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ABSTRACT: Covalent organic frameworks (COFs) are a class of crystalline porous organic
polymers with permanent porosity and highly ordered structures. Unlike other polymers, a
significant feature of COFs is that they are structurally predesignable, synthetically
controllable, and functionally manageable. In principle, the topological design diagram offers
geometric guidance for the structural tiling of extended porous polygons, and the
polycondensation reactions provide synthetic ways to construct the predesigned primary
and high-order structures. Progress over the past decade in the chemistry of these two aspects
undoubtedly established the base of the COF field. By virtue of the availability of organic
units and the diversity of topologies and linkages, COFs have emerged as a new field of
organic materials that offer a powerful molecular platform for complex structural design and
tailor-made functional development. Here we target a comprehensive review of the COF field,
provide a historic overview of the chemistry of the COF field, survey the advances in the
topology design and synthetic reactions, illustrate the structural features and diversities, scrutinize the development and potential of
various functions through elucidating structure−function correlations based on interactions with photons, electrons, holes, spins,
ions, and molecules, discuss the key fundamental and challenging issues that need to be addressed, and predict the future directions
from chemistry, physics, and materials perspectives.
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1. INTRODUCTION

Chemistry is the central science that enables the design and
synthesis of new molecules and elucidates molecular origins of
various physicochemical properties and functions at different
structural levels and time scales. In this context, crystalline
molecules are unique because they hold long-range molecular
orderings and provide a discrete molecular space or interface in
triggering and controlling a diversity of interactions and
interplays that constitute the mechanisms of various molecular
systems. In particular,, the integration of individual small
molecules into ordered structures is an authentic chemical
diagram that could not only create new polymers and organic
materials but also manifest new properties and functions.
However, covalently linking organic molecules to form synthetic
macromolecules with well-defined and precise primary and high-
order structures, as found in biological polymers such as protein,
enzyme, DNA, and RNA systems, is challenging.1−4 Despite the
great advances in polymer chemistry over the past 100 years,
synthetic organic polymers are still hardly designed or
synthesized, with orderings at both the primary and high-
order structural levels.5

Biological polymer systems, such as DNA, RNA, and proteins
combine covalent bonds and noncovalent interactions to grow
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well-defined structures in which the covalent bonds determine
the sequence of the primary-order chain structure and the
noncovalent forces precisely shape up the high-order morphol-
ogy.6−8 These coded reaction systems enable the sequential
connection of building blocks into covalently linked yet ordered
chains in which specific sites or segments are in situ programmed
and readily organized into high-order structure via noncovalent
interactions. By contrast, although it is possible for sequenced
chain formation of up to four or five different monomers in
synthetic polymerization systems, currently it is almost
impossible to create specific sites or segments that can direct
hierarchical structural organization through noncovalent inter-
actions to form a well-defined high-order structure; predesign-
able or programmable high-order structure formation is too far
to reach in real synthetic systems. This situation does not
become better or is even worse when the polymerization system
involves the formation of more complex networks. Inspired by
the biological polymer systems, the merge of covalent bonds and
noncovalent interactions in one polymerization system to
generate a primary-order structure with specific sites or
segments that are ready to guide the high-order structure
formation seems to hold the key to achieving polymers with
predesigned primary and high-order structures. Such a tailor-
made polymer system is the ultimate target of chemical science.
Ground-breaking synthetic covalent organic frameworks
(COFs) enforcing this goal have emerged in the past decade
by elaborating the covalent bonds and noncovalent interactions
in the polymerization systems.9

Using covalent bonds to control the chain conformation is
largely dependent on the dimensionality of polymer structures.
The basic concept is an exact confinement of the chain growth
over a 2D plane in which the polymer skeleton is aligned and
ordered.10 To fulfill such a growth pattern, the geometry-
directed topology diagram is the key to guiding each monomer
into specific sites on the 2D plane, and the monomers with
desired geometries and multiple reactive sites are essential to
securing the 2D polymer growth.11 Consequently, the resulting
2D polymers generate extended polygons with specific units at
the knots and edges.12 The regular 2D polymers are capable of
using polygon topology to direct the noncovalent interactions
between planes to form layered and extended 2D polymer
frameworks with a well-defined high-order structure, named
COFs.13−19 In the same way, if the growth of polymer backbone
is precisely guided in a well-defined 3D manner, then 3D COFs
with extended structures will become possible.
COFs are a class of fully predesignable polymer that is

achieved by topology-diagram-directed polymer growth in
conjunction with geometry matching between monomers.
This molecular design principle is totally different from those
of linear polymers, hyperbranched polymers, cross-linked
polymers, and biopolymers, increasing our ability to predesign
primary and high-order structures to an unprecedented level.
COFs are polymers with unique conformations and morphol-
ogies that generate a confined molecular space and interface to
interplay with photons, excitons, electrons, holes, spins, ions,
and molecules, creating new molecular platforms for structural
design and functional development. Progress over the past
decade in the field of COFs has continuously increased the
freedom of molecular design and steadily shifted it from the
structural design to the functional design arena. Most COFs are
synthesized as insoluble solids. This limited processability
greatly restricts the application scope of COFs. Recently, the
development of new synthetic methods including microfluidic

systems and gelation-mediated 3D printings has opened a way to
explore processable COFs and devices.20,21 Herein we survey
the advances in the basic concepts, design principles, and
synthetic reactions; demonstrate the structural features and
diversities; deliberate the development and potential of various
functions through elucidating structure−function correlations;
discuss the bottleneck and challenging issues; and predict the
future directions from chemistry, physics, and materials
perspectives.

2. DESIGN PRINCIPLE

The essence of the topology design diagram is to elaborate on
the direction of covalent bond formation and to guide the
polymer backbone growth. To ensure a clear direction of each
covalent bond, the monomers are required to have relatively
rigid backbones in which the reactive sites are distributed in a
distinct geometry. This design concept can be simplified and
illustrated with the block model, as shown in Figure 1. Each
monomer is present with a specific geometry that reflects the
relative positions of reactive sites. The covalent bonds guide the
spatial orientation and determine the relative positions of the
next monomer units; repeating this rule in each connection
confines the chain growth directions in a manner that strictly
follows the predesigned topology diagram. This topology
diagram and the geometry matching of monomers create the
chemical base for the growth and control of the primary-order
structure.
As shown in Figure 1A, the combination of planar monomers

restricts the growth of the polymer backbones in a 2D manner,
leading to the generation of 2D atomic layers with specific
topologies.12−19,21−23 At the same time, the growth of the
polymer chain leaves periodically ordered open polygon spaces
on the 2D x−y planes. These 2D covalent polymers constitute
not only the extended polygon-based primary-order structure
but also inherent discrete nanopores.10,13 Moreover, the rigid
skeleton of the 2D covalent polymer endows the system with
spatial lattice orientation and crystallinity. Indeed, organic
monomers with rigid backbones that meet these requirements
are widely available, and they usually hold π-systems.24 This
elementary feature enables another freedom in exploring
noncovalent interactions to guide the formation of well-defined
high-order structures. Because the π-units in the 2D covalent
polymers are located at specific positions with desired
orientations, the rigid 2D polymers favor the formation of
layered structures in which the relative positions of neighboring
layers are directed and mostly controlled by the interlayer
interactions. To maximize the attractive energy in the layered
structures, 2D covalent polymers stack in a way in which each
monomer unit is overlapped. This alignment of 2D covalent
polymers along the z direction constitutes the high-order
structure of 2D COFs. Therefore, a unique feature of 2D COFs
is that they create not only fully ordered π-arrays but also 1D
open channels. Clearly, both primary and high-order structures
of 2D COFs are predesignable by the monomer structure.

2.1. Two-Dimensional COFs

2D COFs can be designed by using a variety of different
topologies; both regular (isotropic topologies) and irregular
(anisotropic topologies) polygon skeletons have been developed
for the design of COFs. In each case, the lattice structure is
highly ordered, and the pore is discrete. The topological
diversity provides the basis of the structural diversity of 2D
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COFs. Behind each topology, there are huge members of COFs
with different building blocks and linkers.
2.1.1. Symmetric Topologies. The topology diagram

allows for different combinations of a diversity of monomer
geometries to design COFs with different skeletons and pores,
leading to the different structural orderings of the frameworks
(Figure 1A).12−14,16,19,25 For example, the combination of [C3 +
C2] generates hexagonal 2D COFs,9,26,27 whereas those of [C2 +
C2 + C2] and [C3 + C3] also form hexagonal COFs but with
different pore sizes and π-orderings.9,26,28 Tetragonal COFs
have been synthesized by using the [C4 + C2] and [C4 + C4]
combinations.29−34 The topology diagram determines the pore
size. For example, in the case of [C2 + C2 + C2] and [C4 + C4]
combinations, the resulting COFs have a possibility of
possessing micropores, whereas the [C3 + C2], [C3 + C3], and
[C4 + C2] combinations usually yield mesoporous COFs.

Moreover, the topology diagram also controls the π-density of
the skeletons. The development of the [C6 + C2] topology
diagram opens a way to design the microporous COFs with the
highest π-density and the smallest pore.12,35 As shown in Figure
2, the resulting COFs have triangular pores with a pore size of
only L/√3, which is 1/√3 and 1/3 times those of tetragonal
and hexagonal COFs, respectively, and the distance between two
vertices is fixed at L. Moreover, the π-unit density is 2/√3 L−2,
which is 2/√3 and 2/3 times those of tetragonal and hexagonal
COFs, respectively. The small micropore and high π-unit
density render the trigonal COFs able to develop molecular
separation and semiconducting functionalities. Furthermore,
hexa-substituted C3-symmetric vertices enable the construction
of triangular lattices with dual-pore structures.35

By developing a C3-symmetric macrocyclic as a knot, a
kagome COF with one central dodecagonal and six periphery
triangular pores has been demonstrated (Figure 1A). Another
interesting topology diagram is the [C2 + C2] combination that
yields two different skeletons and pore structures (Figure 1A).
One type is the rhombic skeleton with one kind of pore, and the
other type is the kagome skeleton that has one central hexagonal
mesopore and six periphery trigonal micropores. The knot and
linker structures determine the resulting topology; the bulkiness
of the knot unit and the strength of interlayer interactions likely
dominate the type of topology.36,37 A general tendency is that
the C2-symmetric knots with large π-systems that favor strong
π−π interactions lead to the formation of the rhombic polygons,
whereas other C2-symmetric knots results in kagome-type
architectures. The weak interlayer π−π interactions in the
kagome polygon can be compensated by the docking effect of
the linker parts that originates from their twisted structures.38

2.1.2. Asymmetric Topologies. The above topology
diagrams are based on the [1 + 1] two-component systems
consisting of one knot and one linker that are alternately linked
to form regular polygons and isotropic tiling structures.
However, the conventional [1 + 1] two-component combina-
tion prerequisite for COFs greatly limits the diversity of COFs.
For example, in the case of 1 knot and 10 linkers, only 10
different COFs can be designed and generated. The
introduction of a multiple-component (MC) concept to the
design of COFs breaks this [1 + 1] combination-based diversity
limitation. The essence of the multiple-component strategy is to
use two or three different linkers for the design of COF skeletons
(Figure 3A,B).11,39 For example, a combination of one C3-
symmetric knot and 10 C2-symmetric linkers could generate 210
different hexagonal COFs. The [1 + 2] three-component
strategies lead to the generation of two different hexagonal
COFs depending on the molar ratio of two linkers at 1/2 or 2/1.
The [1 + 3] four-component strategy generates hexagonal COFs
that consist of three different pairs of edges. Because of the
existence of the MCs in the skeletons, the structural complexity
is greatly enhanced.
In relation to this point, one significant feature of themultiple-

component strategy is that the lattice changes from isotopic
tiling in [1 + 1] two-component systems to anisotropic tiling,
and the pore changes from a regular hexagonal pore to an
unusually shaped hexagonal pore. Indeed, 10 different C2-
symmetric linkers with different lengths, π-systems, and redox
activities have been synthesized. For example, 48 three-
component COFs have been prepared from 24 different
combinations of the [1 + 2] scheme, and eight four-component
COFs have been prepared based on the [1 + 3] scheme.11 All of
these COFs have a discrete lattice structure and single type of

Figure 1. Basic topological diagrams for the design of 2D and 3DCOFs.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00550
Chem. Rev. 2020, 120, 8814−8933

8817

https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig1&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00550?ref=pdf


pores, suggesting the phase integrity of multicomponent COFs.
This strategy is tolerant for integrating multiple-component
donor and acceptor units into one framework. In these COFs,
the specific arrays of donor and acceptor π-columns could
trigger intercolumnar interactions, thus leading to the
generation of exceptional conductivity that is not a simple
summation of the [1 + 1] COF counterparts. Notably, this
multiple-component strategy is not limited to hexagonal COFs
but is applicable to tetragonal skeletons as well (Figure 3B). In
this case, the combination of one knot and two linkers based on
the [1 + 2] three-component strategy can increase the number of
tetragonal COFs and the yields anisotropic tiling and specially
shaped pores (Figure 3B). Using phthalocyanine units as one
knot and combining with 10 different linkers can generate 45
tetragonal COFs in which the two sets of edges are different
from each other and are tiled in an asymmetric manner.11

Similarly, the [2 + 1] three-component system using two C3-
symmetric units with different sizes as knots and one C2-
symmetric linker also enable the design of an asymmetric
hexagonal COF.40

An effective route to multiple-pore COF construction has
been achieved by using a desymmetrized knot.41 The
desymmetry units including 5-(4-formylphenyl) isophthalalde-
hyde and 5-((4-formylphenyl) ethylene)isophthalaldehyde)
bear arms of different lengths; upon condensation with C2-
symmetric edges, these desymmetrized vertices form HP-COF-
1 and HP-COF-2, which possess two types of hexagonal pores
with different shapes and sizes (Figure 1A).42 As a powerful tool
for constructing heterogonous porous structures in one COF
skeleton, the multiple-component strategy has also been applied
to a special kagome topology that endows the TPE-based COFs
with an intrinsic dual-pore structure (Figure 1A). For example,
the condensation of TPE knots (4,4′,4′′,4′′′-(ethene-1,1,2,2-
tetrayl)tetraaniline (ETTA)) with two dialdehydes of different
lengths at a 1/1 molar ratio leads to the synthesis of two triple-
pore COFs, that is, SIOC-COF-1 and SIOC-COF-2.39

2.2. Three-Dimensional COFs

In contrast with 2D COFs that usually require planar building
units, the design of 3D COFs needs at least one building unit

Figure 2. Dependency of pore size and column π-density of 2D COFs on topologies.

Figure 3. Multicomponent (MC) design strategy for (A) hexagonal
COFs, (B) tetragonal COFs, and (C) stretching of regular polygons by
MC strategy.
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having Td or orthogonal geometry that guides the extension of
the polymer backbone into a covalently linked 3D network
(Figure 1B). For this purpose, there are different combinations
for merging Td or an orthogonal knot with C1, C2, C3, C4, and Td
to form 3D COFs, and the polymer chains are interpenetrated
and folded in different multifolds to form skeletons and pores
(Figure 1B).13,19,43−46

On the basis of the topology diagrams, 3D COFs can be
categorized into different networks, including ctn, bor, dia, srs,
rra, and pts (Figure 1B). The ctn or bor network can be
achieved by the [Td +C3] diagram, which offers a skeleton free of
interpenetration, leading to large surface areas.47−49 The ctn
network can also be produced by the [Td + Td] diagram.47 The
dia network is designed by the [Td + C2] diagram that
constitutes the largest family of 3D COFs as a result of the broad
diversity of linker units.50−55 In these cases, the polymer
backbones are interpenetrated in a multifold manner to form 1D
channels. These 1D polygon channels are usually microporous
with pore sizes between 0.7 and 1.5 nm. The srs net can be
formed from a [Td + C3] diagram, and SiCOF-5 is the only
example that contains a two-fold interpenetrated network.56 The
pts network is designed by the [Td +C2] and [Td + C4] diagrams
in which the C2- or C4-symmetric unit needs to possess four

reactive sites, which form two-fold interpenetrated 3D
COFs.45,57,58 Condensing an orthogonal Cu(II) complex of
phenanthroline as a knot with a C2-symmetric linker forms an
interwoven 3D helix COF-505 (Figure 1A).59 Recently, a rare
example of the [C2 + C3] diagram has also been developed lately
for producing 3D COFs with genetic structural units (GSUs).46

Owing to the interpenetrated structures, the topology
diagram of 3D COFs hardly predicts how many folds a specific
COF would have. This is because the chemical parameter that
controls the folding phenomena is still unclear. In this context,
distinct from 2D COFs, 3D COFs are hardly predesignable and
synthetically controllable. Most 3D COFs are microporous
materials; however, they usually have much lower porosity than
expected owing to the fact that multifold interpenetration
occupies the space. Indeed, how to manage interpenetration and
folding remains an issue to be addressed.

3. BUILDING BLOCKS AND STRUCTURAL DIVERSITY
The topology diagram enables the design of COFs with different
skeletons and pores and is the origin of COFs diversity. In the
topology diagram, the geometry matching of monomers is
necessary for the design of COFs (Figure 4−6). The building
blocks usually have π-backbones and a rigid conformation to

Figure 4. Typical examples of C2, C3, C4, C6, and Td symmetric monomers with aldehyde functional groups for the synthesis of COFs.
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assume topology-directed bond formation and maintain the 2D
planarity of the extended polygons. Indeed, besides geometry,
monomers have been explored to show a broad diversity of
structures, including different sizes, docking sites, reactive
groups, chiral centers, and redox-active, catalytic, and photo-
active groups. These variances lead to the generation of various
COFs with different structures and functions. Because the
structural diversity is highly dependent on the availability of
monomers, 3DCOFs have less structural diversity that is limited
by the availability of Td-symmetric or orthogonal nodes. The
newly developed [C4 + C3] strategy expands the structural
diversity of 3D COFs. Nevertheless, 3D COFs possess a great
potential for expanding their library by developing various π-
units as linkers for the condensation with the Td-symmetric or
orthogonal monomers or exploring the possibility of GSUs for
constructing 3D structures.
Figures 4−6 illustrate the monomer structures with typical

backbone and reactive sites. The backbone ranges from benzene
to simple arenes, heterocycles, and macrocycles and can be
designed to have different C2, C3, C4, C6, and Td geometries.
Therefore, more than hundreds of monomers have been
explored.

3.1. Two-Dimensional COFs

Two-dimensional COFs are the major family of COFs, owing to
the broad diversity of building units. Combining the topology
diagram, size, and structure of building units and linkages, 2D
COFs can be designed and synthesized into different topologies,
skeletons, and pores. This structural diversity reflects the rich

chemistry of organic molecules and opens a new route to the
multifunctional materials platform.

