
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Electrode Specific capacitance

Current density Working voltage (V)

Retention (cycle) Sper (m*g ') Ref.

In three-electrode configuration

TAPT-DHTA-COF,, ;@PPZSs00 411 F gt 0.5A g " —1.0t0 0 100% (10 000 456 256
g g
(N)G2 460 F g7 * 1Ag ! -1.0to 0 90% (10 000) 1147 257
Carbonized ACOF1 234F g’ 1Ag! ~1.0t0 0 — 1596 258
In two-electrode configuration
BTT-DADP COF-700//BTT-DADP COF-700 >100 F g™* 1Ag? 0-3.5 77.5% (10000) 2288 259
v-CNS-RGO//v-CNS-RGO >160 F g~* 1Ag™! —0.5t0 0.5 100% (3000) 700 112
(N)G2//(N)G2 175 Fg ! 02Ag" 0-1.0 — 1147 257
10% 4 evolution reaction (OER), and CO, reduction reaction (CO,RR),
00— ih pos are presented.
1 Fuel s Bt
10° 1 cell battery Corenn gt:rs‘telon
a E Zn-air 4.1 ORR
= ] batte 5 . . + —
£ 10°- o s Dl The oxygen reduction reaction (ORR, O, + 4H" + 4e~ — 2H,0),
L * 3 o s . .
E :d:dd battery F@Cai 3 as a rate-determining step (RDS), plays a vital role in energy
atte . . . . . .
2 10" 'y ° storage and conversion devices, including metal-air batteries
7] -
g PR and fuel cells.?”*%7¢
(=] 100; Supercapactior 3.6 ms Fuel cells are electrochemical power generation devices
5 E that directly convert chemical energy into electrical energy. In
> ey FEET RS proton exchange membrane fuel cells, hydrogen is oxidized at
- i poweF demand 'a"e'“""“"E‘zmlyﬁc the anode to form protons and electrons, and electrons flow
102 1 Capacitor | from the anode to the cathode to participate in the ORR, while
10° 161 162 163 164 165 1('36 the protons combine with the reduced oxygen species to form

Power Density (W/kg)

Fig. 16 The specific power vs. specific energy for EES devices delineated
in the Ragone plot. Reproduced from ref. 264 with permission from
American Chemical Society, copyright 2018. The electrochemical perfor-
mance of COF-based supercapacitors has been reported: (% ): ref. 252;
(A): ref. 226; (@): ref. 227; (M): ref. 250.

in the COFs can further improve the stability of imine linkage-
based COFs in acidic and basic solutions. The polyarylether-
based COFs are able to withstand harsh chemical environments
including strong acids and bases, as well as oxidation and
reduction conditions,>”* the stability of which outperformed
most of the known crystalline porous materials.

To solve the conductivity problem of bulk COF materials in
energy storage application, two general strategies are usually
employed: the first one is to physically mix COFs with
conductive supporting materials (e.g., graphene and CNT) or
directly grow COFs on them to prepare COF-based composites;
the second one is treating COFs at high temperature to pyrolyze
them into heteroatom-doped porous carbon. The former
approach can retain the ordered structures of COFs and atom-
ically distributed metal ions, which is beneficial for the
maximal utilization of catalytic atoms and the realization of
high selectivity and activity; the latter approach is easier to
achieve high conductivity and robust chemical stability but
suffers from the agglomeration of metal ions.

In this section, the recent advances related to the applica-
tion of COFs in electrocatalysis, including oxygen reduction
reaction (ORR), hydrogen evolution reaction (HER), oxygen

This journal is © The Royal Society of Chemistry 2020

H,0 on the cathode in the electrolyte. They are considered as
one of the new clean and efficient power generation technolo-
gies in the 21st century.

Metal-air batteries have attracted great interest around the
world due to their high theoretical energy density (approxi-
mately 2-10 times higher than that of lithium-ion batteries).>””
The negative electrodes of metal-air batteries, combining the
features of traditional batteries and fuel cells, are made of
metals as in the case of traditional batteries. The oxygen
supplied by air is continuously pumped into the cathode as
the reactant to conduct ORR, whose efficiency greatly influ-
ences the battery voltage and energy density. Among the various
kinds of metal-air batteries, Zn-air batteries exhibit great
potential for future energy applications.

At present, Pt is considered to be the best ORR electro-
catalyst in fuel cells.>”® Nevertheless, its scarcity, high cost,
poor long-term stability, as well as low tolerance to the fuel
crossover effect are main obstacles.””® Among the benchmark
performers of non-precious metal catalysts (NPMC) that display
high activity and stability in catalysis, metal/nitrogen/carbon
(M/N/C, M = Fe, Co, Ni, etc.) nanohybrids prepared by pyrolysis
of precursors have been demonstrated to be one of the most
promising candidates to replace Pt-based catalysts.>***®"

4.1.1 COF-based metal-free electrocatalyst. Additionally,
n-conjugated 2D covalent organic radical frameworks (CORFs)
have been indicated to be electroactive for ORR. In 2018, Wu
and co-workers synthesized the first n-conjugated 2D covalent
organic radical framework PTM-CORF containing the poly-
chlorotriphenylmethyl (PTM) radical.'®* The resulting PTM-CORF
possessed a small bandgap (about 0.88 eV) and a low LUMO
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energy level (—4.72 eV) ascribed to the strong electron-
withdrawing feature of the PTM radical and the extended
n-conjugation. Following this, the low-lying LUMO energy level
and small bandgap of PTM-COR made it easy to accept elec-
trons from oxygen and increase electrocatalytic activity toward
ORR. Subsequently, they blended PTM-CORF with carbon black
to test its electrocatalytic properties, showing a half-wave
potential of 0.671 V (V vs. RHE) under basic conditions and
an electron transfer number of 3.89.

Direct pyrolysis of COFs always leads to the formation of an
uncontrollable 3D carbon structure with the loss of the 2D
structure and inherent porous feature, even though the pre-
cursors possess layered 2D structures. Accounting for these
problems, Jiang and co-workers proposed a strategy based on
template carbonization, which successfully converted a conven-
tional COF (TAPT-DHTA-COF) into carbon sheets (PA@TAPT-
DHTA-COF o) with high conductivity, hierarchical pores, and
sufficient catalytic edges.?®* They inserted phytic acid (PA) as a
template as well as directing agent into the channels and layers
during pyrolysis of 2D COF at 1000 °C under N,. The multi-fold
functions of PA included stripping the layered 2D COFs into
several small-sized carbon plates, guiding the conversion of 2D
COFs to 2D carbon when it covered the surface of COFs,
triggering the formation of 2D porous carbon structure during
its network decomposition, and finally, supplying the carbon
sheets with phosphorus. For ORR in aqueous KOH solutions
(0.1 M), the resulting PA@TAPT-DHTA-COF, o, reached an E,
value of 0.921 V (V vs. RHE), an E,, value of 0.751 V (V vs. RHE)
and a limit current density of 6.5 mA cm ™. They further improved
its ORR activity by pyrolyzing it at 900 °C under NH; to form
PA@TAPT-DHTA-COFgoonn,, Whose ORR catalytic performance
(Eo, 0.941 V; Ey5, 0.831 V; fiimit, 7.2 MA cm™ %) was superior to that
of Pt/C (E,, 0.911 V; Eyj5, 0.781 V; jiimit, 6.0 mA cm ™).

4.1.2 Metal-containing COF-based electrocatalyst.
Metalloporphyrin-based COFs have attracted great attention
for electrocatalysis, owing to the fact that porphyrins with N
chelating sites act as diluents isolating metal atoms to avoid
metal agglomeration during COFs’ synthesis and the following
pyrolysis process if needed.?®****” Luo et al. prepared a reduced
graphene oxide/Co-porphyrin-based COF network (CoCOF-Py-rGO)
by anchoring the COFs to the pyridine-functionalized reduced
graphene oxide.”®* Owing to the existence of pyridine functional
groups serving as structural nodes, the as-synthesized CoCOF-
Py-rGO exhibited a 3D structure. It showed an ORR activity with
an onset potential of 0.84 V, a half-wave potential of 0.765 V, as
well as good stability and methanol tolerance in an alkaline
environment. In 2015, Mao and co-workers prepared a Co/N/C
catalyst (Co-COF-900) for ORR by pyrolysis of a cobalt-
porphyrin-based COF under a nitrogen atmosphere at 900 °C.
Electrochemical studies demonstrated that both the potential
and current responses obtained from Co-COF-900 were close to
those of commercial 20% Pt/C.>*%°

In 2019, Thomas’s group reported a “salt-mediated technique”
for COFs’ growth with p-toluenesulfonic acid (PTSA) as a
molecular organizer during bipyridine-COF (TpBpy) synthesis
and silica nanoparticles as hard templates to facilitate the
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formation of mesoporous structures (Fig. 17a)."*° Iron species
were introduced into the system coordinated with bipyridine
moieties to produce SiO,@TpBpy-Fe, which then formed Fe-N,
sites after a subsequent pyrolysis process followed by the
treatment with HCl and NaOH.*®® Electrocatalytic studies
showed that the resultant mC-TpBpy-Fe exhibited almost com-
parable values (E, of 0.920 V, E;;, of 0.845 V) to those of
commercial Pt/C under basic conditions (Fig. 17b and c). More
importantly, it showed long-term durability and good tolerance
to methanol during the catalytic reaction and a competitive
discharge performance when applied in a Zn-air battery.

Single-atom catalysts (SACs) take advantage of maximal atom
utilization and high catalytic activity. However, the isolated
metal atoms in the materials tend to agglomerate under elevated
temperatures due to their thermodynamic instability.!>>>8%2%°
Therefore, the process for preparing a single-atom catalyst by
pyrolysis requires fine adjustment of the carbonization tempera-
ture and the reduction of metal ion loading. Recently, Peng, Shi,
and Huo et al. synthesized SACs with good electrocatalytic
activity via a pyrolysis-free synthetic method.>®® They first pre-
pared a fully closed m-conjugated COF (COFgyc) via benzene-
1,2,4,5-tetracarbonitrile polymerization and then assembled
it with the graphene matrix via intermolecular interaction. The
as-synthesized pfSAC-Fe catalysts showed excellent electrocataly-
tic performance for ORR. When the ratio of COFgrc was
increased, the E;, value changed from 0.88 V to 0.91 V. Besides,
the optimized catalyst, pfSAC-Fe-0.2, showed a high kinetic
current density J; of 25.86 mA cm 2, a low Tafel slope of
31.7 mV and good methanol tolerance, which were superior to
those of commercial Pt/C (Ey,, 0.86 V; Ji, 6.49 mA cm ™ 2). The
PfSAC-Fe driven Zn-air battery exhibited a specific capacity of
732 mA h g~ at 100 mA cm™ 2 with 89.3% zinc utilization and a
power density of 123.43 mW cm™ > (which was higher than that
of the battery driven by Pt/C (113.81 mW cm™ ). Moreover, it
exhibited a remarkable long cycling life over 300 hours with less
than 0.1% decrease, whereas the performance of the Pt/C-based
battery decreased within 20 hours.