3.1.1. Hexagonal COFs. On the basis of the different
geometries of monomers, hexagonal, tetragonal, kagome, and
trigonal COFs have been designed and synthesized (Figures 1A
and 4−6). These COFs have different yet discrete π-skeletons as
well as pore sizes and shapes. On the basis of the knot structure,
the building units of hexagonal COFs can be categorized into
different classes, including benzene, triazine, triphenyl benzene,
and triphenylene derivatives (Figures 4−6). The smallest
benzene knot enables the construction of various COFs,
including the boroxine-linked COF-1, the boronate-ester-linked
COF-6, COF-11, COF-14, COF-16, COF-18, and Ph-An-COF
(pore size = 0.64−2.9 nm),26,60,61 the imine-linked NUS-9(R),
NUS-10(R), COF-LZU1, TpPa-COFs, TpBD-COFs, TpPa-
SO3H-COF, TpPa-(SO3H-Py)-COF, TpPa-Py-COF, TpBpy-
COF, EB-COF:X (X = F, Cl, Br, I), DAAQ-TFP, PI-2-COF, and
Tp-Azo, Tp-Stb COFs (pore size = 0.84−2.5 nm),62−70 the
hydrazone-linked COF-42 and COF-JLU4 (pore size = 2.2−2.3
nm),71,72 the azine-linked ACOF-1 and COF-JLU2 (pore size =
0.94−0.96 nm),73,74 and the triazine-linked CTF-1 (pore size =
1.2 nm)75 as well as the CC-linked COF-701, g-C40N3-COF,
g-C31N3-COF, and g-C37N3-COF (pore size = 1.1−3.2 nm).76

Triphenylbenzene, because of its large size, generates only
mesoporous COFs, including the boronate-ester-linked COF-8
and BTP-COF (pore size = 1.64−4.0 nm),26,77 the imine-linked
COF-DhaTab, 2,3-DhaTta, 2,3-DhaTab, TPB-DMTP-COF,
TAPB-PDA COF, LZU-20, TPB-TP-COFs, and PI-3-COF
(pore size = 3.26−3.9 nm),70,78−82 the hydrazone-linked LZU-

Figure 5. Typical examples of C2, C3, C4, C6 and Td symmetric monomers with amine functional groups for the synthesis of COFs.
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21, COF-43, and TFPT-COF (pore size = 3.5−3.8 nm),71,78,83

the azine-linked COF-JLU3, LZU-22, and Nx-COF (x = 0, 1, 2,
3) (pore size = 2.4−2.6 nm),78,84,85 the imide-linked PI-COF-1,
PI-COF-2, and PI-COF-3 (pore size = 2.9−5.1 nm),49 and the
CC-bond-linked 2D-CV-PPVs (pore size = 1.45−3.24 nm)86

as well as the double-stage-linked NTU-COF-1, NTU-COF-2,
TATTA-FPBA-COF, TATTA-FFPBA-COF, TATTA-
DFFPBA-COF, HHTP-FPBA-TATTA-COF, HHTP-FFPBA-
TATTA-COF, and HHTP-DFFPBA-TATTA-COF (pore size
= 2.3−3.1 nm).87,88 The triphenylene knot leads to the
generation of various hexagonal boronate-ester-linked COFs,

such as COF-5, COF-6, COF-8, COF-10, TP-COF, HHTP-
DBB COF, D−A COF, DTP-ANDI-COF, DTP-APyrDI-COF, MC-
COF-TP, TP-Por COF, COF-316 (JUC-505), COF-318, and
JUC-506 (pore size = 1.2−5.3 nm).9,11,26,27,89−95 Therefore, the
[C3 + C2] combination is powerful in designing mesoporous
hexagonal COFs. Figure 7 illustrates the one-pore structure of
typical hexagonal COFs.

3.1.2. Tetragonal COFs. The tetragonal topology diagram
enables the use of C2- and C4-symmetric monomers as linkers
and knots for the structural construction. The C2-symmetric
monomers cover a large number of backbones, including phenyl,

Figure 6. Typical examples of C2, C3, C4, C6 and Td symmetric monomers with other functional groups for the synthesis of COFs.
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biphenyl, triphenyl, thiophene, pyridine, bipyridine, biphenyla-
zo, stilbene, thiadiazole, tetraphenylethene (TPE), tetraphenyl
pyrene, and porphyrin. On the contrary, the C4-symmetric
monomers are representative of porphyrin and phthalocyanine
knots. By tuning the knots and linkers, the combination of C4-
symmetric vertices with C2-symmetric edges assumes the
generation of a vast number of tetragonal architectures with
pores ranging from micropores to mesopores (pore size = 1.8−
4.4 nm).13,19,30,32,33,96−105 As for the linkages, tetragonal
structures can be generated by using the boronate ester, imine,
CC bond, and double-stage linkages. On the basis of the knot
structure, the tetragonal COFs can be categorized as porphyrin
and phthalocyanine frameworks. For porphyrin-based COFs,
the boronate-ester-linked frameworks have a broad diversity of
different skeletons and pore sizes, including COF-66 and MP-
COFs (M = H2, Co, Cu, Zn) (pore size = 2.3−2.5 nm).31,99,106

Similarly, the imine-linked COFs have been synthesized with
different linkers that lead to different pore sizes, such as
DmaTph-COF, DhaTph-COF, Mp-Ph-COF, Mp-DMPh-COF,
Mp-DHPh-COFs (M =H2, Cu, Ni), Mp-DHPhx-COFs (x = 25,
50, 75%), COF-366-M (M = H, Co), COF-367-M (M = Co,
Co/Cu),Mp-PyTTPh-COF,Mp-2,3-DHPh-COF (M=Cu, Ni,
Zn), Cup-DHNAPh-COF, CuP-BPy-Ph-COF, CuP-Ph-COF,
CuP-TFPh50-COF, and CuP-TFPh-COF (pore size = 1.8−2.9

nm).33,98,100,106−108 The boronate-ester-linked phthalocyanine
COFs constitute planar layer structures and yield different
structures, including Pc-PBBA COF, NiPc-COF, NiPc-BTDA
COF, MC-COFs-NiPc, MPc-COFs (M = Co, Cu, Zn), ZnPc-
Py-COF, ZnPc-NDI-COF, ZnPc-DPB-COF, ZnPc-PPE-COF,
Pc-PorDBACOF,M1DPP-M2Pc COFs (M1 =H2, Zn, Cu;M2 =
Ni, Cu), DCuPc-APyrDI-COF, DNiPc-APyrDI-COF, DCuPc-ANDI-
COF, DNiPc-ANDI-COF, DCuPc-APDI-COF, and DZnPc-APDI-COF
(pore size = 2.0−4.4 nm).11,29,30,32,101−104,109

The double-stage strategy offers a combination of boroxine,
boronate ester, imine, and hydrazone linkages together with a
variety of knots, including porphyrin and phthalocyanine
derivatives.87 In these cases, the skeletons are very heteroge-
neous because of the presence of anisotropic lattice points.
These COFs include microporous CuPc-FPBA-ETTA (pore
size = 1.8 nm) and mesoporous CuPc-FPBA-PyTTA, CuPc-
FPBA-TABPy, CuPc-FPBA-ZnP, CuPc-FPBA-TMBDA, and
CuPc-FPBA-DETHz COFs (pore size = 2.1−3.7 nm).87

Notably, the [C4 + C4] topology can combine porphyrin and
phthalocyanine knots into extended π-grids. Moreover, the
porphyrin and phthalocyanine units can tune their central metals
to generate microporous porphyrin-co-phthalocyanine M1TPP-
M2Pc-COFs (M1 =H2, Zn, Cu;M2 =Ni, Cu) while retaining the

Figure 7. Skeleton design of hexagonal COFs from the [C3 +C2] combination of building blocks for (A) the boroxine-linkedCOF-1, (B) the boronate-
ester-linked COF-5, (C) the imine-linked 2,3-DhaTta COF, (D) the hydrazone-linked COF-42, (E) the azine-linked ACOF-1, and (F) the imide-
linked PI-COF-1. The COFs with the phenyl linkers are selected as examples.
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same pore size of 1.8 nm.109 Figure 8 illustrates the typical one-
pore structure of tetragonal COFs.
3.1.3. Rhombic COFs. Rhombic shaped COFs have been

prepared by using the [C2 + C2] topology diagram with
tetraphenyl pyrene knots that lead to the generation of imine-
linked, azine-linked, and CC-linked COFs, including ILCOF-
1, Py-Azine COF, Py-DHPhCOF, Py-2,3-DHPh COF, Py-2,21-

BPyPh COF, Py-3,31-BPyPh COF, BPy-COFs, Py-1P COF, Py-
1PF COF, Py-2P COF, Py-2PE COF, Py-3PE COF, Py-3PEBTD

COF, sp2c-COF, sp2c-COF-2, sp2c-COF-3, and por-sp2c-COF
(pore size = 1.7−2.79 nm).34,37,110−115 The rhombic geometry
of HAT-NTBA-COF can also be achieved through the [C3 +C3]
diagram (Figure 9D).116 Figure 9 illustrates the typical examples
of rhombic lattices.

Figure 8. Skeleton design of tetragonal COFs from the [C4 + C2] diagram for (A) the boronate-ester-linked ZnP-COF, (B) the boronate-ester-linked
Pc-PBBA COF, and (C) the imine-linkedMP-COFs (M =H2, Cu, Ni). (D) Skeleton design of tetragonal M1TPP-M2Pc-COFs (M1 = H2, Zn, Cu and
M2 = Ni, Cu) from the [C4 + C4] diagram.

Figure 9.Design of single-pore rhombic skeleton from the [C2 +C2] diagram for (A) imine-linked ILCOF-1, (B) azine-linked Py-Azine COF, and (C)
CC bond-linked sp2c-COF and the [C3 + C3] diagram for (D) HAT-NTBA-COF.
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3.1.4. Kagome COFs. Kagome-type COFs have been
designed by using the [C3 + C2] or [C2 + C2] diagram. The
[C2 +C2] diagram typically uses theC2-symmetric TPE knot and
the C2-symmetric linker. The [C2 + C2] diagram yields the
boronate-ester-linked TPE-Ph COF and the imine-linked COF-
TPA (4PE-1P COF), COF-BPDA (4PE-2P COF), COF-TPDA
(4PE-3P COF), SIOC-COF-1, and SIOC-COF-2.36,38,39,117

COF-BTA-DAB and COF-BTA-BA using [1,1′-biphenyl]-
3,3′,5,5′-tetracarbaldehyde (BTA) knots also achieve kagome
topology.118 The [C3 + C2] topology diagram using C3-
symmetric macrocycles can also yield kagome-type COFs,
including the boronic-ester-linked Star-COF-1, Star-COF-2,
Star-COF-3, CTC-COF, CTC-COF-2, CTC-COF-3, DBA-
COF 1 (= AEM-COF-1), DBA-COF 2, AEM-COF-2, Py-DBA-
COF 1, Py-DBA-COF 2, and Py-MV-DBA-COF.25,40,119−122

The kagome lattice constitutes both the triangular micropore
(pore size = 0.71−1.8 nm) and the hexagonal or dodecagonal
mesopore (pore size = 2.6−4.5 nm). In the case of the [C2 + C2]
diagram, through introducing substituents into theC2-symmetry
linker, this diagram can yield either a dual-pore kagome COF or
a single-pore rhombic COF, which is highly dependent on the
bulkiness of the substituents. After polymerizing with TPE,
terephthalaldehyde (BDA) with hydroxy side groups generates a
kagome topology, whereas 2,5-diethoxyterephthalaldehyde
(DETA) and 2,5-dibutoxyterephthalaldehyde (DBTA) with
longer alkyl side chains yield rhombic topology.123 Figure 10
illustrates the typical examples of kagome lattices.
3.1.5. Triangular COFs. The triangular topology allows the

construction of microporous (pore size = 1.1−1.8 nm) HPB-

COF, HBC-COF, and HEX-COF 1 by using the C6-symmetric
knots (hexaphenylbenzene or hexabenzocoronene derivatives)
(Figure 11A,B).12,124 The dual-pore triangular COFs can be
prepared by the condensation of the C3-symmetric hexaaza-
triphenylene derivative (HAT-6NH2) or triphenyleneand
derivative (HFPTP), the C2-symmetric BDA, or 1,1′-biphenyl-
4,4′-diamine (BPDA).35,125 The pore sizes of HAT-COF are
1.13 and 1.52 nm (Figure 11C), and the pore sizes of HFPTP-
BPDA are 1.27 and 1.55 nm (Figure 11D). The sp2c-carbon-
linked 2D CCP-HATN with pore sizes of 0.68 and 1.28 nm has
also been explored recently.126 Figure 11 illustrates the typical
examples of triangular COFs.

3.1.6. Heteropore COFs.COFswith three different kinds of
pores can be designed through the combination of vertex
truncation based on a multiple-linking-site strategy. Dual-pore
PT2B- and PY2B-COFs (pore size = 1.83 and 2.37 nm) can be
achieved by using pyrene tetraaniline as the tetratopic linker and
triazine tribenzaldehyde or benzene tripicolinaldehyde as the
tritopic linkers.127 Triple-pore TP-COF-DAB and TP-COF-BZ
can be achieved by using [1,1′:3′,1′′-terphenyl]-3,3′′,5,5′′-
tetracarbaldehyde (TPTCA) as the knot.128 TP-COF-DAB
exhibits pore sizes of 1.61 and 3.18 nm, whereas TP-COF-BA
has pore sizes of 2.56 and 3.91 nm; the size of their rectangle-like
pores could not be identified because they are too small to be
detected.
The combination of the C2-symmetrical building blocks and

linear linkers can produce heteropore structures. For example,
the polycondensation of 4′-(bis(4-formylphenyl)amino)-[1,1′-
biphenyl]-3,5-dicarbaldehyde (BABD) and 1,4-diaminoben-

Figure 10.Design of dual-pore kagome skeletons from the [C2 + C2] combination of building blocks for (A) star-COFs, (B) TPE-Ph COF, (C) AEM-
COF-2, (D) 4PE-1P COF, 4PE-2P COF, 4PE-3P COF, and 4PE-TT COF, and (E) COF-BTA-DAB and COF-BTA-Bz.
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zene (DAB) or benzidine in o-dichlorobenzene/n-butyl
alcohol/aqueous acetic acid (AcOH, 6 M) (v/v/v 5:5:1) yields
COF-BABD-DB (pore size = 0.98 and 1.72 nm) and COF-
BABD-BZ (pore size = 1.8 and 2.5 nm), respectively.129

Similarly, through orthogonal reactions, COF-DA-DB and
COF-DA-DB-TB with a diformylphenylboronic acid
(DFPBA) knot assume a heteropore topology.130 The main
pore size of COF-DA-DB is 1.84 nm, whereas COF-DA-TB has

two different pore sizes of 1.28 and 1.52 nm. Figure 12 shows the
typical examples of COFs with heteropores.

3.1.7. Pore-Surface Engineering. Not only the skeleton
and pore size but also the pore wall can be designed to have
different surface structures. To date, there are three approaches
to systematically design pore walls via control over substituents
on the edges, ionic exchange, and pore-surface engineer-
ing.13,19,68,131,132 The approach based on edge unit substitutions
utilizes the alkyl-substituted phenyl units as edges that can

Figure 11. Skeleton design of single-pore triangular COFs from the [C6 + C2] diagram for (A) HPB-COF and (B) HBC-COF. (C) Skeleton design of
dual-pore triangular HAT-COF using the [C3 + C2] diagram. (D) Skeleton design of dual-pore trigonal HFPTP-BPDA-COF using the [C3 + C2]
diagram.
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introduce alkyl chains to the pores so that the pore sizes are
tunable from 1.8 to 1.1 nm, depending on the length of the alkyl
chains. For example, a series of COFs, including COF-18 Å,
COF-16 Å, COF-14 Å, and COF-11 Å, have been prepared with
various substituents on the pore walls, such as hydrogen, methyl,
ethyl, and propyl units (Figure 13).131,132 By using ion exchange
as a tool, cationic EB-COF:X (X = Br) can replace its
counteranion located in the pores from F− to Cl−, Br−, and I−.
As a result, the pore size can be tuned from 1.84 to 1.56 nm,
depending on the counteranions.68

A more general and effective strategy, that is, pore-surface
engineering, has been developed for the design of pore walls of
COFs.133 In this strategy, a linker functionalized with hydroxyl,
azide, or alkyne reactive groups is used to construct 2D COFs
(Figure 14). The resulting COFs with an anchored hydroxyl,
azide, or alkyne unit on the pore walls undergo quantitative
addition or a click reaction to create specific pore surfaces. The
pore-surface engineering strategy has been widely employed for
engineering hexagonal and tetragonal COFs, and the pore size
can be finely tuned within 1.2 to 3.0 nm (Figure 14A) for the
hexagonal COF-5 family, from 0.75 to 2.2 nm for tetragonal
NiPc-COFs (Figure 14B), and from 1.5 to 2.2 nm for the
tetragonal porphyrin COFs (Figure 14C). Remarkably, the
pore-surface engineering strategy is general to integrate a variety
of functional groups, such as alkyl chains, alcohols, acids, bases,
redox-active units, photofunctional groups, and catalytic sites
onto the pore walls. More importantly, these functional groups
can be introduced at a predesigned density, thus enabling the
creation of tailor-made interfaces on the pore walls, which

control the interaction with elemental particles, charges, ions,

and molecules, thus creating new physiochemical properties and

functions.

Figure 12. Skeleton design of heteropore COFs of (A) TP-COF-DAB and TP-COF-Bz as well as (B) COF-DA-DB and COF-DA-DB-TB.

Figure 13. Pore-size modulation of COFs by introducing alkyl chains
onto the pore walls.
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3.2. Three-Dimensional COFs

3D COFs can be designed using different topology diagrams,
including the [Td + Td], [Td + C2], [Td + C3], [Td + C4], and [C2
+ C3] diagrams (Figures 1B and 4−6),13,19,46,134 which yield dia
or pts, bor or ctn, pts, ctn, and ffc nets, respectively.43 Different
types of the Td-symmetric nodes have been developed for the
s y n t h e s i s o f 3 D COF s , i n c l u d i n g t e t r a ( 4 -
dihydroxybory lphenyl)methane (TBPM), tetra(4-
dihydroxyborylphenyl)silane (TBPS), tert-butylsilane triol
(tBuSi(OH)3), tetra-(4-aminophenyl)methane (TAPM),
1,3,5,7-tetraaminoadamantane (TAA), complex salt Cu(I)-
bis[4,4′-(1,10-phenanthroline-2,9-diyl)dibenzaldehyde]-
t e t r afluo r obo r a t e (Cu(PDB) 2 (BF 4 ) ) , a n d Cu -
(PDB)2PO2Ph2.

13,19,47,50,54,57,59,134−152 Recently, a C4-symmet-
ric knot, that is, ETTA, has been developed for constructing 3D
COFs upon the combination with C3-symmetric linkers.46 3D
COFs can be synthesized using the boroxine, boronate ester,
borosi l icate , imine, imide, and spiroborate l ink-
ages.13,19,46,47,50,54,57,59,134−150,153

The boroxine-linked 3D COF-102 and COF-103 were
prepared with the ctn topology (pore size = 1.15 and 1.25
nm).47 The boronate-ester-linked 3DCOFs have been prepared
with different topologies, including COF-105 (ctn, pore size =
1.83 nm), COF-108 (bor, pore size = 2.6 nm), and DBA-3D-
COF 1 (bor, pore size = 2.96 nm), whereas the borosilicate-
linked COF-202 has the ctn topology (pore size = 1.1

nm).47,48,148 The imine-linked 3D COFs have been prepared
with the dia topology, including COF-300 (pore size = 0.72
nm), COF-320 (pore size 1.35 × 0.62 nm2), COF-505, LZU-
301 (pore size from 0.58 × 1.04 nm2 of contracted form to 0.96
× 1.04 nm2 of expanded form), 3D-ionic-COF-1 (pore size =
0.86 nm), 3D-ionic-COF-2 (pore size = 0.82 nm), 3D-CCOF-5
(pore size = 0.62 and 0.74 nm), SP-3D-COF-1 (pore size = 1.2
nm), SP-3D-COF-2 (pore size = 1.5 nm), and 3D-Salphen-
COFs (JUC-508, pore size = 1.3 nm; JUC-509, pore size = 1.2
nm); the ctn topology, including BF-COF-1 (pore size = 0.83
nm) and BF-COF-2 (pore size = 0.81 nm); and the pts topology,
such as 3D-Py-COF (pore size = 0.59 nm), 3D-Por-COF (pore
size = 0.60 and 1.07 nm), 3D-CuPor-COF (pore size = 0.63 and
1.18 nm), 3D-TPE-COF (pore size = 0.57 nm) and COF-500
(pore size = 1.23 nm).45,50−53,55,57−59,135,142,152 The imide-
linked 3D PI-COF-4 (pore size = 1.3 nm) and PI-COF-5 (pore
size = 1.0 nm) have been prepared with the dia topology.54 The
spiroborate-linked 3D CD-COFs adopt an rra topology.153 The
ffc topology of 3D-ETTA-TFPB and 3D-ETTA-TFPA has been
designed by a gene partition method of GSUs with reactive sites
and quasi-reactive assembly algorithms (QReaxAA), with pore
size of 1.73 and 1.49 nm, respectively.46 The srs net of SiCOF-5
has been designed via a hypercoordinate silicon linkage.56 Figure
15 presents the typical examples of 3D COFs.