4.2 OER

OER as an anodic reaction occurs in water splitting and in the
charging processes of rechargeable metal-air batteries. As seen
from the reaction pathways of OER, H,O is oxidized to O,
accompanied with 4e” transfer. OER can operate in either
acidic or alkaline solutions, and the corresponding processes
are 2H,0 — O, + 4H" + 4~ and 40H™ — O, + 2H,0 + 4e",
respectively.

Unfortunately, OER suffers from sluggish kinetics owing to
the large energy barriers in the complex procedures including
breaking four O-H bonds, removing four electrons from H,O
molecules, and forming energy-intensive O-O bonds. RuO, and
Ir-based materials are considered to be benchmarked electro-
catalysts for OER. However, limited storage, high cost, and poor
availability of these noble metal-based electrocatalysts hamper
their wide commercial usage. Thus, there is an upsurge in
attempts to develop effective, low-cost, and stable catalysts for
oxidizing water with minimum energy.

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 (a) Synthesis of mC-TpBpy-Fe by PTSA-assisted mechanical milling using SiO, nanoparticles as the hard template. (b) LSV curves of mC-TpBpy-
Fe, mC-TpBD-Fe, C-TpBpy-Fe, and Pt/C in O, saturated KOH solution. (c) Corresponding columnar charts of these samples’ half-wave potential and
kinetic current (at 0.8 V). Reproduced from ref. 288 with permission from American Chemical Society, copyright 2019. (d) and (e) Top-view and cross-
sectional SEM images of macro-TpBpy, respectively. (f) Chemical structure of macro-TpBpy. (g) OER polarization curves. (h) Tafel plots of macro-TpBpy.,
TpBpy-Co, macro-TpBpy-Co, and RuO, catalysts. (i) Faradaic efficiency of macro-TpBpy-Co for oxygen evolution. Reproduced from ref. 300 with

permission from American Chemical Society, copyright 2019.

In order to better evaluate and compare the properties of
OER electrocatalysts, a series of criteria have been established,
involving 7, (the overpotential needed to generate a catalytic
current density of 10 mA cm™?), j, (the value of OER current
density), Tafel slope, the yield of oxygen, turnover frequency
(TOF), and faradaic efficiency (FE). Besides, since OER involves
the generation and liberation of oxygen, the problem arising
from the leaching of the catalyst leading to suboptimal long-
term stability should be taken into account. Moreover, the
nonconducting gas phase will hinder the exposure of active
sites and cause the current density to decrease.

As an alternative candidate, transition metal-based materials
became the subject of comprehensive research on OER electro-
catalysts. So far, Fe/Co/Ni/Mo/Zr/V-based materials (either free-
standing or supported on other materials)**" have been explored
for catalyzing OER, among which cobalt-based catalysts became
one of the hot spots. In the case of free-standing transition
metal-based catalysts, a number of them suffered from high
overpotential and sluggish kinetics in the electrochemical study.
On the one hand, there still exist lots of molecular water-
oxidizing complexes (WOCs) that will be eventually dissociated
into a homogeneous phase during catalysis.**>** On the other

This journal is © The Royal Society of Chemistry 2020
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hand, carbon materials™" and metal foam as platforms
to support metal nanoparticles or clusters as catalytic active
materials also confront several problems, such as complicated
synthetic procedures.>*”**® COFs equipped with some inherent
virtues appear satisfactory for preparing electrocatalysts.

In 2016, Banerjee and Kurungot et al. designed Co-TpBpy
via coordinating Co species to the bipyridine sites on the
TpBpy-COF synthesized by the Schiff-base condensation of
Tp (24) and 2,2’-bipyridyl 5,5-diamine (Bpy) (50).°° The resulting
Co-TpBpy retained high accessible surface area (450 m* g~ ') and
porosity. The electrochemical properties measured in 0.1 M
aqueous phosphate buffer (pH = 7) showed an overpotential of
400 mV at a current density of 1 mA em %, a TOF of 0.23 s %,
a Tafel slope of 59 mV dec™ ", an FE of 95%, and good cycling
stability. Further, Thomas et al. introduced polystyrene spheres
as hard templates and PTSA during the preparation process
to enable the formation of TpBpy-COF with a hierarchical pore
structure (Fig. 17d-f).*°° Macro-TpBpy-Co exhibited an out-
standing performance as a OER catalyst with an overpotential
of 380 mV at a current density of 10 mA cm >, a Tafel slope of
54 mV dec™ ', and an FE of 98% (Fig. 17g-i). It should be noted
that the TOF value of Macro-TpBpy-Co was much higher than
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that of microporous TpBpy-Co and RuO,. The good electro-
catalytic properties were attributed to the homogeneous and
continuous macroporous structure, which could facilitate the
transportation of O, gas bubbles and thereby promote the
reaction. It was proved that the Co ions coordinated with
pyridine not only worked as the active sites but also increased
the conductivity of the catalyst.