Figure 14. Pore-surface engineering strategies for (A) the hexagonal COF-5 family, (B) tetragonal NiPc-COFs, and (C) tetragonal porphyrin COFs.
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4. STRUCTURE ANALYSIS

4.1. Crystallography

Three-dimensional imine-based COFs (COF-300, hydrated
form of COF-300, COF-303, LZU-79, and LZU-111) have been
prepared as single crystals, and their structures have been
resolved using single-crystal X-ray diffraction (SXRD) at a
resolution of 0.85 Å.154 Through the SXRD measurements, the
detailed crystal parameters including the unit-cell parameters of
the specific space group, atomic positions, and geometric
parameters (bond lengths and angles) have be precisely
resolved. This offers a great potential to explore the structure-
related properties as well as the uptake of the guest molecules,
thus offering a way to an in-depth mechanism study of COFs.

4.2. Powder X-ray Diffraction and Theoretical Simulation

The primary requirement to evaluate the structure of the COFs
is to observe the crystallinity by powder X-ray diffraction
(PXRD) experiment.13,155 COFs should have clear PXRD
patterns with strong diffraction signals, which reflect the high
homogeneity of the 2D or 3D structural periodicity. Structural
simulations (vide inf ra) together with the PXRD pattern
matching are utilized to determine the COF structure. To
date, multiscale computations have been explored in predicting
the structures of COFs.156,157 For example, the ab initio

quantum calculation methods including the density functional
theory (DFT) and the density functional tight binding (DFTB)
with Lennard-Jones (LJ) dispersion potential are useful in
predicting the structures of COFs.13,87,92,100,158 Moreover,
classical simulations like the grand canonical Monte Carlo
(GCMC) method offer a powerful tool to evaluate the ideal
sorption behavior of COFs, which is useful for validating the
porous structure of COFs in comparison with the experimen-
tally observed sorption patterns.12,111,156

Different from the PXRD method, in situ small-angle and
wide-angle X-ray scattering (SAXS/WAWS) measurements
provide direct monitoring of the polymerization and the
crystallization of COFs,159,160 and the in solvo XRD technique
can detect the crystallinity of COF colloidal suspensions in a
real-time mode.160,161 The in situ XRD method has also been
utilized to provide in-depth insight into the structural changes of
COFs at high temperatures as well as under high pressures.
During the process, COF powders loaded in a thick-walled
Kapton capillary are constantly heated under helium flow or
pressurized under a helium atmosphere while PXRD patterns of
those microcrystalline powders are continuously recorded on a
2D Pilatus detector and are radially integrated to produce 1D
patterns.162 The plots of heat or pressure versus diffraction
intensity are able to reveal the thermal and pressure stabilities of
crystalline COFs under operando conditions; a high temper-

Figure 15. Skeleton design of 3D COFs from Td-symmetric building blocks for (A) boroxine-linked COF-102, (B) boronate-ester-linked COF-105
andDBA-3D-COF-1, (C) borosilicate-linkedCOF-202, (D) imine-linkedCOF-300 and 3D-Py-COF, and (E) imide-linked PI-COF-4 and PI-COF-5.
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ature leads to the destruction of crystallites, whereas a high
pressure such as 100 bar does not change the crystallinity.
To authenticate the experimentally observed PXRD patterns,

especially to evaluate the stacking layer patterns of 2D COFs,
DFTB calculations are useful methods. In the DFTB method, a
monolayer structure of COFs is first built up and optimized in its
conformation. Then, stacked structures are constructed by
varying the stacked distances and horizontal offsets between
layers. For example, the hexagonal 2D honeycomb structure is
an hca network with two major forms (bnn and gra), depending
on the stacking modes.13,163,164 In the bnn topology, lattice
points of successive layers are exactly top of each other, leading
to the generation of eclipsed AA stacking frameworks (Figure
16). In contrast, in the gra topology, consecutive layers are
translated to each other by half of a unit cell, giving rise to
staggered AB stacking structures.43 Between these eclipsed and
staggered stacking modes, there are intermediate structures with
slipped AA-stacking modes that are generally slightly more
stable than eclipsed and staggered stacking modes in energy.
The slip distance is dependent on the topology, bulkiness, and
planarity of vertices, edges, and linkages.165 Notably, the AA-
stacking modes with different slip distances exhibit similar
PXRD patterns because their peaks are usually too broad to
identify small differences. However, the stacking energies
change greatly as the slipped distance is changed. This difference
offers a standard to determine the most stable slipped structure
by using self-consistent charge−density-functional-based tight-
binding (SCC-DFTB) calculations. Interestingly, the successive
layer shift (zigzag and armchair) with an offset distance of 1.4 Å
maximizes the attractive Coulomb interactions, as observed for
COF-1, COF-5, COF-6, and COF-8, other than the London-
dispersion interactions in the eclipsed AA-stacking mode. For

the HHTP-DPB COF, a lateral offset distance of 1.7 Å between
successive layers is preferable, as predicted from the potential
energy surface (PES) calculations.157 On the contrary, the
DFTB calculations including the LJ dispersion corrections result
in a 0.8 to 1.0 Å offset between layers for a variety of COFs,
including H2P-COF, CuPc-COF, ZnPc-COF, CoPc-COF,
CuP-TFPh-COF, HBC-COF, D−A COF, and CS-
COF.11,12,87,92,100,108,158,166,167 Usually, the AB-staggered struc-
tures have a low stabilization energy due to the loss of interlayer
π−π interactions, and the simulated XRD patterns mismatch the
experimentally observed PXRD profiles. On the basis of the
optimal stacking structures with specific space groups, it is useful
to compare the simulated PXRD patterns with the exper-
imentally observed profiles and assign the crystal facet of each
peak. By the combination of simulated crystal structures and the
experimentally observed profiles, Pawley refinement offers a
measure to justify the correctness of space groups of COFs, as
indicated by the values of convergent parameters Rwp and Rp.

4.3. Other General Methods for Characterization

Besides the PXRD technique to evaluate the structure of COFs,
3D rotation electron diffraction (3D-RED) or 3D electron
diffraction tomography (3D-EDT) data collection methods by
using transmission electron microscopy (TEM) or high-
resolution (HR) TEM have been developed for the single-
crystal structural evaluation of micrometer- or sub-micrometer-
sized COF crystals (Figure 17).59,115,142,168,169 Unlike the
traditional HR-TEM whereby the electron beam easily causes
damage to the COF structure and results in limited resolution,
the low-dose TEM technique using the direct-detection
electron-counting camera is able to capture images containing
useful structural information at a resolution of 4 Å. The

Figure 16. Examples of 2D COFs with layered stacking structures for (A) TP-COF, (B) PPy-COF, (C) Py-Azine COF, (D) T COF 4, (E) CS-COF,
(F) TPE-Ph COF, (G) TTF-Ph, (H) HBC-COF, (I) TFPT-CPF, (J) N3-COF, (K) DTP-ANDI-COF, (L) RA-COF, (M) TP-POR COF, (N) TATA-
TPBACOF, (O) TPB-DMTP-COF, (P) CuP-2,3-DHTPCOF, (Q) COF-367-Co, (R) DAAQ-TFP COF, (S) HHTP-FPBA-TATTACOF, and (T)
H2TPP-NiPc-COF.
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honeycomb structure of COFs can be clearly observed on low-
dose TEM images (Figure 17B,C).168,169 In addition, the fast
Fourier transform (FFT) of the TEM images enables the
identification of the lattice structure.
Moreover, the grazing-incidence X-ray diffraction (GID)

analysis provides useful information about the crystallinity and
the preferred orientation of the COF films.103,170−174 Great
progress has been made for the characterization of monolayer
COFs on different substrates by using scanning tunneling
microscopy (STM).175−185 Other tools, such as Fourier
transform infrared spectroscopy (FT-IR), solid-state nuclear
magnetic resonance (ssNMR), elemental analysis, X-ray photo-
electron spectroscopy (XPS), field-emission scanning electron
microscopy (FE-SEM), atomic force microscopy (AFM),
thermogravimetric analysis (TGA), optical transient absorption
(TA) spectroscopy, and Brunauer−Emmett−Teller (BET)
surface area (SBET) and pore size evaluation by gas sorption
isothermmeasurements are general and useful for characterizing
and confirming the structure and composition of various COFs.
In addition to the static detection methods, dynamic light
scattering (DLS) measurements tell the number-average size of
COF particles in the polymerization system,160,161 and the

turbidity of the reaction system is useful for determining the rate
of COF formation as well as its sensitivity to the polymerization
conditions of initially homogeneous systems.186

5. SYNTHESIS

The synthesis of organic compounds usually employs kinetically
controlled reactions for the formation of irreversible chemical
bonds.187 In contrast, if the reaction is reversible, that is,
mismatched covalent linkages are allowed to break up for
correction during the reaction, then the products are formed
under thermodynamic control.188 These reversible covalent
bond formation reactions render the products able to form self-
healing structures. The self-healing process involves the error-
checking and proofreading of structures, which are important for
the reactions consisting of multiple reactive sites to reach a final
structure without defects. In particular, for the polycondensation
reaction systems, reversible reactions can lead to the generation
of thermodynamically stable polymers.189 In the case of COFs,
the topology diagram requires the covalent connection of
organic units in an ordered and predesigned manner. Moreover,
to fulfill the growth of extended polygon structures, the reaction
occurs at multiple reactive sites. These reaction features require

Figure 17. Examples of TEM characteristic of (A) COF-505, adapted with permission from ref 59, Copyright 2016 American Association for the
Advancement of Science; (B) TPA-COF, adapted from ref 168, Copyright 2017 American Chemical Society; and (C) TPB-DMTP-COF andMF-1a,
adapted with permission from ref 169, Copyright 2018 Springer Nature.
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the use of reversible covalent bond formation reactions for the
synthesis of COFs.190,191 Surprisingly, irreversible reactions,
including phanazine linkage, dioxin linkage, as well as CC
linkage, have been synthesized through irreversible nucleophilic
aromatic substitution reactions,76,94,95,114,192,193 which would
further expand the development of COFs.

5.1. Synthetic Methods

5.1.1. Solvothermal Synthesis. Most COFs have been
synthesized under solvothermal methods in which reaction
conditions are highly dependent on the solubility and reactivity
of building blocks and the reversibility of the reactions.
Moreover, the reaction time, temperature, solvent conditions,
and catalyst concentration are the most important factors to be
considered in preparing crystalline porous COFs by the
solvothermal method. As a general synthetic protocol, a mixture
of suitable monomers for vertices and edges, the catalyst, and
solvents or a mixture of solvents are placed in a Pyrex tube of
suitable volume. The mixture is sonicated for a short period,
degassed via freeze−pump−thaw cycles, sealed with a gas
burner, and kept at a suitable temperature for a certain period.
The tube is cooled at room temperature, and the precipitate is
collected by centrifugation or filtration and washed with an
appropriate solvent at room temperature or by Soxhlet
extraction to exchange high-boiling-point solvents or remove
oligomers. The residue is dried under vacuum at 80−120 °C and
kept under nitrogen or argon in the dark. Notably, by using this
method, some COFs can be prepared on a large scale. For
example, TPT-COF-1 from 2,4,6-tris(4-aminophenoxy)-1,3,5-
triazine (TPT-NH2) and 2,4,6-tris(4-formylphenoxy)-1,3,5-
triazine (TPT-CHO) could be easily prepared on a gram
scale, and the resulting TPT-COF-1 possesses a BET surface
area of 1589 m2 g−1 and a high crystallinity.23

5.1.2. Microwave Synthesis. Considering the fact that the
solvothermal methods require a long reaction time, the
microwave method has been explored for the rapid preparation
of crystalline porous COFs. Until now, boronate-ester-linked
COF-5 (Figure 5B), COF-102 (Figure 12A),194,195 and imine-
linked TpPa-COF196 have been successfully synthesized by
using the microwave method. A general microwave method is
described as follows. A mixture of monomers in a suitable
solvent is sealed in a microwave tube under nitrogen or vacuum
and heated with stirring for 60 min at a designated temperature,
such as 100 °C. To synthesize the boron-based COF-5 and
COF-102, the crude product is collected, mixed with acetone,
and reacted at 65 °Cwith stirring for another 20min as a process
of solvent extraction. The resulting precipitate is collected by
filtration and dried under vacuum. A feature of the microwave
solvent extraction method is that it could remove oligomers in
the COFsmore efficiently and the resulting COFs possess better
porosity. Different from the boron-based COFs, after the
microwave reaction, the resulting imine-linked COFs are
collected by filtration, washed with mesitylene and acetone,
extracted with tetrahydrofuran (THF) by using a Soxhlet
extractor to remove any oligomers adsorbed in the pores, and
dried at 100 °C under vacuum. In addition, three crystalline
covalent triazine frameworks (CTFs), that is, P1M, P2M, and
P4M, have been synthesized by using microwave methods.197

The synthetic protocol is described as follows. First, a mixture of
trifluoromethanesulfonic acid andmonomers in a reaction vessel
is sealed and stirred at 110 °C for 30min. Second, the precipitate
is collected, carefully ground into a powder, and washed with
ammonia solution. Finally, the powder is washed with water,

ethanol, acetone, and THF and dried under vacuum to yield
CTFs.

5.1.3. Ionothermal Synthesis. Although they have broad
diversity of monomers, most CTFs are amorphous materials and
lack long-range molecular orderings. Nevertheless, two CTFs,
that is, CTF-1 and CTF-2, synthesized under ionothermal
conditions are crystalline porous materials.75,198 In a typical
method, the monomer and ZnCl2 in a Pyrex ampule are
evacuated, sealed, and heated to 400 °C for 40 h. The mixture is
cooled to room temperature, ground, and thoroughly washed
with water to remove ZnCl2. The powder is further stirred in a
diluted HCl solution for 15 h to remove ZnCl2, collected by
filtration, washed with water and THF, and dried under vacuum
to yield CTF-1 and CTF-2. During the synthetic process, the
molten salt acts as the solvent and catalyzes the trimerization
reaction, which is likely reversible at this temperature. Recently,
CTF-1 has been successfully synthesized by using a p-toluene
sulfonic acid catalyst under microwave conditions (vide
infra).197 As a complemental energy-consumable and relatively
complex solvothermal strategy, using ionic liquid as a solvent
offers a simple, mild, and green synthetic route for the
preparation of 3D COFs as well. A series of 3D ionic-liquid-
containing COFs (3D-IL-COFs) have been successfully
synthesized by using 1-butyl-3-methylimidazolium bis-
((trifluoromethyl)sulfonyl)imide ([BMIm][NTf2]) as a green
solvent.199 The polycondensation proceeds under facile ambient
temperature and pressure and can be completed at a high
reaction rate (3 min for 3D-IL-COF-1).

5.1.4. Mechanochemical Synthesis. Because both sol-
vothermal and microwave reactions are conducted under
complicated conditions (e.g., reaction in a sealed Pyrex tube,
inert atmosphere, suitable solvents and temperature for
crystallization, etc.), the exploration of a simple synthetic
method is highly desired. In particular, a mechanochemical
synthesis that constructs bonds through a simple, economical,
and environmentally benign route could overcome the
limitations of solvothermal methods. In the mechanochemical
synthesis, the monomers are placed in a mortar and ground by
using a pestle at room temperature to yield the COFs, including
TpPa-1, TpPa-2, TpPa-NO2, TpPa-F4, TpBD, TpBD-(NO2)2,
TpBD-Me2, and TpBD-(OMe)2.

63,200 To explore the full
potential of this method with the appropriately optimized
mechanochemical conditions, the liquid-assisted grinding
method has been developed. While grinding the monomers, a
small amount of catalyst solution is added to the mortar; this
enhances the reaction rate by facilitating the homogeneity of
reactants, which leads to an improved crystallinity.66,67,201

5.1.5. Interfacial Synthesis. Compared with the afore-
mentioned synthetic approaches that mainly result in insoluble
and unprocessable powders, the interfacial synthetic strategy is a
novel and efficient method for fabricating COF thin films with
simultaneous control of their thickness.202−204 Tp-Bpy, Tp-Azo,
Tp-Ttba, and Tp-Tta have been synthesized in the interface of
two solvents, in which 1,3,5-triformylphloroglucinol (TFP) is
dissolved in dichloromethane and an aqueous solution of
diamine and p-toluenesulfonic acid (PTSA) or a water/
acetonitrile (7/3 v/v) solution of triamine and PTSA is paved
on the dichloromethane layer.202 On the contrary, the COF-
TTA-DHTA film has been prepared by dissolving 4,4′,4′′-
(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) monomer, Sc(OTf)3
catalyst, and acetic acid in water,203 and the water was
superspread on the hydrogel immersed under the oil phase of
2,5-dihydroxyterethaldehyde (DHTA).204 This method enables
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the production of films with a tunable thickness from 4 to 150
nm. Recently, 2DCCOF1 and 2DCCOF2 with C−C linkages
have been synthesized through the Suzuki coupling reaction. A
dilute toluene solution of monomers and the catalyst Pd(PPh3)4
is laid on the top of an aqueous solution of K2CO3, and reactions
occur at the toluene−water interface under an argon atmosphere
at 2 °C. Stable and large area sheets of AB-staggered COFs have
been obtained after 1 month.205

5.1.6. Synthesis under Ambient Conditions. Although
most COFs are produced under solvothermal conditions, the
synthesis of COFs at room temperature is attractive, especially
for cases of fragile building blocks or sensitive substrates. Indeed,
room-temperature vapor-assisted synthesis is efficient in
producing boroxine-based COF films. A mixture of acetone
and ethanol solution (150−200 μL) of COF precursors is drop-
cast on a clean glass substrate, which is further placed into a
desiccator along with a small vessel containing mesitylene and
dioxane (1/1 v/v) for 72 h at room temperature to prepare
BDT-COF and COF-5 thin films.206 Water-tolerant Lewis acids
such as metal triflates are efficient in accelerating the formation
of imine-linked 2D COFs at room temperature. In contrast with
the conventional solvothermal synthesis of the TAPB-PDA
COF that requires a high temperature (>70 °C) and long
reaction time (>24 h), the TAPB-PDA COF can be produced
with Sc(OTf)3 catalyst in a mixture of 1,4-dioxane (DOX) and
mesitylene (4:1 v/v) within 10 min at ambient temperature.207

On the contrary, at room temperature, imine-linked COF-LZU1

can be prepared by the polycondensation of 1,3,5-triformylben-
zene (TFB) and p-phenylenediamine (PPDA) in CO2/water
solvent at 4.5 MPa in 24 h,208 whereas JUC-520, JUC-521, JUC-
522, and JUC-523 with β-ketoenamine linkages and a 1,3,5-
tris(3-dimethylamino-1-oxoprop-2-en-yl)benzene (TDOEB)
knot can be prepared in aqueous systems at room temperature
and under ambient pressure.209

Mixing 1,3,5-tris(4-aminophenyl)benzene (TAPB) and
benzene tricarbaldehyde (BTCA) monomers with acetic acid
in either m-cresol or dimethyl sulfoxide (DMSO) forms yellow
gels, which yield crystalline RT-COF-1 after they are washed
with methanol and THF and dried under an open atmosphere
for 2 days.210 This room-temperature synthetic strategy with the
gel as the intermediate offers a way to make COFs processable,
for example, by lithographically controlled wetting (LCW).
Interestingly, a polydimethylsiloxane (PDMS) microfluidic

device that comprises four input channels connecting to a main
microfluidic channel has been explored to prepare COF fibers
under ambient pressure and temperature. In a typical experi-
ment, acetic acid solutions of TAPB and BTCA monomers are
injected into two channels while pure acetic acid is injected into
the other edge channels through a syringe pump system; the
resulting MF-COF-1 is sponge-like and can be directly printed
on surfaces while retaining high crystallinity and porosity.211

Adding supramolecular 3D-printing template Pluronic F127 to
amorphous imine or β-ketoenamine with a limited polymer-
ization degree forms 3D-printable hydrogels, which, upon

Figure 18. Various linkages explored for the synthesis of COFs.
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heating, can extensively promote polymerization and yield a 3D-
printed monolith network. The amorphous network can
transform into crystalline imine or β-ketoenamine-linked
COFs by removing F127 and upon solvent annealing.212

5.2. Linkage Diversities and Reaction Conditions

The building blocks of COFs usually have rigid π-backbones and
possess multiple reactive sites. Their solubility in solvent is
highly dependent on the size of the π systems and the type of
reactive units. In general, the synthesis of COFs employs the
mixture of polar solvent and nonpolar solvent as a reaction
medium for the reversible covalent bond formation reaction.
The combinations of solvents, catalyst, reaction temperature,
and reaction time are major factors to be considered for the
thermodynamic control of the reaction. These factors determine
the crystallinity and porosity of the resulting COFs. Depending
on the nature of chemical reactions, COFs have been
synthesized with boroxine,9 boronate-ester,9,27,121,213 borosili-
cate,148 triazine,75 imine,50,108,214 hydrazone,71 borazine,215

squaraine,216 azine,111 phenazine,158 imide,49 double-
stage,87,88 spiroborate,217 CC,76,114,192,218 amide,219 violo-
gen,220 hypercoordinate silicon,56 urea,221 and 1,4-dioxin
linkages94,95 (Figure 18).
5.2.1. Boroxine Linkage. The self-condensation of boronic

acids yields cyclic six-membered boroxine with a planar
structure and water byproduct.9,47,222 The boroxine-linked 2D
COF-1 and PPy-COF have been synthesized from the self-
condensation of 1,4-benzenediboronic acid (BDBA) and
pyrene-2,7-diboronic acid (PDBA), respectively, in a sealed
Pyrex tube at 120 °C (Figure 19).9,27 The reaction medium is a

mixture of DOX/mesitylene (1/1 v/v) for both COFs, and the
reaction time is 3 days for COF-1 and 2 days for PPy-COF.
Interestingly, a Td-symmetric monomer TBPM upon self-
condensation yields a 3D COF-102 in a mixture of DOX/
mesitylene (1/1 v/v) at 85 °C for 4 days.47 Similarly, 3D COF-
103 has been synthesized from the self-condensation of TBPS in
a mixture of DOX/mesitylene (1/3 v/v) at 85 °C for 4 days.
5.2.2. Boronate-Ester Linkage. The cyclic five-membered

boronate ester is a planar linkage and can be formed by the
condensation of boronic acids and catechol derivatives. The
condensation of the 2,3,6,7,10,11-hexahydroxy triphenylene
(HHTP) knot and BDBA edge units in a mixture of DOX/
mesitylene at 100 °C for 3 days yielded boronate-ester-linked

COF-5 (Table 1, Figure 7B).9 The reaction can be promoted to
complete in a short time by using a microwave reaction.77,194,195

The boronate-ester linkage has been widely explored for the
synthesis of 2D COFs in various π-systems including benzene,
biphenyl, thiophene, anthracene, biphenyl acetylene, triphenyl
benzene, triphenylene, TPE, porphyrin, and phthalocyanine
derivatives. These combinations lead to the generation of a
variety of COFs, including COF-6, COF-8, COF-10, TP-COF,
D−A COF, TT-COF, T-COFs, HHTP-DPB COF, TPE-Ph
COF, H2P-COF, CuP-COF, ZnP-COF, and COF-66. Similarly,
3D COFs such as COF-105, COF-108, MCOF-1, and DBA-3D-
COF 1 have been synthesized by using TBPM, TBPS, and TAA
as the Td-symmetric nodes in conjunction with the C2- or C3-
symmetric linker. These boronate-ester-linked 2D and 3D
COFs have been prepared under solvothermal conditions; the
ratio of DOX to mesitylene, the reaction temperature, and the
reaction time are dependent on the monomer structures and
need to be optimized for different monomer combinations
(Table 1).26,27,90,91,117,149,223,224 Figure 20 illuminates the
typical synthetic procedures of boronate-ester-linked TP-COF.
Boronate ester linkage, owing to its planarity and high

reversibility yields highly crystalline COFs. Remarkably,
boronate ester linkage has been explored for the integration of
electron donor and acceptor units into donor−acceptor COFs
in which the donor and acceptor moieties are segregated into
bicontinuous donor-on-donor and acceptor-on-acceptor arrays.
As shown in Table 1, a series of boronate-ester-linked donor−
acceptors DTP-ANDI-COF, DTP-APyrDI-COF, NiPc-BTDA COF,
DMPc-APyrDI-COFs (M = Cu, Ni), DMPc-ANDI-COFs (M = Cu,
Ni), and DMPc-APDI-COF (M = Cu, Zn) have been synthesized
from triphenylene or phthalocyanine donors and naphthalene
dianhydride, benzothiadiazole (BTDA), and pyromellitic
dianhydride (PMDA) acceptor units in highly polar solvent
mixtures, such as N,N-dimethylformamide (DMF)/mesitylene
and N,N-dimethylacetamide (DMAc)/o-dichlorobenzene (o-
DCB), respectively.92 Phthalocyanine-knotted COFs require
polar solvents due to the poor solubility of phthalocyanine
monomers (Table 1).30,32,101−104 The boronate ester linkage
can also be formed through the reaction of boronic acids and
acetonide monomers (protected catechols) in the presence of a
Lewis acid (BF3·OEt2) catalyst.

29,225

5.2.3. Imine Linkage. An imine linkage can be formed by
the reaction of aromatic amine and aldehyde in the presence of
organic acid or Lewis acid catalyst (Figure 21). According to the
topology diagrams, the imine-linked 2D COFs can be classified
into five types, including hexagonal, tetragonal, rhombic,
kagome, and trigonal architectures. A variety of π-units such as
b e n z e n e , 6 5 , 7 0 , 1 3 5 , 1 7 5 , 2 0 1 , 2 2 6− 2 2 8 t r i p h e n y l b e n -
zene,38,78−81,175,207,210,219,229−234 triphenyltriazine,82,235−237

tetraphenylpyrene,37,57,107,113,238−244 TPE,36,38,39,219,243 tetra-
thiafulvalene,172,238,245 porphyrin,33,96−98,100,106−108,167,246−248

hexaazatriphenylene (HAT),35,116 hexaphenylbenzene
(HPB),12 and hexabenzocoronene (HBC)12 have been
developed as knots, whereas benzene,12,33,35,36,38,39,50,65,79,80,96,
100,106,108,113,128,175,201,207,214,219,226,238,249,250 ortho-substituted
benzene,37,80−82,98,100,108,123,167,230−232,234,237,246−248,251 bi-
phenyl,38,59,70,128,207,214 triphenyl,38,39,128,241 bipyri-
dine,37,51,78,107,240,252 and thiophene38 derivatives have been
employed as edges. A broad diversity of solvents such as DOX,
DOX/mesitylene, o-DCB/n-butanol (n-BuOH), ethanol
(EtOH), DOX/o-DCB, THF/mesitylene, and DMAc/o-DCB
have been employed for the solvothermal reactions at different
temperatures (Table 2). In contrast with the broad diversity of

Figure 19. Schematic for the synthesis of PPy-COF.
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knots for 2D COFs, the suitable monomers as a node for 3D
COFs have been mostly limited to TAPM and TAA, which lead
to the generation of 3D COF-300, COF-320, BF-COF-1, BF-
COF-2, LZU-301, and 3D-Por-COF.36,45,50,51,65,110,142,253 A
series of 3D-Salphen-COFs, JUC-508, JUC-509, and JUC-509-
Y (Y = Mn, Cu, or Eu), have been synthesized through the
polycondensation of tetrakis(3-formyl-4-hydroxylphenyl)-
methane (TFHPM) with 4,5-difluorophenylene-1,2-diamine
(DFPDA) or 4,5-dichlorophenylene-1,2-diamine (DCPDA) in
the presence of dioxane and mesitylene with acetic acid at 120

°C for 3 days (Table 2).53 In addition to the solvothermal
conditions, the use of the mechanochemical method via
reactions at room temperature offers convenient access to
COFs, including TpPa-1, TpPa-2, TpBD, LZU-1 (LAG), and
DhaTph (LAG).200,201 Nevertheless, the reactivity of mono-
mers, the crystallinity, and the porosity of COFs synthesized by
these mechanochemical methods are key factors to be
considered and addressed.

5.2.4. Hydrazone Linkage. A hydrazone linkage is formed
via the reaction of aldehyde with hydrazide in the presence of

Table 1. Typical Reaction Conditions for Boronate-Ester-Linked COFs

COFs solvents (v/v)
temperature

(°C)
reaction

time (day) ref

COF-5, AEM-COF-1 DOX/mesitylene (1/1) 100 3 or 7 9, 121
COF-6 DOX/mesitylene (1/1) 85 5 26
COF-8, COF-10, TP-COF DOX/mesitylene (1/1) 85 3 26, 27
COF-105 DOX/mesitylene (1/1) 85 9 47
COF-108 DOX/mesitylene (2/1) 85 4 47
MCOF-1 DOX/mesitylene (2/1) 90 3 149
DBA-3D-COF 1 DOX/mesitylene (10/1) 95 3 48
D−A COF, COF-66, T-COFs, MC-COFs-TP, MC-COFs-NiPc DOX/mesitylene (1/1) 120 3 11, 90, 106,

224
TT-COF DOX/mesitylene (1/1) 150 3 223
HHTP-DPB COF, TPE-Ph COF DOX/mesitylene (1/1) 90 3 91, 117
H2P-COF DOX/mesitylene (1/9) 120 4 99
ZnP-COF DOX/mesitylene (1/9) 120 15 99
CuP-COF DOX/mesitylene (1/9) 120 2 99
DTP-ANDI-COF DMF/mesitylene (1/1) 120 7 92
DTP-APyrDI-COF DMAc/o-DCB (1/1) 120 7 92
Pc-PBBA COF mesitylene/1,2-dichloroethane (1/1) 85 6 29
MPc-COFs (M = Ni, Co, Cu), NiPc-BTDA COF, DZnPc-APDI-COF,
M1DPP-M2Pc-COFs (M1 = H2, Zn, Cu; M2 = Ni, Cu)

DMAc/o-DCB (2/1) 120 7 30, 32, 42,
102, 104

ZnPc-COF, M1TPP-M2Pc-COFs (M1 = H2, Zn, Cu; M2 = Ni, Cu),
AEM-COF-2

DMAc/o-DCB (1/1) 120 7 32, 109, 121

ZnPc-Py-COF, ZnPc-NDI-COF DOX/MeOH (2/1) 120 3 103
ZnPc-DPB-COF DOX/MeOH (3/1) 120 3 103
ZnPc-PPE-COF DOX/MeOH (5/1) 120 3 103
DZnPc-ANDI-COF DMAc/o-DCB (2/1) 120 14 166
DMPc-APyrDI-COFs (M = Cu, Ni), DMPc-ANDI-COFs (M = Cu, Ni),
CoPc-PorDBA COF

DMAc/o-DCB (2/1) 120 3 101, 102

DCuPc-APDI-COF DMAc/o-DCB (4/1) 120 7 102

Figure 20. Schematics for the synthesis of (A) TP-COF, (B) CuP-COF, (C) COF-8, and (D) CuPc-COF.
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AcOH catalyst. Developing a hydrazone linkage to synthesize
COFs requires the integration of an ethoxy group to the ortho
position of edge units (e.g., 2,5-diethoxy-terephthalohydrazide
(DETH)), which helps to secure the 2D conformation and
promotes the formation of crystalline products. By using this
strategy, five typical examples have been successfully synthe-
sized. Under solvothermal conditions at 120 °C, COF-42, COF-
43 (Figure 22), TFPT-COF, and COF-JLU4 have been
synthesized in mixtures of DOX and mesitylene, whereas
LZU-21 has been synthesized in mixtures of THF and
mesitylene.72,78

5.2.5. Azine Linkage. The azine linkage takes advantage of
the shortest hydrazine monomer to connect two aldehydes into
polygon skeletons that form the smallest pores among various
linkages. A variety of knots have been explored, including
substituted benzene, triphenyl benzene, triphenyl triazine, and
pyrene monomers, which lead to the synthesis of hexagonal,
r h o m b i c , a n d t r i g o n a l C O F s ( F i g u r e
23).42,73,74,78,84,85,111,124,267−271 As shown in Table 3, they
have been designed and synthesized in different reaction media
at various reaction temperatures depending on the solubility and
reactivity of the π-knots.
5.2.6. Imide Linkage. The imide linkage can be synthesized

via the reaction between amine derivatives and acetic anhydride;
this reaction is less reversible and requires a high reaction
temperature as high as 250 °C. Mesoporous 2D PI-COF-1, PI-
COF-2, and PI-COF-3 have been synthesized under solvother-
mal conditions in a mixture ofN-methyl-2-pyrrolidone (NMP)/
mesitylene/isoquinoline (10/10/1 v/v/v) (Figure 24).49 The
PI-COF-1 and PI-COF-2 have been prepared upon reaction at
200 °C for 5 days, whereas PI-COF-3 is obtained under 250 °C
for 7 days. Microporous 3D PI-COF-4 and PI-COF-5 have been
synthesized upon reaction in a mixture of NMP/mesitylene/
isoquinoline (10/50/1 v/v/v) at 160 °C for 5 days.54

5.2.7. CC Linkages. The CC-linked fully π-conjugated
COFs have been achieved via the Knoevenagel condensation of
aldehydes and benzyl cyanides in the presence of a base catalyst.
The first example of CC-linked COF is prepared by the

condensation of tetrakis(4-formylphenyl)pyrene (TFPPy) and
1,4-phenylenediacetonitrile in the mixture of mesitylene/
dioxane (1/5 v/v) at 110 °C for 3 days, catalyzed by aqueous
NaOH solution (4 M) to yield sp2c-COF in 89% yield (Figure
9C).114 Similarly, a series of sp2c-COFs with different linkers has
been synthesized (Figure 25A).115 In the presence of Cs2CO3
catalyst, the CC-linked 2DPPV has been prepared in o-DCB
at 150 °C for 3 days (Figure 25B).192 The porphyrin-based sp2c-
COF has been synthesized under the catalysis of 1,8-
diazabicyclo[5.4.0]undec-7-ene (dbu, 3 M) in o-DCB,34

whereas hexaazatrinaphthalene 2D CCP-HATN has been
prepared in a mixture of DMAc and o-DCB.126 TP-COF
(Figure 25B) has been prepared from the (2,4,6-tris(4-
formylphenyl)-1,3,5-triazine) knot in a mixture of dioxane/
chloroform (0.05% chloroform).272 The unsubstituted olefin-
linked COF-701 (Figure 25C) has been synthesized through the
aldol condensation of 2,4,6-trimethyl-1,3,5-triazine and 4,4′-
biphenyldicarbaldehyde in mesitylene/DOX/acetonitrile (18/
18/1 v/v/v) in the presence of trifluoroacetic acid at 150 °C for
3 days.218 A series of olefin-linked hexagonal COFs g-C40N3-
COF, g-C31N3-COF, and g-C37N3-COF have been synthesized
by the condensation of 3,5-dicyano-2,4,6-trimethylpyridine and
4,4′′-diformyl-p-terphenyl, 4,4′-diformyl-1,1′-biphenyl, and
1,3,5-tris(4-formylphenyl)benzene, respectively, catalyzed by
piperidine in an anhydrous deoxygenated DMF at 150 °C for 3
days (Figure 25D).76

5.2.8. 1,4-Dioxin Linkage. COFs with a 1,4-dioxin linkage
have be synthesized by the condensation of ortho-difluoro
benzene or pyridine and catechol building units in the present of
a base catalyst; the resulting COFs exhibit high chemical stability
owing to the irreversible dioxin linkage. Three typical 1,4-dioxin-
linked COFs have been successfully synthesized through this
strategy (Figure 26). COF-316 (= JUC-505) has been prepared
by the reaction of 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) and tetrafluorophthalonitrile (TFPN) in DOX
(COF-316) or N-methylpyrrolidone/mesitylene (2/1 v/v
JUC-505) with triethylamine (COF-316) or K2CO3 (JUC-
505) at 120 °C for 3 days.94,95 Meanwhile, HHTP and 2,3,5,6-

Figure 21. Schematics for the synthesis of (A) COF-LZU1, (B) TPB-DMTP-COF, (C) TTA-TTB-COF, and (D) CuP-Ph COF.
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Table 2. Typical Reaction Conditions for the Imine-Linked COFs

COFs solvents (v/v)
temperature

(°C)

reaction
time
(day) catalyst ref

COF-LZU1, ILCOF-1, COF-300, COF-320 DOX 120 3 3 M AcOH 50, 65,
110,
142

2,3-DhaTta COF, 2,3-DhaTab COF DOX/mesitylene (0.3/1.7) 120 3 3 M AcOH 82
Py-1P COF, Py-1PF COF, Py-2P COF DOX/mesitylene (1/2) 120 3 6 M AcOH 113
Py-2PE COF mesitylene/DOX/BuOH (6.67/4/4) 120 5 6 M AcOH
Py-3PE COF, Py-3PEBTD COF mesitylene/BuOH (2/1) 120 5 6 M AcOH
3D-Py-COF o-DCB/BuOH (0.7/0.3) 120 3 6 M AcOH 57
COF-DhaTab DOX/mesitylene (0.3/1.7) 120 3 8 M AcOH 81
PI-2-COF, Py-DHPh COF, Py-2,3-DHPh COF,
Py-2,20-BPyPh COF, Py-3,30-BPyPh COF,
EB-COF:X (X = F, Cl, Br, I)

DOX/mesitylene (1/1) 120 3 6 M AcOH 37, 68,
70

PI-3-COF DOX/mesitylene (10/1) 120 3 6 M AcOH
BF-COF-1, BF-COF-2 mesitylene 120 5 3 M AcOH 135
COF-LZU8 DOX/mesitylene (1/3) 120 3 6 M AcOH 254
TPT-COF-1 EtOH 120 3 3 M AcOH 23, 64,

240TPT-COF-2, Bpy-COFs, TpPa-1, TpPa-2 DOX/mesitylene (1/1) 120 3 3 M AcOH
COF-BPDA, COF-TPDA, COF-TPA DOX 120 3 or 4 6 M AcOH 36, 39
SIOC-COF-1, SIOC-COF-2 DOX/toluene (1/2) 120 3 9 M AcOH 39
3PA-2P COF anisole/DOX (19/1) 120 3 6 M AcOH 38
3PA-TT COF mesitylene/benzyl alcohol (9/1) 120 4 6 M AcOH
3PB-TT COF anisole/EtOH (9/1) 100 5 6 M AcOH
Tp-Azo, Tp-Stb DMAc/o-DCB (1/1) 120 3 NIL 62
DAAQ-TFP-COF DMAc 90 or 120 2 6 M AcOH 69
TH-COF-1 DOX/o-DCB 120 3 NIL 255
LZU-20 THF/mesitylene (2/3) 120 7 3 M AcOH 78
HAT-COF DMAc/mesitylene (1/1) 120 3 6 M AcOH 35
H2P-Bph-COF, COF-366 EtOH/mesitylene (1/1) 120 3 6 M AcOH 106, 256
TpBDH COF, TfpBDH COF DOX/DMAc (1/2) 120 3 6 M AcOH 257
TTF-Ph-COF, TTF-COF, H2P-COFs DOX/mesitylene (1/1) 120 3 3 M AcOH 172,