Additionally, COFs have been utilized as supports for metal
nanoparticles (NPs). The size of NPs and the electronic inter-
action between the NPs and the host COFs both played impor-
tant roles in enhancing their catalytic activity. For instance,
IISERP-COF2 was prepared by using nonplanar building units
with tetrahedral sp® nitrogen, which introduced flexibility in
COF skeletons to generate mesopores capable of confining the
in situ formation of Co,Ni,(OH), NPs down to about 2 nm size
without any end-capping reagent.**’ Owing to the localized
electronic interactions between the NPs and the COF skeleton,
the resultant nanocomposite exhibited an excellent performance
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toward the OER process with an overpotential of 258 mV at
10 mA cm ™2 in 0.1 M KOH, which was close to the record of
about 200 mV for noble-metal-free electrocatalysts. Also, it
possessed a Tafel slope of 38.9 mV dec ™, indicating outstanding
kinetics. Similarly, metallic NizN NPs were loaded in a 2D
benzimidazole-based COF (IISERP-COF3) with donor-acceptor
nodes and face-to-face stacked layers of conjugated n-components
that were crucial to generate aligned conduction pathways.** The
resulting IISERP-COF3_NizN possessed a low overpotential of
230 mV at 10 mA cm™?, a TOF value of 0.52 s, an FE of 0.98
at 1 mA cm™ 2, a Tafel slope of 79 mV dec™*, and an O, evolution
rate of 230 mmol h™" g%,

To enhance the conductivity, COFs have also been pyrolyzed
into carbon hosts for OER reaction. Kurungot and Vaidhyanathan
et al. developed a soft pyrolysis approach to prepare two compo-
sites consisting of small RuO, NPs and carbon derived from
COFs (Fig. 18a and b). They explained that the preparation of
RuO, nanoparticles usually requires surfactant assistance and
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(@ and b) Schematic illustration of the reaction of [ISERP-COF1 and IISERP-COF6. (c and d) LSV curves (left) and Tafel slopes (right) of

IISERP-COF1 and IISERP-COF6. Reproduced from ref. 303 with permission from American Chemical Society, copyright 2019. (e) Synthetic scheme of COF
(SB-PORPy). (f) Polarization curves for the hydrogen production on GC, Vulcan, and SB-PORPy-COF electrodes. (g) Tafel slope of the SB-PORPy-COF
electrode. Reproduced from ref. 308 with permission from American Chemical Society, copyright 2017.
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high-temperature annealing under oxidizing conditions.
However, when the temperature was higher than 500 °C, the
size of RuO, NPs would increase significantly. Therefore, they
controlled the temperature to about 400 °C and finally obtained
RuO,@C composite materials by the soft pyrolysis method. The
two resultant composites exhibited good OER performance
with a 7710 of 210 and 217 mV for composite-I and composite-
11, respectively (Fig. 18c and d).*** It is worth noting that most
of the small-sized NPs were dispersed within the interlayers of
the pyrolyzed COF, only leaving fewer on the surface to form
more accessible active sites.

There are other strategies for producing efficient COF-based
electrocatalysts such as introducing transition metal species
into macrocyclic clusters (e.g., porphyrin and phthalocyanine)
and blending metal-porphyrin with other conductive materials
(e.g., metal foam and CNTs)."'®*°* For instance, Chen
and Zhang et al. developed a metalloporphyrin-based GDY
(graphdiyne) analogue (Co-PDY nanosheets) synthesized via
Glaser-Hay coupling reaction on copper foam."'® During the
catalytic process, the cobalt centers of metalloporphyrin acted
as electrocatalytic active sites, while rapid electron transfer
occurred inside the skeleton and the expanded pore structure
accelerated the small molecules’ diffusion. These three factors
endow Co-PDY with superb OER catalytic performance
(low overpotential of 270 mV at 10 mA cm >, Tafel slope of
99 mV dec ', and long-term cycling stability) (Fig. 19a-e),
which was superior to that of commercial catalysts such as
RuO; (110 of 370 mV), IrO, (1710 of 340 mV), Ru/C (20%) (110 of
390 mV), and Ir/C (20%) (1710 of 380 mV).
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Fig. 19 (a) Schematic illustration of the reaction of Co-PDY. (b) SEM
images of Co-PDY/CF before (left) and after (right) the continuous
electrocatalysis test for 10 h. (c) TEM images of Co-PDY/CF before (left)
and after (right) the continuous electrocatalysis test for 10 h. (d) LSV curves
of Co-PDY/CF, PDY/CF, and CF. (e) Tafel slope of Co-PDY/CF, PDY/CF,
and CF. Reproduced from ref. 118 with permission from the Royal Society
of Chemistry, copyright 2019.
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4.3 HER