238,
247

TTF-Py-COF o-DCB/BuOH (1/1) 120 3 3 M AcOH

TPB-DMTP-COF, Py-An COF o-DCB/BuOH (1/1) 120 3 or 5 6 M AcOH 80, 239
TFPT-COF DOX/mesitylene (1/2) 120 3 6 M AcOH 83
CTV-COF-1, CTV-COF-2 EtOH 90 5 or 6 3 M AcOH 214
TFP-DABA COF DOX/mesitylene (4/1) 100 3 3 M AcOH 258
TAPB-TFPB, TAPB-TFP, iPrTAPB-TFPB, iPrTAPB-TFP DOX 110 5 6 M AcOH 259
HPB-COF toluene 120 9 3 M AcOH 12
HBC-COF DOX/BuOH (19/1) 120 12 6 M AcOH
CCOF-1, CCOF-2 DOX 100 3 9 M AcOH 260
LZU-72 DOX/mesitylene (1/4) 90 3 3 M AcOH 227
LZU-76 DMAc 100 2 6 M AcOH
COF-505 THF 120 3 6 M AcOH 59
FL-COF-1 o-DCB/DMAC (1/1) 120 3 3 M AcOH 261
TAPB-PDA COF DOX/mesitylene (4/1) 20 3 7.5 μM Sc(OTf)3 207
LZU-301 DOX 120 3 6 M AcOH 51
Salen-COFs DOX/EtOH (4/1) 120 3 3 M AcOH 262
PPN-30, PPN-31 DMF 120 3 6 M AcOH 228
3D-Por-COF, 3D-CuPor-COF o-DCB/BuOH (1/1) 120 7 6 M AcOH 45
CCOF-5 DOX 120 3 6 M AcOH 52
SP-3D-COF-1 o-DCB/BuOH (7/3) 130 3 AcOH 55
SP-3D-COF-2 o-DCB/BuOH (1/1) 130 3 AcOH
3D-TPE-COF o-DCB/mesitylene (1/1) 120 7 6 M AcOH 58
JUC-508 DOX/mesitylene (4/1) 120 3 6 M AcOH 53
JUC-509 DOX/mesitylene (7/3) 120 3 6 M AcOH
H-ImCOF EtOH/mesitylene (4/1) 120 3 6 M AcOH 263
CCOF-7 EtOH/mesitylene (3/1) 120 3 9 M AcOH 264
CCOF-8 EtOH/mesitylene (5/1) 120 3 9 M AcOH
3D-TPB-COF-H CHCl3/BuOH (20/1) 100 7 6 M AcOH 265
3D-TPB-COF-Me CHCl3/BuOH (2/1) 110 7 6 M AcOH
3D-TPB-COF-H DOX/o-DCB (21/9) 120 7 6 M AcOH
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tetrafluoro-4-pyridinecarbonitrile are condensed to form COF-
318 in a mixture of DOX and mesitylene (1/1 v/v).94 JUC-506
has been synthesized by the condensation of HHTP and 2,3,6,7-
tetrafluoroanthraquinone catalyzed by K2CO3 in a mixture of
NMP/mesitylene (2/1 v/v) at 160 °C for 3 days.95

5.2.9. Other Linkages. CTFs have been synthesized by the
cyclotrimerization of 1,4-benzonitrile in molten ZnCl2 at 450 °C
(Figure 27A).75 Because of the limited reversibility of the
reaction and the insufficient availability of the suitable
monomers, CTFs have limited members and relatively low
crystallinity. Replacing molten ZnCl2 with trifluoromethane-
sulfonic acid as the catalyst enables the synthesis of CTFs at
room temperature or under microwave conditions.197 The latter
approach leads to the generation of CTFs with high purity owing
to the absence of ZnCl2.
The phenazine linkage owing to its fused planar structure and

high stability affords π-conjugated and stable CS-COF (CS
stands for conjugated and stable, Figures 16E and 27B) upon the
condensation of triphenylene hexamine (TPHA) and tert-
butylpyrene tetraone (PT) monomers under solvothermal
condition in a mixture of ethylene glycol/3 M AcOH (1/1 v/
v) at 120 °C for 3 days.158 More recently, phthalocyanine-based
COF-DC-8 (Figure 27C) has been synthesized through the

aromatic annulation of 2,3,9,10,16,17,23,24-octaaminophthalo-
cyanine nickel(II) and pyrene-4,5,9,10-tetraone.273

The squaraine-linked CuP-SQ COF (Figure 27D) has been
synthesized by the condensation of copper(II) 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin (TAP-CuP) and squaric acid
(SQ) under solvothermal conditions (o-DCB/n-BuOH 1/1 v/
v) at 85 °C for 7 days.216 This linkage enables the construction
of a zwitterionic structure on the pore walls.
The borazine-linked BLP-2(H) COF (Figure 27E) has been

synthesized by the thermal decomposition of 1,3,5-(p-amino-
phenyl)-benzene-borane in a mixture of mesitylene/toluene (1/
4 v/v) at 120 °C for 3 days.215

Spiroborate-linked ionic COFs (ICOF-1 and ICOF-2)
(Figure 27F) have been synthesized under solvothermal
conditions in DMF at 120 °C for 7 days.217 This linkage is
relatively stable in water and base (1 M LiOH for 2 days), which
is different from other boron-based linkages.
A π-conjugated viologen-based COGF (Figure 27G) has been

synthesized via the Zincke reaction between 1,1′-bis(2,4-
dinitrophenyl)-[4,4′-bipyridine]-1,1′-diium dichloride (BDB)
and TAPB under both solvothermal and microwave con-
ditions.220

Table 2. continued

COFs solvents (v/v)
temperature

(°C)

reaction
time
(day) catalyst ref

COF-1-Zn DOX/BuOH (2/1) 120 3 3 M AcOH 266
COF-2-Zn DOX/BuOH (2/1) 120 3 3 M AcOH

Figure 22. Schematics for the synthesis of COF-42 and COF-43.
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The 2D π-conjugated PD (Figure 27H), BD, and TPA COFs
have been prepared via the Michael addition−elimination
reaction of various β-ketoenols with amines under acidic
conditions.274 The 2D conjugated aromatic polymer linked by
the C−C bond has been prepared via the surface-assisted
debromination and aryl−aryl coupling reaction between
tetrabromopolyaromatic monomers,275 whereas the C−C-
bonded 2DCCOF (Figure 27I) films have been achieved
through Suzuki coupling reaction at a liquid−liquid interface.205
The π-conjugated covalent organic radical frameworks linked by
the C−C bond have been prepared at a liquid/liquid
(dichloromethane/H2O) interfacial acetylenic homocoupling
of triethynyl-polychlorotriphenylmethane monomers.276

Recently, hypercoordinate silicon linkages have been
developed for the synthesis of 3D SiCOF-5 with a composition
of Na2[Si(C18H6O6)] through the combination of dianionic
hexacoordinate [SiO6]

2− nodes and triangular triphenylene
building blocks.56

COF-117 (Figure 27J) and COF-118 bearing flexible urea
linkages have been synthesized by the condensation of TFP with

1,4-phenylenediurea (BDU) or 1,1′-(3,3′-dimethyl-[1,1′-bi-
phenyl]-4,4′-diyl)diurea (DMBDU).221

5.2.10. Double-Stage Linkages. In addition of the above
strategies using one linkage for COFs, the use of two different
linkages for the construction of one COF, that is, the double-
stage linkage strategy, has been explored (Figures 28 and 29). In
this strategy, one monomer is required to have bifunctional
reactive sites; 4-formylphenyl boronic acid (Figure 28A, FPBA)
is a typical example that allows the formation of boroxine with
imine linkages, boronate ester with imine linkages, and boronate
ester with hydrazone linkages.87,88,277 This double-stage strategy
has been successfully explored for the synthesis of hexagonal
(Figure 28), rhombic-shaped (Figure 29A), and tetragonal
(Figure 29B) COFs and a greatly enhanced structural
complexity and diversity of COFs. For example, HHTP-,
triphenyl-benzene-, triphenyl-triazine-, and TATTA-based
COFs have been synthesized in DOX/mesitylene mixed
solvents, whereas the phthalocyanine-based COFs have been
prepared in a mixture of DMAc/o-DCB (Table 4).

Figure 23. Schematics for the synthesis of (A) Py-Azine COF, (B) LZU-22, (C) Nx-COF (x = 0, 1, 2, and 3), and (D) HEX-COF 1.

Table 3. Typical Reaction Conditions for the Azine-Linked COFs

COFs solvents (v/v)
temperature

(°C)
reaction time

(day) catalyst ref

Py-Azine-COF, NF-COF, TF-COF 1, TF-COF 2, AB COF o-DCB/BuOH (19/1) 120 3 or 7 6 M AcOH 111, 267, 268
ACOF-1 DOX/mesitylene (1/1) 120 3 6 M AcOH 73
HEX-COF 1, Nx-COFs (x = 0, 1, 2, 3) DOX/mesitylene (1/2) 120 3 6 M AcOH 85, 124
ATFG COF DOX/mesitylene (12/1) 120 3 6 M AcOH 267
COF-JLU2 THF/MeOH (1/1) 120 5 6 M AcOH 74
COF-JLU3 DMF 120 3 3 M AcOH 84
LZU-22 THF/mesitylene (2/3) 120 7 3 M AcOH 60
HP-COF-1, 2 DOX/o-DCB (2/1) 150 4 6 M AcOH 42
CTF-HUST-1 DMSO 120 3 Cs2CO3 269
pCTF-1 NA 400 P2O5 270
CTF-HUST-C1, CTF-HUST-C5, CTF-HUST-C5 DMSO 100 1 Cs2CO3 271

180 1.5
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5.2.11. Linkage Transformation. The linkage trans-
formation is a facile way to synthesize COFs with linkages that
are difficult to be synthesized directly. The oxidation of the
imine linkage enables the conversion of the imine-linked TPB-
TP-COF to an amide-linked COF (Figure 30A),219 whereas the
reduction of the imine-linked 3D-COF-300 and 2D-COF-366-
M (Figure 30B) with NaBH4 yields their corresponding amine-
linked COFs.278 The imine linkage in ILCOF-1 has been
converted to oxazole and thiazole linkages through consecutive
linker substitution and oxidative cyclization, respectively (Figure
30C, R = S, thiazole; R = O, oxazole).279

Oxazole-linked LZU-192 has been synthesized from ILCOF-
1 upon the reaction with 2,5-diaminobenzene-1,4-dithiol
dihydrochloride in DMF/water (3/1 vol) at 85 °C for 1 day,
whereas thiazole-linked COF-921 has been prepared by the
reaction with 2,5-diaminobenzene-1,4-dithiol dihydrochloride
in ILCOF-1 in DMF/water (85/15 vol). At a high temperature
such as 350 °C, sulfur reacts with aromatic imines of TTI-COF
to first oxidize the imine to a thioamide and subsequently
oxidatively cyclizes the thioamide group to formTTT-COFwith
thiazole linkages.280 The imine linkages of TPB-DMTP-COF
have been kinetically fixed via an aza-Diels−Alder cycloaddition
reaction to form quinoline-linked COFs (Figure 30D).169 Cyclic
carbamate and thiocarbamate-linked COFs have been synthe-
sized from COF-170 through a multistep solid-state organic
synthetic process (Figure 30E).193

5.3. Reaction Mechanisms

Mechanistic studies on the formation of crystalline porous
COFs are of special importance to reveal the nature of
polycondensation and crystallization because these two different
processes occur in one pot. The polycondensation reaction
involves the generation of oligomers of different sizes that can
further react with each other to yield a polymer mixture of

various structures and sizes. This reaction diagram makes the
polycondensation system complex and the formation of
crystalline frameworks difficult. Despite the difficulty, mecha-
nistic studies have shown insights into polymerization as well as
crystallization, opening a way to uncover a full picture of the
formation of crystalline porous COFs.

5.3.1. Mechanistic Studies and Understandings. The
formation mechanism of boronate-ester-linked COFs synthe-
sized from the condensation of polyfunctional boronic acid with
acetonide-protected catechol reactants catalyzed by BF3·OEt2
has been explored.225 Studies on the soluble acetonide
compound using BF3·OEt2 to catalyze its hydrolysis followed
by the condensation with boronic acid show the formation of a
boronate ester compound (Figure 31). Simultaneously, the side
reaction involves the trimerization of the boronic acid reactant
to form a boroxine compound and water. The acetonide
hydrolysis is the rate-limiting step before the free boronic acid
reactant is used up; thereafter, the rate-limiting step changes to
the boroxine hydrolysis. As the boroxine hydrolysis dominates
the boronate ester formation, the COF formation rate is highly
dependent on the water content. Combining the above
mechanistic studies on model compounds with the crossover
experiments between simple boronate esters, it is concluded that
the hydrolysis of the acetonide-protected catechol monomer is
the dominant process in the BF3·OEt2-catalyzed COF
formation.
To gain insight into the nucleation, a kinetic study on the

boronate-ester COF formation has been conducted by using
homogeneous reaction systems. The homogeneous reaction
condition can be made by adding a small amount of MeOH to
the mixture of mesitylene/DOX that is used in the conventional
COF-5 synthesis, in which the turbidity change of the solution
offers an unprecedented measure to determine the rate of COF

Figure 24. Schematics for the synthesis of 2D PI-COF-1, PI-COF-2, and PI-COF-3.
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formation.186 The COF formation rate is proportional to the in

situ optical turbidity of the reaction mixture at 1310 nm, where

the solvent and monomers have minimized absorption. For

example, at 90 °C, the formation of COF-5 starts after an

induction period of 2min and proceeds at a constant growth rate

for several minutes, thereafter followed by continuous growth

but at a decreased rate. In general, the condensation of

monomers proceeds to form oligomers during the induction

Figure 25. Schematics for the synthesis of (A) sp2c-COF, sp2c-COF-2, and sp2c-COF-3; (B) 2DPPV and TP-COF; (C) COF-701; and (D) g-C40N3-
COF, g-C31N3-COF, and g-C37N3-COF.
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period, and the subsequent nucleation process involves
reversible bond formation for defect self-healing and an
irreversible crystallization step, leading to the formation of
final polycrystals (Figure 32). The irreversibility of the
crystalline step is demonstrated by adding a monofunctional
4-tert-butylcatechol (TCAT) to the reaction system at different
reaction times. The addition of TCAT reduces the polymer-
ization rate but does not change either the yield or the
composition of COF-5; the monofunctionalized TCAT unit is
hardly found in COF-5, indicating that once the COF-5
crystallite forms, there is a very limited chance to further react
with monofunctional TCAT. The resulting COF-5 (Figure 7B)
synthesized under homogeneous reaction conditions exhibits
high crystallinity and porosity (SBET = 2000 m2 g−1), which is
greatly superior to conventional COF-5 (1590 m2 g−1). Further
mechanistic studies reveal that the crystallization rate of COFs
also depends on the pore size and the interlayer interactions.
The interlayer π-stacking is likely the rate-determining process; a
large π-unit will greatly enhance the interlayer attraction, leading
to a high rate of growth. Taking COFs with similar bonding and
topologies, for example, the growing rate is dramatically
increased from HHTP-DPB COF to COF-10, COF-5, and
TP-COF as the π-units become larger.89,186

Recently, a kinetic Monte Carlo (KMC) model has been
developed to simulate the formation of a prototypical boronate-
ester-linked COF-5 in solution.281 Through combining the
experimental and theoretical results, the nucleation and growth
of COF-5 have been revealed. The formation of oligomers is the
first stage and influences the length of the induction period; two
nucleation pathways of lateral growth of small stacked structures
and stacking between large oligomers have been identified.
During the growth of COF-5, both the diameter and the height
increase linearly with time. The lateral growth is determined by
the monomers, whereas the vertical growth is primarily due to
oligomer stacking. Adding water shifts the equilibrium away
from large oligomers, favoring lateral growth other than vertical
growth and resulting in COF-5 crystals with larger diameters.
Because oligomers are crucial in the nucleation process and

dominate vertical growth, the crystallization of COF-5 is
reminiscent of crystallization by particle attachment (CPA).
Distinct from the formation of boronate-ester linked COFs,

the formation of imine-linked COFs is dependent on the
dynamic imine-bond exchange.79 As exemplified by the TAPB-
PDACOF, in the initial stage, the solid rapidly precipitates upon
the addition of aqueous acetic acid as the catalyst to the
homogeneous solution of monomers at room temperature, and
the resulting powders are obtained in 95% yield as amorphous
polymers with a low surface area. Subsequently, the amorphous
networks transform into crystalline COFs. Even in the absence
of free monomers, those amorphous powders will transform into
crystalline COFs to display intense diffraction peaks, but the
transformation will be inhibited in the absence of acetic acid. In
this case, the BET surface area increases as the reaction time is
extended, indicating that the amorphous polymer-to-crystalline
COF transformation is a must for the imine-linked COFs.
Indeed, the poor-quality COFs can be transformed into high-
quality COFs as a result of crystalline structural reconstruction
by controlling the pH value of the reaction media (pH 6 to 7)
and the reaction time (>12 h) at room temperature.253 Clearly,
this capability of structural reconstruction can extend the
lifetime of COFs.
Inspired by the growth process of the imine-linked 2D COF,

further efforts have beenmade to obtain a deep understanding of
the mechanism. With the decreased concentration of mono-
mers, the WAXS diffraction reveals the smaller crystalline
domains of the resulting colloids, indicating that both the COF
particle size and the average crystalline domain size decrease
with the initial monomer concentration. Notably, time-depend-
ent studies using in situ SAXS/WAXS reveal that the formation
of COF particles is faster than the crystallization, indicating that
the polymerization and crystallization processes are not
synchronized in the formation of the imine-linked COF.
These results show a clear picture of the mechanism for the
imine-linked COF formation driven by the amorphous polymer-
to-crystalline framework transformation.160

Similarly, the crystal formation of imine-linked 3D COFs, as
exemplified by COF-300 and COF-320, involves a two-step

Figure 26. Schematics for the synthesis of COF-318, COF-316 (JUC-505), and JUC-506.
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transformationmechanism.282 The 3DCOFs first form an initial
amorphous nonporous solid, which can be isolated and re-
exposed to growth conditions to transform into 3D COF
crystallites with high porosity.
5.3.2. Single-Crystal COFs. Crystallinity is the key feature

that distinguishes COFs from other polymers, including
conjugated microporous polymers, cross-linked polymers, and
amorphous porous organic polymers. The single crystal is
related to one of the most important and challenging issues of
the COF field in revealing structural insights into functions and

properties. Synthetic efforts have been devoted to controlling
the crystallinity and nucleation of COFs.283 Using nitrile-
containing acetonitrile as a solvent that prevents the aggregation
and precipitation yields stable colloidal suspension COF
nanoparticles, and slowly adding monomers achieves the seeded
growth of single crystals of boronate-ester-linked 2D COF-5,
COF-10, and TP-COF.161 The seeded colloid size can be
monitored by DLS, and the multilayer nanocrystal structure of
COFs can be characterized by HR-TEM and optical TA
spectroscopy.

Figure 27. Schematics for the synthesis of (A) the triazine-linked CTF-1, (B) the phenazine-linked CS-COF, (C) the phthalocyanine-based COF-DC-
8, (D) the squaraine-linked CuP-SQ COF, (E) the borazine-linked BLP-2(H), (F) the spiroborate-linked ionic ICOF-1 and ICOF-2, (G) the π-
conjugated viologen-based COGF, (H) the 2D π-conjugated 3 PD, (I) the C−C linked 2DCOF-1, and (J) COF-117 with a urea linkage.
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Remarkably, single crystals of 3D COFs have been reported
for imine-linked COF-300, COF-303, LZU-79, and LZU-111
(Figure 33).154 In these cases, the addition of a large excess
amount of monofunctional monomer, that is, aniline, as a
modulator that forms terminal phenyleneimine moieties on the
crystal surface offers a long enough time for error correction,
leading to the formation of single crystals of 3D COFs.
Nevertheless, exploring a more efficient method to prepare
single crystals of both 2D and 3D COFs is still a challenge.
5.3.3. Controlled Synthesis. An efficient strategy for

optimizing the crystallinity, domain size, and porosity of COF-5
is to use monoboronic acid as a modulator under solvothermal
conditions.284 The monofunctional modulator serves as a
capping agent that terminates the 2D sheets during lateral
growth. By repetitive attachment and detachment, the
modulator slows down the COF formation, thus facilitating
the self-healing and bringing the system closer to the
thermodynamic equilibrium. Furthermore, the modulator can
fill point or line defects, thus reducing strains in crystals and
increasing the stability of overall crystals. Recent theoretical
research has explored the inherent mechanism of the formation
of COF-5 crystals. During the assembly of COF-5, strong
stacking interactions are at least partially responsible for the
small crystallite sizes of other 2D COFs.285 In this case, the most
direct way to increase the crystallite size relies on identifying
solvents that can effectively diminish stacking interactions.
According to theoretical calculations, a lateral offset between

adjacent layers of certain COFs is energetically favorable and
results in slipped structures rather than fully eclipsed structures.
This conformational mode would decrease the crystallinity of
the COF. To compensate such a slipped structure, a strategy
based on a lock-and-key molecular mechanism has been
employed in which the conformation of building blocks
unambiguously defines the position of each building unit within

adjacent COF layers. The multidentate central units with a lock-
and-key-like molecular conformation guides the attachment of
the successive layers, which enhance the crystallinity and
stability of COFs.38 Four TPE-based COFs, that is, 4PE-1P,
4PE-2P, 4PE-3P, and 4PE-TT, have been successfully
synthesized under solvothermal conditions by using the above
strategy (Figure 10). The four phenyl groups in the knot assume
a screw-like arrangement and thus allow the TPE knots of a
successive COF layer to lock into a single and well-defined
lateral position. Notably, these COFs possess high physico-
chemical stabilities, surface areas, and crystallinities. This
strategy is potentially applicable in designing and synthesizing
various COFs to achieve high structural ordering and excep-
tional stability.
Tailoring the structure of COFs by modulating the supra-

molecular interactions is another efficient way to enhance the
crystallinity and porosity. Introducing as-synthesized acid-
diamine salts that possess different reactivities toward the
aldehyde (Tp) depending upon their N−H···O hydrogen-
bonding strength, a series of TpPa-based COFs have been
synthesized from PTSA-diamine salts with sharp diffraction
peak that corresponds to the (100) planes.286 Considering the
fact that the strong hydrogen-bonded acid-diamine salts hinder
the imine bond formation because of their low reactivity with
aldehyde, the intermolecular Namine−H···Oacid hydrogen-bond-
ing interaction plays a pivotal role in controlling the reactivity of
these acid-diamine salts. Experimentally, when synthesized from
PSA-Pa-2, COF-TpPa-2 exhibits a BET surface area as high as
969m2 g−1, whereas a similar COF has a BET surface area of 407
and 430 m2 g−1 when synthesized from BSA-Pa-2 and PTSA-Pa-
2 salts, respectively. Compared with the hydrogen-bonding
distance (dav) of PTSA-Pa-2 (1.875 Å) and BSA-Pa-2 (1.869 Å),
the dav value (2.119 Å) of PSA-Pa-2 is more suitable; a strong
hydrogen-bonding interaction (a short dav distance) prohibits

Figure 28. Schematics of the double-stage COFs for (A) HHTP-FPBA-TATTA COF, (B) TATTA-FPBA COF, (C) HHTP-FFPBA-TATTA COF
and HHTP-DFFPBA-TATTA COF, and (D) TATTA-FFPBA COF and TATTA-DFFPBA COF.
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the formation of long-range ordering and results in the poor
crystallinity and porosity of resulting COFs.
Moreover, compared with the direct condensation of amine

and aldehyde, changing aldehyde monomers into benzophe-
none-imine-protected monomers yields the BND-TFB COF
with an enhanced BET surface area.287 The BET surface area of
directly synthesized BND-TFB-COF is 1496 m2 g−1, which is
increased to 2618 m2 g−1 upon imine protection. However,
because of the irreversible tautomerization from imine to β-
ketoenamine, the defect correction process is unfavorable, which

results in a low crystallinity and BET surface area of β-
ketoenamine-linked COFs.
Recently, the systematic study of the mechanism of thin-film

growth of a typical imine-linked COF on modified silicon
substrates has revealed the kinetics and thermodynamics
associated with the orientation or control over the solution-
based growth process.288 2D GIWAXS studies indicate that the
oriented growth of 2D COF thin films adopts an anisotropic
“face-on” arrangement, whereas both ex situ concentration- and
time-dependent studies have uncovered an unusual re-entrant
transition in the orientation during the thin-film growth. The

Figure 29. (A) Phthalocyanine-based double-stage COFs for CuPc-FPBA-ETTA COF, CuPc-FPBA-PyTTA COF, and CuPc-FPBA-TABPy COF.
(B) Porphyrin- and phthalocyanine-based double-stage COFs for CuPc-FPBA-ZnP COF, CuPc-FPBA-TMBDA COF, and CuPc-FPBA-DETHz
COF.

Table 4. Typical Reaction Conditions for the Double-Stage Linking COFs

COFs solvents (v/v) temperature (°C) reaction time (day) ref

NTU-COF-1, DL-COF-1, DL-COF-2 DOX/mesitylene (1/1) 120 3 88, 277
NTU-COF-2 DOX/mesitylene (1/3) 120 3 88, 277
TATTA-FPBA-COF, TATTA-FFPBA-COF, TATTA-DFFPBA-COF DOX/mesitylene (1/9) 120 7 87
HHTP-FPBA-TATTA-COF DOX/mesitylene (1/1) 120 7 87
HHTP-FFPBA-TATTA-COF, HHTP-DFFPBA-TATTA-COF DOX/mesitylene (1/3) 120 7 87
CuPc-FPBA-ETTA COF, CuPc-FPBA-ZnP COF, CuPc-FPBA-TMBDA COF DMAc/o-DCB (2/1) 120 7 87
CuPc-FPBA-TABPy COF, CuPc-FPBA-PyTTA COF DMAc/o-DCB (3/1) 120 7 87
CuPc-FPBA-DETHz COF DMAc/o-DCB (1/3) 120 7 87
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solution-based COFs grow with the appearance of a disoriented
phase. The first appearance of the oriented phase at the
beginning of the COF growth and the disappearance of the
disoriented phase at the later stage suggest an interface-initiated
templating effect owing to the reversibility of the cross-linking
chemistry.
The main driving force for the structural formation of COFs is

the covalent bond that connects organic units into 3D polygons

and further interlocks the interpenetrated framework. The
covalent growth of 3D COFs proceeds along all three
dimensions, in which the control of interpenetration is a difficult
task. Recently, the interpenetration isomerism of 3D COF-300
has been identified. Before heating to 120 °C for 72 h, the
reaction mixture is kept at room temperature for 72 h and then
warmed to 50 °C for 72 h. COF-300 synthesized without an
aging process assumes a dia-c5 topology. In contrast, COF-300

Figure 30. Schematics of the COFs synthesized via linkage transformation for (A) imide TPB-TP-COF, (B) COF-366-M-AR, (C) COF-921 and
LZU-192, (D) MF-1, and (E) carbamide COF-170 and thiocarbamide COF-170.

Figure 31. Proposed mechanism of the BF3·OEt2-catalyzed boronate ester formation reaction for the synthesis of the COF.
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Figure 32. Proposed growth mechanism of boronate-ester COFs. Reprinted from ref 186. Copyright 2014 American Chemical Society.

Figure 33. Schematics of the single crystal of imine-linked 3DCOFs, including COF-300, COF-303, LZU-79, and LZU-111. Adapted with permission
from ref 154. Copyright 2018 American Association for the Advancement of Science.
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produced upon aging exhibits a seven-fold interpenetrated dia-
c7 diamond topology.289

The key factors that guide the formation of 2D COFs are the
intralayer covalent bonds and the interlayer noncovalent
interactions. In addition to these molecular interactions within
skeletons, the growth of crystallites is affected by nuclei, reaction
media, temperature, and duration. In general, the morphology of
crystallites is irregular, and their shape control is almost
impossible. Nevertheless, a careful design of knots and edges,
controlled synthetic conditions, and template-assisted repli-
cation enable the growth of well-shaped COF crystalli-
tes.27,31,81,82,85,210,222,290,291 Indeed, the macroscopic shape
control of 2D COFs has been successfully achieved for some
typical examples.
5.3.4. Morphology Control.Well-defined cubes have been

developed for boronate-ester-linked ZnP-COF (Figure 34A).31

In this case, the reaction medium and time are important. As the
volume ratio of mesitylene to DOX in the solvent is changed
from 4/1 to 9/1, the morphology of the resulting crystallites
changes from irregular particles to regular cubes. As the volume
ratio is changed to 19/1, a deformation of morphology from a
cube to a disk-like shape is observed while retaining the
crystallinity. Time-dependent experiments reveal that the
growth of 2D COFs is along the x and y directions. For
example, upon extending the reaction time from 1 day to 2, 4 and
6 days, the average length and width of cubes change from 360±
30 to 427 ± 35, 508 ± 35, and 588 ± 35 nm, respectively. The
length and width of the cubes are leveled off and reach 666± 35
nm after 15 days. The AFM images of the cubes at different
reaction times reveal that the cubes retain their thickness

between 10 and 30 nm. Interestingly, the surface area and pore
volume of the resulting ZnP-COF are gradually increased from
85 to 1742 m2 g−1 and from 0.069 to 1.11 cm3 g−1, respectively,
as the reaction time is extended from 1 to 15 days. Different from
the tetragonal ZnP-COF, a kagome-type dual-pore TPE-Ph
COF has been prepared as well-defined belts.117 As the reaction
time is tuned from 3 days to 10, 20, and 30 days, the length of the
belt-shaped crystallite changes from 4 to 6, 16, and 53 μm,
respectively, while it keeps its clear edges and smooth surfaces.
On the basis of the surface energy minimization, hollow-

sphere COFs have been prepared for the imine-linked DhaTab
COF with a nonplanar TAPB (= Tab or TPB) knot and the 2,5-
dihydroxyterephthalaldehyde (2,5-DhTa or 2,5-Dha) edge via
self-assemblies driven by the Ostwald ripening mechanism.81 In
this case, the reaction time is critical. For example, rod-like
crystallites are formed after the initial 12 h reaction and are
transformed into hollow spheres after the 24 h reaction. As the
reaction time is increased to 36, 48, and 72 h, hollow spheres
with smooth surfaces are formed. The inner core width of the
hollow sphere is in the macroporous range (0.5−2 μm), whereas
the outer surface is constructed from rod-like COFs with a width
of 20−40 nm. Similarly, the 2,3-DhaTab COF constructed from
the condensation of the Tab knot and a 2,3-dihydroxytereph-
thalaldehyde (2,3-DhTa or 2,3-Dha) edge forms hollow spheres
with a size of∼400 nm. Interestingly, by changing the knot from
Tab to a planar 1,3,5-tris(4-aminophenyl)triazine (Tta), the
morphology of the resulting COFs changes from a hollow sphere
to a ribbon.82,85 The 2,3-DhaTta COF (Figure 7C) is a ribbon-
shaped crystallite with a length of ∼200 nm, as evidenced by the
TEM analysis. Notably, PXRD analysis together with the DFTB
calculations reveal that the π−π stacking interaction energy for
the 2,3-DhaTta COF (−1634.2 kJ mol−1) is lower than that of
the 2,3-DhaTab COF (−1578.7 kJ mol−1). The interlayer π−π
interactions for the 2,3-DhaTta COF are strong due to its planar
knot, and thus the crystallite prefers growth in the z direction
other than along the x−y plane to form ribbons. In contrast, the
low stacking energy in the 2,3-DhaTab COF originates from the
nonplanar knots that weaken the growth of the COF along the z
direction and result in small rods that further self-assemble to
form more stable hollow spheres.
Recently, the microtubular self-assembly based on COFs has

been developed. The imine-linked DPP-TAPP-COF (Figure
34B) consisting of 5,10,15,20-tetrakis(4-aminophenyl)-
21H,23H-porphine (TAPP) and tetraphenylporphyrin (TPP)
moieties yields hollow microtubular assemblies with outer and
inner tube diameters of approximately 300 and 90 nm,
respectively.292 Time-dependent morphology studies reveal
the transformation process from initial sheet-like agglomerates
into tubular microstructures.
A dynamic covalent chemistry (DCC)-based postsynthetic

approach has been developed for the assembly of hierarchical
architectures. Through adjusting the loading amount of 1,4-
diaminonaphthalene (Naph) in the solid−liquid reaction of
Naph and COF-Ph, a part of the 1,4-diaminobenzene (Ph =
DAB) of COF-Ph is replaced by Naph via postsynthetic
exchange.293 The homogeneously mixed COF-Ph-Naph ex-
hibits a spherical hollow structure with a shell thickness of 70−
100 nm. In contrast, the condensation of COF-Naph with DAB
yields hollow spheres with a thickness of ∼180 nm.
Furthermore, through the amorphous-to-crystalline trans-

formation by virtue of dynamic imine exchange, fibrous imine-
linked TpBD-COF and TfBD-COF have been prepared.294 This
is achieved by a two-step process; the first step is the

Figure 34. Synthesis of (A) boronate-ester-linked ZnP-COF and (B)
imine-linked DPP-TAPP-COF.
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polymerization to form amorphous polyazomethine (PAM)
fibers that control the formation of morphologies, and the
second step promotes the solvothermal crystallization while
retaining the fiber morphology and size.
The shape and surface of the crystallites can be tuned by the

nature and amount of catalysts.291 For example, the imine-linked
COF-366 (Figure 8C) has been synthesized by the con-
densation of TAPP and terephthaldehyde (TA) in a mixture of
mesitylene/EtOH (5/5 vol) at 120 °C. The COF is controlled
by using different amounts of various organic acid catalysts,
including AcOH, benzoic acid (BA), salicylic acid (SA), oxalic
acid (OA), and p-(dodecyloxy)benzoic acid (p-DBA). For
example, when an aqueous AcOH solution (6 M) is used, an
irregular morphology is generated, as evidenced by the FE-SEM
measurement.291 In contrast, the use of pure AcOH (0.35 mL)
significantly improves the morphology and yields regular
octahedrons of 2 μm. As the acid amount is reduced to 0.05
mL and the reaction time is extended from 1 to 36 and 72 h,
complex microsized octahedrons decorated with perpendicu-
larly aligned nanoplates are formed. On the contrary, when BA
or p-DBA is used, nanoplates with different sizes are observed.
The use of OA yields a mixture of micro-octahedrons and
microplates, whereas SA (100 mg) guides the formation of
mostly micro-octahedrons with the coexistence of a very small
portion of nanoparticles. By reducing the amount of SA from
100 to 50 mg, only pure and uniform micro-octahedrons are
observed. The reaction temperature affects the morphology due
to the dynamic nature of the imine linkages. The reaction is
carried out at room temperature at different time intervals. For
example, a 3 min reaction produces only irregular nanoplates,
which are converted to regular octahedrons upon a 6 day
reaction. However, the surface of the octahedrons upon the
room-temperature reaction is not smooth. In contrast,
octahedron crystallites with clear and smooth surfaces are
obtained at 120 °C after a 72 h reaction. This is attributed to the
dynamic nature of the imine linkages, in which the nanoplates
are kinetically formed after a short reaction time or at a low
reaction temperature followed by the aggregation of nanoplates
through noncovalent interactions to form octahedrons with
rough surfaces. As the reaction was conducted over a long time
or at high temperature, the surface of the octahedron became
smooth with clear faces through the thermodynamic control of
“error-checking” and “proofreading” processes.
From the above typical examples, the principle for the

synthetic control over the growth of COFs to achieve
macroscopically well-defined and desired shapes remains to be
established. The exploration of a general way to systematically
tune COF structures and reaction conditions plays a key role in
meeting the goal of rational control over the morphology.

5.4. Synthesis on Substrates

In contrast with the bulk syntheses of microsized crystallites, the
preparation of free-standing thin films remains a substantial
synthetic challenge. Nevertheless, the preparation of thin films
on various substrates has been investigated, including single-
layer graphene (SLG),170,174 highly oriented pyrolytic graphite
(HOPG),183,295−299 metal substrates Ag(111),300,301

Au(111),177,229,302−305 and copper foil (SLG-copper),226 the
glass substrate,306,307 three-dimensional graphene (3DG),308

porous ceramic α-Al2O3 substrate,
140 amine-modified reduced

graphene oxide (NH2−rGO),309 hexagonal boron nitride
(hBN),310 polydopamine-coated capillary,311 3-aminopropyl-
trimethoxysilane (AMS)-functionalized silicon wafer (Si-

AMS),312 amino-functionalized carbon nanotubes (CNTs),237

and diboronic-acid-attached graphene oxide (GO).313 Among
these substrates, SLG, HOPG, the glass substrate, hBN, metal
substrates (Ag(111), Au(111)), and copper foil (SLG-copper))
have been used to prepare single-layer COFs (sCOFs) (Table
5).