Hydrogen, as a kind of clean fuel with high energy density, has
been deemed to be one of the most promising alternative
candidates to replace fossil fuels. At present, hydrogen is
mostly produced by steam reforming of hydrocarbons. Besides,
heating coal at high temperature without oxygen or partially
burning coal with steam can also generate hydrogen; however,
these techniques are with a high energy cost and are tedious
because hydrogen needs to be separated from the mixture gases
of H,, CO, CO,, etc.’®> The electrolysis of water is an ideal
method to produce high-purity H, via HER. The procedure of
electrocatalytic HER is a multi-step reaction involving adsorp-
tion, reduction, and desorption processes, including a Volmer
step (H' + e — H,qs) and a Tafel step (Hags + H + € — H,) ora
Heyrovsky step (2H,qs — H,). To date, Pt-based materials show
the best electrocatalytic performance toward HER but scarcity
and high cost limit their large-scale practical applications. The
transition-metal-based catalysts applied for electrocatalytic
HER still suffer from the corrosion of the metal or leaching
of metal ions and easier deactivation, which are the major
obstacles for their commercial utilization.>****°” Thus, tremendous
efforts have been devoted to investigating efficient metal-free
electrocatalysts for HER. Recently, metal-free COF-based materials
have been reported to show good HER activity.>*®%°

For example, SB-PORPy-COF prepared by assembling
porphyrin and pyrene units via the Schiff-base reaction was
applied for HER (Fig. 18e).>%® It possessed high surface area
(~869 m> g '), permanent microporosity, and excellent
stability, allowing it to achieve electrocatalytic properties with
an onset potential of 50 mV, a low overpotential of 380 mV at
5 mA cm %, and a Tafel slope of 116 mV dec ™" (Fig. 18f and g).
Recently, free-standing 2D conjugated COF films were also applied
to electrocatalyze HER. Li’s group reported that graphene-like
2DCCOF1 with homogeneous pores was prepared by Suzuki
polymerization on the interface of water and toluene at 2 °C.>*
To explore potential applications in electrocatalysis, they horizon-
tally deposited the 2DCCOF1 film on a copper electrode and an
electrochemical study showed that the 2DCCOF1 coated electrode
was active for catalyzing HER with an overpotential of 541 mV
at 10 mA cm ™2 and a Tafel slope of 130 mV dec™'. However, the
performance of the COF-based catalysts mentioned above
did not exceed the performance of MoS, nanosheets (bench-
marked Pt-free HER catalyst) with an overpotential of 187 mV at
10 mA cm ™2 and a Tafel slope of 43 mv.*'°

4.4 CO, reduction

The massive emission of CO, caused by the consumption of
fossil fuels and industrial production has become a serious
environmental issue, leading to worldwide extensive research
on efficient and eco-friendly technologies for converting CO,
into other value-added carbon products.>'! Indeed, extensive
approaches have been attempted to facilitate this transformation,
among which the electrolytic approach emerged as a promising
route to reduce CO,. It benefits from the following aspects:
(1) using water as reaction media is in favor of promoting proton
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and electron transfer; (2) since the final products can be used as
fuels and chemical feedstocks and the electrolyte can be
adequately recycled, zero-emission of pollutants in the overall
process is realized; (3) the electricity used can be originated
from renewable resources including wind, solar, geothermal
energy, etc.>'*31*

Typically, the electrochemical reduction (ECR) of CO,
involves multiple steps to different products, accompanying
2-, 4-, 6-, 8-, 12-, 14-, or 18-electron reaction pathways. There are
three major steps for heterogeneous catalysis: (1) chemical
adsorption of CO, on active sites of electrocatalysts; (2) electron
transfer and/or proton migration to cleave C-O bonds and/or
form C-H bonds; (3) configuration rearrangement of products
(e.g,, CO, HCOO~ or HCOOH, CH,, C,H,, C,HsOH, and
CH;0H) followed by desorption from the electrode surface
and dissolution in the electrolyte.**®

There still remain several challenges to achieve efficient
conversion of CO,: (1) a large overpotential is required to
produce the CO,* " intermediate due to the high energy barrier
for its formation; (2) sluggish kinetics, interference of compe-
titive off-pathway reduction of water as well as the limited
soluble and mass transfer ability of CO, lead to a low conver-
sion efficiency; (3) the feedstocks produced in the process are
mixed together and separating them is a high-cost process;
(4) catalytic active sites of electrocatalysts may be blocked and
destroyed by impurities and by-products in the reaction system,
resulting in a limited lifetime.>'* Consequently, the electro-
catalysts for CO, reduction should be designed with high
activity and selectivity.

Many investigations have elaborated that COF-based materials
are capable of acting as electrocatalysts for CO, reduction.

Metalloporphyrins/phthalocyanines, as well as related complexes,
are highly promising as CO, conversion electrocatalysts.*'***' Yaghi
and Chang et al. incorporated cobalt porphyrin units into COFs and
the resulting COF-366-Co promoted carbon monoxide evolution in a
neutral CO, saturated solution at —0.67 V with an overpotential of
—0.55 V.** COF-366-Co exhibited a high FE (90%) and turnover
number (up to 290000) without decomposition over 24 hours.
Furthermore, they developed a COF-366-Co analogue, namely
COF-367-Co, by replacing 1,4-benzenedicarboxaldehyde (BDA) with
BPDA as the strut. Cyclic voltammetry studies showed that COF-367-
Co displayed improved catalytic performance with an onset potential
of —0.40 V and an increased FE (91%) at —0.67 V. They explained
that the larger pores in expanded COF-367-Co enabled higher CO,
adsorption and provided more possibilities for CO, to contact active
sites, finally resulting in enhancement in activity and selectivity.