5.4.1. COFs on Porous Ceramic α-Al2O3 Substrate.
COFs have been prepared on the surface of porous metal oxides.
For example, an approach to grow 3D COF-320 (Figure 35A)
on porous ceramic α-Al2O3 has been developed.140 In this
method, the surface of porous α-Al2O3 is functionalized with 3-

Table 5. Typical Examples of COFs Prepared on Different
Substrates

COFs substrates ref

COF-5, ZnPc-PBBA COF single-layer graphene (SLG) 170,
174

COF-320 porous ceramic α-Al2O3 substrate 140
ZnPc-PBBA COF SLG 174
2D covalent monolayer air/water interface 314
boroxine-linked COFs highly oriented pyrolytic graphite

(HOPG)
178

BDT-COF/COF-5 glass substrate 306
COFABBA gas/HOPG interface 297
SCOF-IC1/SCOF-LZU1 HOPG 175
COFDAAQ‑BTA three-dimensional graphene (3DG) 308
COF-5 polydopamine-coated capillary 311
COF-LZU1 amine-modified reduced graphene

oxide (NH2−rGO)
309

Schiff-base COFs HOPG 183
COF-LZU1 silicon wafer (Si-AMS) 312
COF-LZU1 copper foil (SLG-copper) 226
COF-366 hexagonal boron nitride (hBN) 310
COF-1/COF-5 Ag(111) 300
HHTP-DPB COF SLG/SiO2 91
TFPB-DATP-COF Au(111) 304
TFPB-TAPB-COF
carbon-based COF Ag(111) 301
metalloporphyrin-based
COFs

HOPG 299

2D COFTTA−DHTA amino-functionalized carbon
nanotubes

237

COF-1 diboronic-acid-attached graphene
oxide

313

COF-366-Co HOPG 315

Figure 35. Schematics of (A) 3D COF-320 and (B) COFDAAQ‑BTA-
3DG.
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aminopropyltriethoxysilane (APTES), which works as a linker
between the COF and α-Al2O3. Second, the surface-modified α-
Al2O3 substrate is added into a DOX mixture of TAPM and
BPDA monomers and AcOH catalyst, and the mixture is
degassed by three freeze−pump−thaw cycles and sealed to
remain at 120 °C for 72 h. The substrate is washed with
anhydrous THF and dried under vacuum at 100 °C to yield a
yellow COF-320 membrane on the α-Al2O3 substrate. The
thickness of the COF layer is ∼4 μm. The 3D COF-320
membrane is hydrogen-selective with a high hydrogen
permeance of 5.67 × 10−7 mol (m2 s Pa)−1, and its
permselectivity for H2/CH4 and H2/N2 is about 2.5 and 3.5,
respectively, which is close to the ideal separation factors (2.83
for H2/CH4 and 3.74 for H2/N2) that are theoretically
calculated by the Knudsen diffusion mechanism.
5.4.2. COFs on Three-Dimensional Graphene Sub-

strate. COFDAAQ‑BTA-3DG (Figure 35B) has been synthesized
by using an interfacial polymerization method. In this method, a
DMAc solution of 2,6-diaminoanthraquinone (DAAQ) and
benzene-1,3,5-tricarbaldehyde (BTA) is added to deionized
water at a 6% volume ratio. The resulting suspension is directly
soaked by 3DG. The composite is heated to 140 °C for 5 h and
annealed at 205 °C for 1 h under argon to yield COFDAAQ‑BTA-
3DG.308

5.4.3. COFs on Graphene Oxide Substrate. GO is a 2D
carbon material with various functional groups on surface and
edges. In a typical protocol, the amino-functionalized NH2−
rGO is dispersed in DOX and stirred for 0.5 h. TFB, PPDA, and
acetic acid are added to the dispersed GO solution under mild
stirring. The amine groups of GO enable the formation of imine
bonds and anchor COFs on GO. The mixture is transferred to a
Teflon-lined autoclave and heated to 120 °C for 2 days. The
obtained solid is washed withDMF andTHF and dried to yield a
COF/NH2−rGO composite.309 Under the solvothermal
condition in methanol, benzene-1,4-diboronic acid (DBA)
molecules react with the −OH groups of GO to covalently
anchor on the surface of GO. The unreacted −OH groups of
DBA serve as reaction sites for the polycondensation to form
COF-1 in a mixture of mesitylene/dioxane. By using this
method, single-layer COF-1 can be covalently attached and
oriented perpendicular to the GO surface.313

5.4.4. COFs on Silicon Wafer Substrate. In this method,
the surface of silicon wafer is functionalized with amino groups
using AMS to obtain Si-AMS.312 The Si-AMSwafer is allowed to
react with TFB in the presence of AcOH catalyst at 120 °C for 24
h to form Si-AMS-CHO-1. After cooling to room temperature,
the Si-AMS-CHO-1 wafer is washed with EtOH and reacted
with PPDA in the presence of AcOH catalyst at 120 °C for 24 h
to form Si-AMS-NH2-1. The amino-functionalized COF films
(Si-AMS-NH2-4) on Si-AMS are obtained by repeating the
above processes three times. The thickness of the films is
estimated to be 4−28 nm.
5.4.5. COFs on Capillary. The capillary substrate is

modified by polydopamine to obtain polydopamine-coated
capillary (polydopamine@capillary) (Figure 36). A mesitylene/
DOX solution of BDBA and HHTP monomers is slowly added
at a rate of 0.05 mL h−1 in 10 min to the polydopamine@
capillary. The capillary is sealed and heated to 100 °C for 20 h,
washed with methanol, and dried with nitrogen flow to yield a
COF-5 polydopamine capillary. Repeating the above processes
enables the preparation of multilayered COF-5 (Figure 7B) on
the capillary.311

5.4.6. Single-Layer COFs on Substrates. A variety of
sCOFs have been synthesized by depositing on various
substrates (Table 5), and their domain structures have been
studied by using STM. For example, the formation of single layer
COF-1 (Figure 7A) on the Ag(111) surface is based on the
dehydration of BDBA under an ultrahigh vacuum (UHV) at
10−10 mbar, and the deposition rate is ∼0.5 monolayers per
minute.300 In relation to this method, two different synthetic
methods have been tested for the preparation of 2D COF-1
monolayers on graphite.184 One method is the prepolymeriza-
tion of BDBA into nanocrystalline COF-1 precursors, which are
then drop-cast onto the graphite. This method enables the
understanding of reaction parameters that determine the
formation of COF-1. Another approach is to directly deposit
the monomer solution onto the graphite for polymerization.
This process is efficient for the preparation of 2D COF
monolayers. Notably, controlling the water concentration to
regulate the reaction equilibrium enables the growth of large-
scale high-quality sCOFs. For example, the control of water
concentration is achieved by placing the CuSO4·5H2O solid in a
closed system.295 Interestingly, during the heating process, the
water molecules are released from CuSO4·5H2O and promote
the defect remedy. During the cooling process, water molecules
are adsorbed by CuSO4 so that the decomposition of the sCOFs
is avoided.
For the preparation of 2D COFs on HOPG, HOPG is

deposited into a freshly sonicated solution of TAPP and
5,10,15,20-tetrakis(4-aminophenyl) zinc porphyrin (Zn-TAPP)
in toluene or 1,2,4-trichlorobenzene and added to TA solid or
solution. With CuSO4·5H2O at the bottom of the tube, the
reaction is carried out at 120−150 °C in an oven for 2−24 h.
Similarly, BTA and PDA are dissolved in octanoic acid at a
concentration of 0.1 mg g−1, and the mixture is drop-cast for

Figure 36. Schematic of synthesizing the COF film on a capillary.
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dehydration on the SLG on copper foil (SLG-copper) to
produce an sCOF on SLG-copper.226

The imine-linked sCOFs have been synthesized on the
HOPG substrate. The condensation of tetrathiafulvalene-based
monomers with four benzaldehyde groups (4ATTF) and
diamines such as PPDA and 1-1′-biphenyl-4,4′-diamine
dihydrochloride in the presence of HOPG forms sCOFs on
HOPG.296 Changing the terminal functional groups of the
monomers offers a way to get insight into the general kinetics of
the structural development.316 Another example is to produce
sCOFs on HOPG by using CuSO4·5H2O to adjust the water
content. A freshly cleaved HOPG is drop-cast with a THF
solution of TAPB (10−5 M) or TFB (10−4 M) monomer and is
allowed to dry.175 HOPG and CuSO4·5H2O are transferred to
an autoclave under different reaction temperatures for 3 h to
yield sCOFs. This approach based on the self-limiting solid−
vapor interface generates high-quality and ordered 2D TAPB-
TFB sCOFs. This method is also applicable to another imine-
linked TPA-TAPB sCOF. A typical protocol is shown as follows.
First, the TAPBmonomer is drop-cast onto HOPG. Second, the
terephthaldicarboxaldehyde (TPA) monomer is introduced,
and the reaction container with CuSO4·5H2O is sealed. The
reactor is kept at a designated temperature, and the TPA
monomer vaporizes to land on the surface of HOPG that is
covered with TAPB. The reaction temperature and the
concentration of TAPB and CuSO4·5H2O have a significant
influence on the quality of sCOF. Notably, if the order of the

monomer loading is reversed, then no sCOF forms on HOPG; a
full vaporization of TPA before TAPB on the surface does not
form a sCOF. The monolayer COF can be further developed for
the construction of the host−guest architecture. For example,
HOPG-supported COF-1 serves as a host to stabilize hydro-
phobic fullerene guests at the solution/solid interface and forms
functional host−guest materials.317

5.4.7. Thin Films. Because of the high porosity and
periodically ordered structures, COFs have shown a variety of
potential applications; some of these applications require
oriented thin films. To date, several approaches have been
explored based on different strategies.318 Encoding electrostatic
repulsion into the COF skeleton can withstand the interlayer
π−π stacking and produces PyVg-COF with both crystallinity
and high solubility in various organic solvents.319 It can be self-
exfoliated into large-area monolayer or multilayer nanosheets
when dissolved.
Vapor-phase deposition is one of the most established

methods used in fabricating organic semiconductor thin films.
The COF-1 (Figure 7A) and COF-5 (Figure 7B) thin films on
the Ag(111) surface have been fabricated by the sublimation of
BDBA and HHTP monomers from two heated molybdenum
crucible evaporators under UHV conditions. The monolayer
COF thin films are confirmed by STM analysis. However,
without the solvothermal conditions like bulk polymerization,
these thin films consist of polygons defects, such as five-, seven-,
and eight-membered cycles. From the STM images, the

Figure 37. Schematics of (A) Tp-Tta, (B) Tp-Ttba, (C) Tp-Bpy, and (D) Tp-Azo.
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coverage and domain structure of the thin films can be easily
identified. Lacking the self-healing process is one of the main
reasons for the formation of structural defects in the thin
films.300,320

Considering the necessity of the solvothermal-controlled
crystallization and self-repairing process of COFs on the
substrates, in situ deposition by growing COFs in solution on
graphene or other substrates is an elegant method. Using this
method, orientated boronate-ester-linked films have been
prepared, as evidenced by the GID signals that match with the
PXRD signals of the bulk COF powders. By controlling the
reaction conditions, thin films with different thicknesses of
hexagonal and tetragonal boronate-ester-linkedCOFs have been
synthesized on various substrates.170 Organic solar cells based
on COF active layers have been achieved through the in situ
deposition method.223 However, the film morphology is not
qualified enough for application in optoelectronic devices.
Tuning the monomer concentration and reaction system has the
potential to improve the film morphology.91,103,171,310 These
tries would open an alternate platform to conventional polymers
or organic molecule-based film devices.93

Among the solution-based film-fabricating processes, spin
coating of organic materials, as established for soluble
conjugated polymers, is the main method to prepare a high-

quality thin film on various substrates. However, spin coating is
hardly applicable to COFs owing to their poor solubility.
Nevertheless, adding long alkyl or alkoxy chains to the COF
skeletons could increase the dispersibility of COFs in solutions.
For example, introducing tert-butyl groups to the pyrene
tetraone monomer results in CS-COF/C60 (CS-COF, Figure
27B), which can be well dispersed in NMP. Spin coating of the
dispersed solution onto the ITO substrate yields COF-based
thin films.158

The COF thin films on substrates have been synthesized at
the solution/air interface extended in a covered Petri dish.321

This method produces films with good morphologies and
smooth surfaces with controlled thicknesses. Similarly, using the
liquid−liquid interface for the bottom-up interfacial crystal-
lization yields large-scale thin COF films under ambient
conditions. Introducing a salt-mediated technique (amine-
PTSA salt) instead of free amine in the aqueous phase, in
which hydrogen-bonding interactions slow down the diffusion
rate, β-ketoenamine Tp-Tta (Figure 37A), Tp-Ttba (Figure
37B), Tp-Bpy (Figure 37C), and Tp-Azo (Figure 37D) COF
thin films with the thickness from ∼50 to 200 nm can be
achieved.202

Owing to the layered structures, dispersion of COFs upon
exfoliation through sonication is possible, and the successive

Figure 38. Schematics of (A) TFPT-COF, (B) IISERP-COF2, (C) CCOF-MPC, (D) IISERP-COF3, and (E) c-1.
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spin coating of the supernatant onto substrates can produce thin
films. Notably, the thin films fabricated by this method are
crystalline and have smooth surfaces.322 Recently, the temper-
ature-swing gas exfoliation approach has been developed for the
fabrication of ultrathin 2D COF nanosheets.323 By heating to
300 °C for 10 min in air and immediately immersing into liquid
N2 until the liquid N2 gasifies completely, 2D nanosheets of
NUS-30−32 can be successfully prepared via the expansion of
the interlayer distance.
A convenient method for preparing high-quality 2D COFs

thin films has been established by employing continuous-flow
synthesis in a quartz crystal microbalance (QCM) flow cell.324

The polymerization of HHTP and bis(boronic acid), including
1,4-phenylenebis(boronic acid), 4,4′-diphenyl-butadiynebis-
(boronic acid), 2,7-pyrenebis(boronic acid), and 4,4′-
biphenylbis(boronic acid), to provide the boronate-ester-linked
frameworks, is conducted in a flow cell in a mixture of
mesitylene/dioxane with a small amount of MeOH added to
dissolve both monomers. Those homogeneous solutions are
pumped through the tube at 90 °C for a given residence time and
pass over a substrate. 2D COF powders then form downstream
on the substrate if the residence time and conditions are chosen
judiciously. By using this method, the thickness of films and their
growth rate can be controlled, thus offering a route to high-
quality films with the low surface roughness that is necessary for
some applications.172,310,325

5.5. Synthesis of COF Composites

The well-defined channels of COFs are open and accessible to
dock other nanosized materials, whereas the skeletons offer an
interface for constructing composites or hybrids on the surface.
COF composites have been developed to showcase the potential
of pores and skeletons for creating new materials that might
combine the advantages of two materials into one composite,
opening a new dimension to the designed synthesis of
hybridized molecular systems.
5.5.1. COF−Nanoparticle Composites. Platinum (Pt)

nanoparticles can be loaded onto COFs via an in situ
photodeposition approach. COFs are dispersed in an aqueous
solution containing a triethanolamine (TEOA) sacrificial
electron donor and hexachloroplatinic acid (H2PtCl6), and
irradiation with a Xe lamp generates Pt nanoparticles to yield Pt/
COF composites. The Pt-loaded TFPT-COF83 (Figure 38A)
and Nx-COFs85 (Figure 23C) are produced using this method.
Metal nanoparticles can grow within the COF support via a

solution approach. For example, adding a methanol solution of
NiCl2·6H2O or CoCl2·6H2O to an n-hexane suspension of
IISERP-COF2 (Figure 38B) yields a solid, which is isolated,
dispersed in water, and reduced with an aqueous solution of
NaBH4 to form IISERP-COF2 composites with uniform Ni or
Co nanoparticles (<2 nm in diameter) on the COF surface.249

Similarly, through a solution infiltration method using NaBH4 as
a reductant to reduce Na2PdCl4, Pd nanoparticles (7 ± 3 nm)
can be immobilized into the TpPa-1 COF, whereas Pd@CCOF-
MPC (CCOF-MPC, Figure 38C) with Pd nanoparticles of 2−5
nm size can be produced from palladium nitrate.326

On the contrary, nickel nitride (NiN3) nanoparticles can be
loaded onto the COF via solid-state synthesis. A mixture of
IISERP-COF3 (Figure 38D) and nickel acetate is groundedwith
urea and heated to 350 °C for 6 h in air, and the resulting solid is
washed with water and methanol to remove any unreacted
starting materials, forming an IISERP-COF3-NiN3 composite.
Using hexamethylene tetraamine (HMTA) to replace urea as

the ammonia source yields an IISERP-COF3-NiN3 composite
with larger NiN3 particles.

327

Interestingly, a two-step strategy has been developed to
enable the encapsulation of nanoparticles into imine-linked
COF spheres. The direct polymerization of monomers in the
presence of a variety of metallic/metal-oxide nanoparticles
forms amorphous and nonporous imine-linked polymers, which
upon reaction in acetic acid forms an NP@COF hybrid with
nanoparticles in spheres.328 NP@c-1 (c-1, Figure 38E)
constructed with TAPB and BTCA is the typical example of
this strategy.

5.5.2. COF-on-COF Composites. COFs are formed by π-
stacking of 2D layers, which offer an approach to prepare COF-
on-COF composites. For example, using a temperature-swing
solvothermal approach to regulate the growth of imine-linked
COF-LZU1 (Figure 21A) and azine-linked ACOF-1 (Figure
7E) enables the formation of a 2D bilayer membrane with a
stacked COF-on-COF composite on the Al2O3 substrate, which
is pretreated with APTES, TFB, and the PDA/hydrazine hydrate
mixture.329

5.5.3. COF−MOF Composites. COF−MOF composites
can be synthesized by growing MOFs on COFs. A polyaniline
(PANI)-modified porous SiO2 disk is used to synthesize a COF-
300 (Figure 15D) membrane on the surface, which is added to a
Teflon-lined autoclave containing a Zn2(bdc)2(dabco) mother
solution or ZIF-8 mother solution; the Zn2(bdc)2(dabco) or
ZIF-8 MOF membrane forms on the COF-300 membrane to
yield COF−MOF composite membranes.330 On the contrary,
MOF crystals can be encapsulated within COF spheres. Spray-
drying is used to encapsulate UiO-66-NH2 or Zr-fumarate MOF
crystals into amorphous TAPB-BTCA polymer beads, which are
then transformed into COF-TAPB-BTCA (= c-1, Figure 38E)
under solvothermal conditions to yield composites with UiO-
66-NH2 or Zr-fumarate MOF encapsulated within COF-TAPB-
BTCA.331

6. STABILITY CONTROL

Different from conventional polymers, COFs exhibit high
thermal stability owing to the covalent bonds, high content of
robust aromatic systems, and crystalline nature.214 In general,
COFs are thermally stable between 250 and 450 °C under an
inert atmosphere. The residual percentage upon pyrolysis under
nitrogen is dependent on the structures of knots, edges, and
linkages. The thermal stability and residual weight are important
for the carbonization of COFs.
The strength of chemical bonds determines the overall

chemical stability of COFs; in particular, the linkages are key to
the chemical stability. However, a stable linkage reduces the
reversibility of the COF formation reaction and is expected to
result in a limited crystallinity. For example, the boroxine or
boronate-ester linkage formation is highly reversible compared
with the imine linkage, as the CN bond is more robust than
the B−Obond. Therefore, in general, the boroxine- or boronate-
ester-linked COFs possess higher crystallinity than those of
imine-linked COFs, whereas the chemical stability is in the
reverse order.

6.1. Boron-Based Linkages

Indeed, the boroxine- or boronate-ester-linked COFs are not
stable under humid or protic conditions.332 The hydrolysis of
the boronate ester linkage includes the reaction of one water
molecule with one B−O bond and the breaking of the five-
membered ring and the reaction of another water molecule with
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the remaining B−O bond to generate monomers, and the
additional water molecule is found to greatly assist the hydrolysis
by lowering the reaction barriers of these two steps. This is
attributed to the increased interactions of monomers with the
water molecules as well as the weakening of the B−O bonds.333

In general, the boroxine- and boronate-ester-linked COFs
need to be washed with anhydrous solvents, which are essential
to reduce the degradation of COFs. Several strategies have been
developed to stabilize the boroxine- or boronate-ester-linked
COFs.131,334,335 For example, the direct synthesis of the
boronate-ester-linked COFs from alkylated edge units (COF-
14 Å, Figure 13) or pyridine-assisted post-synthetic modification
(COF-10) endows the COFs with enhanced hydrolytic
stability.131,334 An ionic spiroborate-linked COF (ICOF) with
an sp3-hybridized anionic boron center exhibits excellent
hydrolytic stability (Figure 27F).217 The enhanced hydrolytic
stability originates from the effective protection of the
electrophilic boron centers from the nucleophile attack.

6.2. Nitrogen-Based Linkages

Unlike the boronate ester and boroxine-linked COFs, most
nitrogen-based COFs, including imine, azine, hydrazone,
squaraine, phenazine, imide, and triazine-linked COFs, exhibit
remarkable hydrolytic stability.