In most cases, COFs are synthesized via solvothermal methods
to form powders, followed by drop-casting onto electrode
surfaces for electrocatalysis. However, there is only a small
quantity of COF reaction centers remaining electrochemically
accessible and electroactive. Besides, the low aqueous solubi-
lity, and confined diffusion and adsorption of CO, within the
COF channels hinder the CO, reduction process. Following
this, many researchers have attempted to directly grow COFs
onto the surface of electrodes to prepare thin films.**?>%3%?
A series of oriented COF films were prepared on HOPG and
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their electrocatalytic activity toward CO, reduction was
investigated.*** The resulting COF-366-Co film exhibited appar-
ently improved catalytic ability with an FE of 87%. In addition
to porphyrin and phthalocyanine macrocycles, tricarbonyl
rhenium(i) complexes had quite a high catalytic activity. It was
evidenced that COF-2,2-bpy-Re containing Re-2,2'-bpy frag-
ments could work as an electrocatalyst for CO, reduction.’*
COF-Re_Co and COF-Re_Fe, containing both metalloporphyrin
and metal bipyridine fragments, were prepared and showed a
certain degree of CO, reduction activity.*'®

Metal-free COF based electrocatalysts for CO, reduction
have been reported recently. Deng’s group®>* reduced the imine
linkage in a 3D COF (COF-300) to form more stable COF-300-AR,
which exhibited a good electrocatalytic performance for CO,
reduction with a good CO conversion efficiency. They elaborated
that the obvious activity of COF-300-AR for CO, reduction could
be attributed to the porosity of COFs, which facilitated the
diffusion of CO, molecules to the electrode, and after that,
amine groups close to the electrode surface promoted the
conversion of CO, into carbamate intermediates.

324-326

5 Summary and outlook

In this review, we have summarized the recent progress in the
synthetic methods of COF NSs and thin films, along with the
potential applications of COFs in batteries, capacitors, and
electrocatalysts.

5.1 Synthetic strategy of COF NSs and thin films

To date, several approaches to design COF NSs and thin films
with desired structure, chemical property, and thickness have
been proposed, which are of great importance to investigate
their properties for diverse applications. The synthetic strategies
are classified into “bottom-up” and “top-down” approaches,
both of which have their own merits and limitations.

In the case of the bottom-up strategy, solvothermal synthesis
has received a considerable amount of attention because of
its easy operation and broad applicability. When using the
solvothermal method, the type and ratio of the selected solvents
as well as the heating temperature have a significant influence
on successfully controlling the morphology and periodicity of
COF NSs and films. Additionally, the heated solvents under high
pressure may promote the progress of the reaction and provide a
unique environment for the formation of products. However,
this method has a relatively insufficient ability to control the
thickness of COF films and a certain number of unreacted
monomers and oligomers are present in the obtained products.

Considering the on-surface synthesis, this method has been
illustrated to be effective for synthesizing single-layered nano-
materials. It is essential to select the appropriate substrates.
Specifically, well-defined single-crystal surfaces are capable of
providing an ideal atomically flat surface to guide the growth of
NSs and thin films in two dimensions and support the resulting
products for further applications. Moreover, the appropriate
interactions between the substrates and monomers can assist
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the dispersion of precursors on the surface, in favor of avoiding
the formation of multi-layer structures and facilitating the
formation of high-quality COF NSs and thin films. The
commonly used substrates include graphene, HOPG, and metal
substrates (Au, Ag, Cu, etc.). It is worth mentioning that metal
substrates may catalyze the coupling reaction on the surface to
confine the formation of highly ordered sCOFs. However, most
of the syntheses were conducted under UHV conditions, result-
ing in unexpected irreversible cross-linking and giving rise to the
formation of disordered nanostructures. To improve the surface
coverage and reduce the degree of disorder, manipulating the
kinetic process by controlling the feed rate of building units may
provide a solution. On the other hand, introducing a small
amount of water in a closed system to maintain the reaction
balance and enhance reversibility is favourable for obtaining
uniform sCOFs with few defects. Additionally, directly polymer-
izing at room temperature by the solid-liquid interface method
is able to prepare sCOFs with limited monomers of small
molecular sizes. However, the surface coverage and periodicity
of sCOFs still require further improvement and the as-formed
sCOFs are difficult to be peeled off from the substrates.

The interface formed between liquid and liquid or air can
also provide a confined space for the growth of COF NSs and
thin films. Different monomers (sometimes involving catalysts)
are dissolved in one or two (compatible or incompatible)
solvents. Under certain conditions of temperature and pres-
sure, the precursors polymerize at the interface to form rela-
tively large-sized COF films and NSs. However, this approach
seems to be not efficient enough to produce well-ordered and
high-quality thin COF films, and it is difficult to control the
number of COF layers by this means as well.

For the top-down strategy, it is a method of stripping
bulk COFs into single-/multi-layered COF NSs by introducing
external (sometimes by internal) forces or solvents rather than
growing them directly on selected substrates or interface.
Compared to the bottom-up approach, this method is easier
for scale-up but suffers from the difficulties in controlling the
thickness, homogeneity, and quality of COF NSs. We elaborated
on the top-down strategy involving mechanical exfoliation,
solvent-assisted exfoliation, chemical exfoliation, and self-
exfoliation as well as the difference among them that can be
attributed to distinct peel strength. The mechanical exfoliation
of bulk COFs via ball milling or grinding is a conventional
exfoliation technique that applies mechanical forces to break
the van der Waals interaction between the layers of bulk COF
materials without destroying the covalent bonds of the frame-
works; then, single- or few-layered 2D COF nanosheets are
produced. Moreover, solvent-assisted exfoliation under sonica-
tion conditions is also widely used for COF exfoliation. In
contrast, the self-exfoliation approach is more likely to depend
on internal forces among the building blocks to strip the multi-
layered COFs into the single or few-layered structure. Several iCOFs
are exfoliated by mixing with solvents in a self-exfoliation method.

Although great achievements have been made, some obstacles
need to be overcome in future development. (1) Quality: it is
difficult to precisely control the degree of periodicity, crystal
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domain area, molecular orientation, and defect of the COF
films and NSs. Thus, insightful mechanism studies on the
growth of COFs based on advanced in situ characterization
techniques (e.g., TEM, XPS, and Raman spectroscopy) are
required; (2) Diversity: in different approaches, due to the
solubility, activity, and volatility of the monomers as well as
the reversibility of the reactions only limited number of COF
films and NSs have been prepared. Therefore, it is desired to
develop more facile preparation methods with improved applic-
ability; (3) Electrochemical stability: despite the fact that most
of the COFs are chemically robust and are even stable against
harsh chemical environments, their electrochemical stability
still requires further deep investigation; (4) Scale-up: only up to
centimeter-sized COF films and NSs with low yield have been
prepared and the reaction conditions always require a large
amount of organic solvent, high vacuum, ultra-regular surface,
and long production period. Besides, the structure-function
relationships of COF films and NSs still remain to be largely
explored.

5.2 COFs for energy storage and conversion

Within the last few years, research on COF-based electro-
chemical energy storage has emerged rapidly and become
diversified. As a concluding remark, the research directions
focused on EES are summarized:

(1) As the electrode: COFs are positioned to address the
challenge in organic electrode materials with a controllable
degree of porosity and more stable frameworks (e.g., various
organic solvents, and strong acid or base). The following
issues should be considered to achieve higher performance:
enhancing the density of redox-active sites; increasing
or decreasing the voltage plateau for cathode and anode,
respectively; increasing the electron conductivity to fully utilize
their redox-active sites; balancing the density and porosity by
structural optimization to utilize their pores and active sites
efficiently; widening the operation potential windows by
using organic electrolytes or ionic liquid electrolytes in super-
capacitors; charge-discharge mechanism is unclear (especially
for anode), and theoretical and experimental studies need to be
further investigated.

(2) As the host for the phase-changing component: the
prerequisites for COFs to act as a host in phase changing
cathode-based batteries, such as Li-S batteries, are high
specific surface area and large pore volume, leading to high
active component loading in composites. Besides, the introduc-
tion of specific functional groups can provide interactions to
restrain the migration of soluble intermediates out of the pores
and further inhibit the shuttle effect.

(3) As an electrolyte: the ionic skeleton can effectively
promote ion-pair dissociation and facilitate ion migration,
and the transference number of target ions can be improved
by using different strategies. COFs incorporated with flexible
chains provide a chance to solve the crystallization and phase
transition problems in polymeric electrolytes, leading to a wide
usage temperature range. However, when targeting all-solid-
state electrodes for portable devices, it is urgently needed to
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develop solvent-free flexible COF films with improved ion
conductivity and transference number. Moreover, besides the
Li* ion, the conduction behaviors of other ions, such as Na*, K",
Mg>*, Zn**, and AI’*, have remained unexplored.

(4) As dramatically developed materials, COFs are still very
young in the EES fields. Owing to their ordered structures,
designable pore size, modifiable skeletons, and high specific
surfaces, they have huge potential for developing higher
theoretical gravimetric energy density EES systems. Recently,
many new fields of EES were investigated, such as aqueous zinc
ion batteries,**” Li-CO, batteries,"®*??® and artificial SEI layers
for use in anodes.**’

COFs combine the merits of both molecular and hetero-
geneous catalysts, and many inherent advantages make them
promising candidates for preparing efficient electrocatalysts.
Since the activity, selectivity, and stability of a catalyst are the
main factors to be evaluated, we provide a summary and
outlook of the development of COF-based electrocatalysts from
these aspects.

The selectivity of an electrocatalyst is mainly determined by
the active sites and their surroundings, while the activity is
governed by the types, electronic structures, and dispersity of
active sites, as well as electron/substrate accessibility.

Multi-electron macrocycles (e.g., porphyrin and phthalo-
cyanine), metal ions (e.g, Fe, Co, Ni, Ir, Ru, and even dual ions),
and metallic nanoparticles (e.g., RuO, NizN) as active sites have
been introduced onto the skeleton or into the channels via
building block design, post-synthetic modification, or in situ
generation. The unique structural features of COFs ensure the
atomic distribution of active sites like macrocycles and metal
ions, while the predesignable and well-aligned channels can
confine the formation of metallic nanoparticles in nano-sized
diameters. Inherent electron conduction channels existing in the
2D COFs with n-n electron cloud overlap between the adjacent
layers as well as the conjugated skeletons in both 2D and 3D
COFs. To further alleviate the conductivity loss of bulk COFs
caused by interfacial boundaries and disordered area, several
efforts have been made, including physically mixing COFs with
conductive components (e.g., carbon black), growing COFs on
conductive materials (e.g., CNTs and graphene), preparing highly
oriented thin COF films on electrodes, exfoliating bulk COFs
into NSs, and pyrolyzing them into porous carbons. The large
pore diameters, open and straight channels, and high porosity of
COFs are favorable for mass transport; their pore structures and
environment have been further modulated, and hierarchical
structures have been prepared to facilitate reactant and product
diffusion. Functional building units with electron-donating or
-withdrawing properties have been introduced to tune their
electronic structures.

Therefore, ideally, in a COF-catalyzed electrochemical reac-
tion, favorite products can be obtained with high purity and low
energy consumption. However, up to now, there still remains a
large room to increase the selectivity and activity of COF-based
electrochemical reactions, including ORR, HER, OER, CO,
reduction, and N, fixation.**° In addition, although the stability
of COFs and their performance are almost satisfactory for
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electrochemical reaction, partial decomposition of the COF
skeletons and leaching of metal ions have been found in acidic
or alkaline test solutions.

To overcome these challenges, the following efforts are
suggested: (1) thoroughly investigating their structure-function
relationships via precise molecular design; (2) carefully tuning
the surrounding environment of active sites that affects the
adsorption, bond cleavage and formation, and desorption
process; (3) exploring the reaction pathways and their influen-
cing factors via experimental works and theoretical calcula-
tions; (4) preparing COFs and their NSs with high periodicity,
fewer defects, and high orientation to promote their mass
transport and charge transfer process; (6) increasing the
loading and accessibility of active sites; (7) verifying their
structure evolution after electrochemical processes; (8) increasing
their stability under electrocatalytic conditions; (9) developing
scalable production methods to reduce their cost.

Abbreviations

COFs Covalent organic frameworks

EES Electrochemical energy storage

EEC Electrochemical energy conversion

2D Two dimensional

3D Three dimensional

NSs Nanosheets

CTFs Covalent triazine-based frameworks

CORFs Covalent organic radical frameworks

FT-IR Fourier Transform Infrared

OPA o-Phthalaldehyde

DMF N,N-Dimethylformamide

THF Tetrahydrofuran

PXRD Powder X-ray diffraction

AFM Atomic Force Microscope

DLS Dynamic light scattering

HRTEM High-resolution transmission electron
microscopy

TEM Transmission electron microscopy

iCOFs Ionic covalent organic frameworks

Py 4,4’ 4" 4"'-(Pyrene-1,3,6,8-tetrayl)tetraaniline

SAED Selected-area electron diffraction

TP 1,3,5-Triformylphloroglucinol

DANTB 2,7-Bis((E)-benzylideneamino)benzo[lmn][3,8]-

phenanthroline-1,3,6,8(2H,7H)-tetraone
Tb 1,3,5-Triformylbenzene

CNTs Carbon nanotubes

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl
LSBs Lithium-sulfur batteries

PSs Lithium polysulfides

BOC Boron/oxygen co-doped porous carbon
XPS X-ray photoelectron spectroscopy
"H-NMR "H nuclear magnetic resonance

IR Infrared spectra

LIBs Lithium-ion batteries

SIBs Sodium-ion batteries
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BPTA
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CNF
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HHTP
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PPDA
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TBA
BII
PTSA
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OER
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RDS
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Ionic conductivity
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y-Cyclodextrin

Ethylene carbonate

Dimethyl carbonate

Poly(ethylene oxide)
1,3,5-Tri(4-aminophenyl)benzene
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Differential scanning calorimetry
Proton exchange membrane fuel cells
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1,3,5-Tris(4-aminophenyl)benzene
1,3,5-Benzenetricarbaldehyde

Relative humidity

Supercapacitors

Electrochemical double-layer capacitors
Faradaic supercapacitors
2,6-Diaminoanthraquinone
1,4-Piperazinedicarboxaldehyde
Melamine
5,10,15,20-Tetrakis(4'-tetraphenylamino)
porphyrin
2,5-Bis(2-propynyloxy)terephthalaldehyde
2,5-Dimethoxyterephthalaldehyde
Poly(vinyl alcohol)
1,3,5-Triformylphloroglucinol

Grazing incidence X-ray diffraction
Conductive carbon nanofiber
Poly(3,4-ethylenedioxythiophene)
Benzotrithiophene tricarbaldehyde
Highly oriented pyrolytic graphite
Single-layered covalent organic frameworks
Scanning tunneling microscopy
Ultrahigh vacuum

Laminar assembly polymerization
1,4-Benzenediboronic acid
2,3,6,7,10,11-Hexahydroxytriphenylene
Benzene-1,3,5-tricarbonyl trichloride
Density functional theory
Tetrathiafulvalene equipped with four
benzaldehyde groups
p-Phenylenediamine

Single-layer graphene
2,4,6-Trimethylbenzaldehyde
Buffering interlayer interface
Amine-p-toluene sulfonic acid
4,4',4"-(1,3,5-Triazine-2,4,6-triyl)trianiline
2,5-Dihydroxyterethaldehyde

Oxygen reduction reaction

Hydrogen evolution reaction

Oxygen evolution reaction

CO, reduction reaction
Rate-determining step

Non-precious metal catalysts
Polychlorotriphenylmethyl
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PA Phytic acid

SAC Single-atom catalysts

Mo Overpotential (at a current density of 10 mA cm ™ ?)
Jo Current density

TOF Turnover frequency

FE Faradaic efficiency

WOCs Water-oxidizing complexes
Bpy 2,2'-Bipyridyl 5,5’-diamine
NPs Nanoparticles

BDA 1,4-Benzenedicarboxaldehyde
ECR Electrochemical reduction
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