The strength of interlayer interactions plays an important role
in enhancing the chemical stability of COFs. In particular, the
introduction of additional noncovalent interactions to the
skeletons can greatly enhance the chemical stability. Two
different strategies, that is, intralayer hydrogen-bonding
interactions and interlayer complementary π-interactions, have
been developed.80,98,100 The condensation of TAPPwith DHTP
(= 2,5-Dha) and BDA or 2,5-dimethoxyterephthalaldehyde
(2,5-Dma or DMTP) yields the MP-DHTP COFs (or DhaTph
COF) and MP-Ph (or DmaTph COF), respectively (Figure
39A).98 The MP-DHTP COFs exhibit enhanced crystallinity
and chemical stability in comparison with the MP-Ph or
DmaTph COF, due to the presence of hydroxyl-functionalized
edge units that form an intramolecular hydrogen-bonding
interaction with the imine bond. Moreover, the presence of the
hydrogen-bonding interaction enhances the structural rigidity
and crystallinity, thus protecting the imine linkages from
chemical attack.100 By introducing complementary π-interac-
tions between layers to reinforce the interlayer interactions, the
resulting COFs exhibit greatly enhanced crystallinity, porosity,
and stability.336

Remarkably, the imine-linked COFs have been designed to
possess ultrahigh stability in boiling water, strong acid, and base

Figure 39. Strategies for the stability control of COFs by using (A) hydrogen bonding, (B) interlayer interactions, (C) tautomerization, and (D) the
interlayer complementary method.
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media. This is achieved by introducing resonance effects to the
phenyl edge units that soften electrostatic repulsions between
layers caused by the polarization of the CN bonds. The
condensation of TAPB with DMTP yields TPB-DMTP-COF
(Figures 16O and 39B).80,81 TPB-DMTP-COF exhibited
ultrahigh stability against boiling water, strong acids (12 M
HCl), and strong bases (14MNaOH) for 7 days while retaining
high crystallinity and porosity.
Similarly, integrating electron-donating groups into the knots

will also enhance the stability of imine-based COFs through
providing significant steric hindrance and the hydrophobic
environment around the imine bonds. TpOMe-Pa1, TpOMe-
BD(NO2)2, TpOMe-Azo, and TpOMe-BPy with a 2,4,6-
trimethoxy-1,3,5-benzenetricarbaldehyde (TpOMe) knot ex-
hibit high chemical stability in H2SO4 (18M), HCl (12M),
NaOH (9M), boiling water, and common organic solvents for
several days.337 Using TFP (= Tp or Tfp) as a knot that enables
the transformation of the imine linkages to a more stable
enamine bond via enol-keto tautomerization yields TpPa-1 and
TpPa-2, which are stable in aqueous HCl solution (9M), boiling
water, and aqueous NaOH solution (9 M) (Figure 39C).64

Apart from incorporating methoxy groups adjacent to the
aldehydes or introducing enol−keto tautomerization into the
skeleton, adjusting ethyl or isopropyl groups adjacent to each
amine and di- or trialdehyde offers a synthetic strategy to control
the interlayer stacking (AA, AB, and ABC) (Figure 39D), thus
modulating the chemical stability of the resulting COFs.336 The
chemical stability of COFs is relevant to the density of
incorporated alkyl groups that can protect the imine linkage
and hydrolytically susceptible backbones. The COFs decorated
with isopropyl groups can maintain crystallinity in aqueous
NaOH solution (20 M) at 100 °C for 1 week.

6.3. Stable Skeletons

Compared with other nitrogen-based linkages, such as imine,
azine, and hydrazine linkages, CS-COF and CTFs exhibit
exceptional chemical stability owing to the formation of ring-
fused phenazine and triazine units, respectively.75,158 The
crystalline structure of phenazine-linked CS-COF (Figures
16E and 27B) remains intact after it is immersed in organic
solvents, including methanol, benzene, CHCl3, and hexane,
irrespective of their polarity, as well as aqueous HCl and NaOH
solutions (1 M) for 24 h.153 Apart from nitrogen-based stable
linkages, the CC-linked sp2c-COFs (Figure 25A) offer
extremely stable frameworks that keep their crystallinity and
porosity under 1 week of immersion in water, strong acid, or
base or upon 1 year of exposure to air.115 The irreversible

dioxine linkage offers excellent stability to the resulting COFs.
The FT-IR spectra and PXRD patterns of COF-316 and COF-
318 (Figure 26) are retained after treatment in 12 M HCl (aq)
for 3 days,94 whereas JUC-505 and JUC-506 (Figure 26) retain
their crystalline structure after treatment under various
conditions, including NMP, DMF, THF, dichloromethane,
EtOH, acetone, n-hexane, m-cresol, boiling water, concentrated
HCl (12M), concentratedH2SO4 (18M), HF (40%), saturated
NaOH (14M),MeONa (5 M inMeOH), chromic acid solution
(0.1 M K2Cr2O7 in concentrated H2SO4), and LiAlH4 (2.4 M in
THF) for 1 week.95

Because the skeletons and pores of COFs can be systemati-
cally designed by the topology diagram and can be synthetically
controlled, the functions of COFs could be designed and
managed. This designability of both structures and functions is
the unique feature of COFs that casts a sharp contrast with other
porous materials. The design of COFs to create porous
structures includes the design and control of the pore shape,
size, and environment, which are key parameters that determine
the sorption, separation, catalysis, and energy-storage properties.
On the contrary, the design of the COF skeleton integrates knot,
edge and linkage units into periodically ordered columnar π-
arrays, which endow the frameworks with outstanding
physicochemical properties, including optoelectronic proper-
ties, charge separation and charge-carrier conduction, and
energy storage and energy conversion. Indeed, to achieve a
specific function, the complementary design of the pores and
skeletons offers a general way to trigger synergistic effects on
COFs.16,21,338 In this section, the functional design of COFs
based on the pores and skeletons and their complementary
utilization are demonstrated.

7. SEMICONDUCTORS

Most COFs contain rigid π-units in their skeletons as they
employ π-units for designing and constructing skeletons to form
topologically ordered columnar π-arrays. These periodically
ordered π-structures are unique and inaccessible to conventional
organic crystals and any other organic polymers. These
columnar π-arrays trigger intracolumn electronic coupling and
provide preorganized pathways for promoting charge-carrier
transport. Depending on the structures of knots and linkers,
COFs can be predesigned to control their conducting nature and
achieve hole, electron, and ambipolar conductions. Remarkably,
by integrating electron-donating π-units at the knots and
electron-accepting segments on the linkers, donor−acceptor
COFs with segregated and bicontinuous donor and acceptor π-

Figure 40. p-Type conducting COF of (A) NiPc-COF, (B) COF-66, and (C) COF-366.
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arrays have been developed, and they offer a new molecular
mechanism for photoenergy conversion based on a superb
heterojunction interface that is ideal for charge separation and π-
columns for ambipolar charge transport.93,102,158,166,223

7.1. p-Type Semiconductors

TP-COF with triphenylene vertices and pyrene edges is the first
example of a semiconducting COF (Figure 20A). Electrical
conductivity measurements using a two-probe method reveal
the electric conducting with a current of 4.3 nA at a bias voltage
of 2 V.27 In sharp contrast, the monomer mixture shows only a
negligible current (79 pA) under otherwise identical conditions.
Upon doping with iodine, the current is greatly enhanced. The
electrical current can be on−off switched many times without
deterioration. Notably, PPy-COF with only pyrene units in the
skeleton exhibits excellent electrical current on−off switching
(Figure 19B). Upon visible-light irradiation, these p-type
semiconductors TP-COF and PPy-COF become photoconduc-
tive and exhibit prominent photocurrents with (2 and 8) × 104

on−off ratios, respectively.222 The difference in photocurrents
of the two COFs is attributed to the self-assembled pyrene
structure in PPy-COF that promotes exciton migration across
the framework.
To promote the charge-carrier transport, NiPc-COF (Figure

40A) with phthalocyanine units at the knots of the tetragonal
lattice, has been prepared by condensing [NiPc(OH)8] with
BDBA.30 The experimentally observed PXRD pattern together
with the DFTB simulation results suggest that the phthalocya-
nine units stack in an eclipsed fashion to form a 2D layered
structure, which forms phthalocyanine π-arrays to facilitate
charge-carrier transport. Flash photolysis time-resolved micro-
wave conductivity (FP-TRMC) measurements have been
employed for the investigation of carrier mobility. An
extrapolation at 0 V bias voltage yields a charge-carrier number
of 3.8× 108 with a carrier generation efficiency of 3.0× 10−5 at a
photon density of 6.5 × 1014 photon cm−2. The charge-carrier
numbers are invariant with the variable measurement atmos-
pheres, indicating that the carriers aremainly from the holes with
a minimum carrier mobility of 1.3 cm2 V−1 s−1. Interestingly, the
carrier mobility is greatly dependent on the central metal ions at
the phthalocyanine cores.32 Upon excitation with a 355 nm
pulsed laser at a photon density of 9.1× 1015 photon cm−2 under
air, CuPc-COF yields a ϕΣμ (ϕ is the photocarrier generation
quantum yield and Σμ is the sum of charge-carrier mobilities)
value of 1.4× 10−4 cm2 V−1 s−1. On the contrary, ZnPc-COF and
CoPc-COF exhibit an enhanced ϕΣμ value of (2.2 and 2.6) ×
10−4 cm2 V−1 s−1, respectively. Therefore, the central metal ions

in the phthalocyanine macrocycles play a vital role in
determining the conducting properties.
The boronate-ester-linked COF-66 (Figure 40B) and the

imine-linked COF-366 (Figure 40C) with free-base porphyrin
vertices are also p-type semiconductors.106 On the basis of FP-
TRMCmeasurements, COF-66 and COF-366 have aϕΣμ value
of (1.7 and 4.1) × 10−5 cm2 V−1 s−1, respectively, at a photon
density of 9.1 × 1015 photons cm−2. Time-of-flight (TOF)
measurements of 1.5 μm thick COF-66/poly(methyl meth-
acrylate) (60/40 wt %) and COF-366/poly(methyl methacry-
late) (60/40 wt %) composites reveal that the hole mobility
(Σμ) can reach 3.0 and 8.1 cm2 V−1 s−1, respectively.
The columnar packing affects the carrier mobilities of COFs.

The introduction of tetrathiafulvalene (TTF) units into the
skeleton enables the synthesis of TTF-Ph-COF (= TTF-COF,
Figures 16G and 41A)245 and TTF-Py-COF (Figure
41B).238,339 FP-TRMC measurements of the bare TTF-Ph-
COF and TTF-Py-COF upon 355 nm pulsed laser excitation at a
photon density of 9.1 × 1015 photon cm−2 reveal that the carrier
mobility for TTF-Ph-COF and TTF-Py-COF was 0.2 and 0.08
cm2 V−1 s−1, respectively. The tight packing and low distortion of
the phenyl linkers in TTF-Ph-COF account for the high carrier
mobility. A very distinct difference is observed for the imine-
linked triangular HPB-COF and HBC-COF (Figure 11A, B)
that possess propeller-shapedHPB vertices and the nearly planar
nanographene-like HBC vertices, respectively.12 FP-TRMC
measurements reveal that HBC-COF has a ϕΣμ value of 1.0
× 10−5 cm2 V−1 s−1, which is twice that of HPB-COF (0.5× 10−5

cm2 V−1 s−1) and even one to two orders of magnitude higher
than those of TTF-based COFs. The intrinsic hole mobility of
HBC-COF is as high as 0.7 cm2 V−1 s−1, which is 40−70 times
higher than those of the triphenylene-based COF (0.01 cm2 V−1

s−1) and porphyrin-knotted ZnP-COF (0.016 cm2 V−1 s−1).
These findings together with the DFTB calculations indicate
that the disc-like larger π-core of the tightly bound HBC
columns is superior to the loosely packed TTF or HPB columns
for carrier transport.
The phenazine-linked CS-COF (Figures 16E and 27B) with

conjugated chains in all three dimensions is a p-type semi-
conductor as well.158 On the basis of the FP-TRMC measure-
ment, CS-COF exhibits a ϕΣμ value of 0.50 cm2 V−1 s−1 at a
proton density of 2.6 × 1016 photons cm−2. The number of
charge carriers estimated by extrapolation of the bias at 0 V is 3.2
× 1015 with a yield of φ = 12% (φ is the number of charge
carriers/number of photons). Therefore, CS-COF is a high-rate
hole-conducting framework with an exceptional mobility of 4.2
cm2 V−1 s−1, which is superior to that of the state-of-the-art

Figure 41. p-Type conducting COFs of (A) TTF-Ph-COF and (B) TTF-Py-COF.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00550
Chem. Rev. 2020, 120, 8814−8933

8855

https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig41&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00550?ref=pdf


semiconducting polymer, RR-P3HT (μ = 0.014 cm2 V−1

s−1).340−343

7.2. n-Type Semiconductors

The charge-carrier transport not only depends on the nature of
knots but also is highly sensitive to the edge units as well. By
changing the edge units from electron-rich to electron-deficient
units, the conducting nature of COFs can be reversed. In
contrast with NiPc-COF, which is hole-conducting, 2D NiPc-
BTDA-COF (Figure 42A) with the electron-deficient BTDA
edges is an electron conductor.104 Indeed, 2D NiPc-BTDA-
COF achieves an electron mobility as high as 0.6 cm2 V−1 s−1.
Both NiPc-COF and NiPc-BTDA-COF exhibit a broad
absorbance from the ultraviolet to the near-infrared region.30,104

Upon irradiation with a xenon light source (>400 nm), NiPc-
COF exhibits a significant increase in current from 20 nA (dark
current) to 3 mA (photocurrent). On the contrary, NiPc-
BTDA-COF exhibits an enhancement of photocurrent from 250
nA (dark current) to 15 μA (photocurrent). Both NiPc-COF
and NiPc-BTDA-COF can switch the photocurrent on and off
many times without deterioration. Because of their broad
absorption bands, both COFs panchromatically respond to the
photons over a wide range of wavelengths and are extremely
sensitive to infrared light. The high sensitivity and photo-
conductivity originate from the combination of increased light-
harvesting capability and enhanced carrier mobility.
By varying the chalcogen atoms in the edge units, the electrical

conductivity can be tuned systematically. For example, the
condensation of the HHTP knot with benzodichalgenophene
diboronic acid edges (chalcogens: S, Se, and Te) yields a series
of boronate-ester-linked COFs (1-S, 1-Se, 1-Te; Figure 42B).344

The conductivity is estimated to be 3.7 (±0.4) × 10−10 S cm−1

for 1-S, 8.4 (±3.8)× 10−9 S cm−1 for 1-Se, and 1.3 (±0.1)× 10−7

S cm−1 for 1-Te, respectively. The high conductivity of 1-Te
compared with 1-S and 1-Se originates from the presence of
heavier chalcogen Te atoms, which improve the interlayer
orbital overlap that facilitates the conduction across the π-arrays.

7.3. Ambipolar-Type Semiconductors

Porphyrins are a class of macrocycles (Figure 8C) with extended
π-conjugation and show diverse functionalities, where the
charge-carrier transport is highly dependent on the central
metal ions.99 Free-base porphyrin H2P-COF is a hole-

conducting framework with a mobility of 3.5 cm2 V−1 s−1,
whereas CuP-COF consists of copper(II) porphyrin, an
electron-transporting framework with a mobility of 0.19 cm2

V−1 s−1. By contrast, ZnP-COF with zinc(II) porphyrin knot is
an ambipolar conducting material with hole and electron
mobilities of 0.032 and 0.016 cm2 V−1 s−1, respectively. Upon
irradiation with a xenon light (>400 nm), ZnP-COF generates a
photocurrent of 26.8 nA, whereas the photocurrents of CuP-
COF and H2P-COF are only 0.6 and 0.01 nA, respectively.
Remarkably, ZnP-COF exhibits an on−off ratio of 5 × 104,
which is far superior to the those of CuP-COF (300) and H2P-
COF (4).

7.4. Donor−Acceptor COFs
Ambipolar conducting COFs have been rationally designed and
synthesized by creating a segregated bicontinuous donor (D)−
acceptor (A) heterojunction, where donor-on-donor and
acceptor-on-acceptor π-columns offer pathways for hole and
electron transport, respectively.90 Vertically oriented and self-
sorted donor−acceptor bicontinuous heterojunctions have been
constructed into 2D D−A COFs (Figure 43A) by employing
HHTP as a donor at the vertices and BTDA as an acceptor at the
edges. The total ϕΣμ value is 1.51 × 10−4 cm2 V−1 s−1, whereas
the hole and electron mobilities are 0.01 and 0.04 cm2 V−1 s−1,
respectively. Upon irradiation, the 2D D−A COF exhibits an
increased current from 0.8 pA (dark) to 10.1 nA. Note that this
segregated column in D−A COF is hardly accessible to the
conventional supramolecular assembly of donor and acceptor
components, which usually results in donor-on-acceptor
alignment owing to the electrostatic interaction between the
donor and the acceptor.345,346

The photocurrent can be switched on and off many times
without deterioration. In contrast, a simple mixture of
monomers remains silent under otherwise identical irradiation
conditions. Such an ordered heterojunction is important for
photovoltaic devices.93,223 Through incorporating donor−
acceptor-type isoindigo- and thienoisoindigo-based building
blocks, Py-pII (Figure 43C), Py-pTII (Figure 43D), and Py-tTII
COFs (Figure 43E) exhibit low band gaps of 1.78, 1.48, and 1.36
eV, respectively, demonstrating them as UV- to NIR-responsive
photodetectors.347

By developing metallophthalocyanines and diimides as
electron-donating and -accepting building blocks, DMPc-ADI-

Figure 42. n-Type conducting COFs of (A) 2D-NiPc-BTDA-COF and (B) 1-X COF (X = S, Se, Te).
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COFs (M = Cu, Ni, Zn) (Figure 43F−H) with periodically
ordered electron-donor and -acceptor π-columnar arrays have
been synthesized via direct polycondensation reactions.102,166

Upon the excitation of CuPc andNiPc at 355 nm in benzonitrile,
the TA spectra of those COFs exhibit negative absorption bands,
which are the mirror images of the steady-state absorption
spectra of corresponding COFs with a 10−15 nm red shift.
These mirror images indicate that the charge delocalization
along the extensive π-columns takes place after the fast
photoinduced charge separation between the adjacent donor−
acceptor units.166 Among DMPc-ADI-COFs with different metal
centers, DCuPc-ADI-COFs exhibit the longest lifetime (τ) of 33 μs
for the charge-separated state, demonstrating that CuPc is
superior as an electron donor to form the long-lived charge-
separated state with the PyrDI acceptor.102 In these systems, the
elemental photochemical processes from light absorption to
photoinduced electron transfer and charge separation are
completed within 1.4 ps, indicating that COFs enable an
ultrafast photochemical event.

In the donor−acceptor COFs, the electron-donor and
-acceptor components are assembled into bicontinuous
segregated π-columnar arrays (Figure 44). This alignment

Figure 43.Donor−acceptor COFs of (A) 2DD−A COF, (B) FL-COF-1, (C) Py-pII, (D) Py-pTII, (E) Py-tTII COFs, (F) DM1Pc-APyrDI-COFs (M1 =
Cu, Ni), (G) DM2Pc-ANDI-COFs (M2 = Zn, Cu, Ni), and (H) DM3Pc-APDI-COFs (M3 = Zn, Cu).

Figure 44. Donor−acceptor COFs with bicontinuous segregated
donor−acceptor columns for (A) photoinduced electron transfer and
(B) charge-carrier migration and collection.
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features a specific π-structure for photoinduced electron
transfer. First, in the 2D layer, each electron donor and acceptor
are covalently linked to form a heterojunction; this topology-
guided heterojunction yields exceptionally dense heterojunction
across the framework, constituting a superheterojunction
structure (Figure 44A) that is inaccessible to other polymers
and organic semiconductors. This structure is ideal for
photoinduced electron transfer. Second, in the layered frame-
work, the π-columns allow for the migration of radical species,
which is ideal for preventing backward electron transfer and for
realizing a long-lived charge separation state (Figure 44B).
Moreover, the π-columns offer pathways for charge collection;
that is, donor columns transport holes, and acceptor columns
move electrons. These interplays work together in one material
to offer a new and ideal molecular mechanism for photoenergy
conversion.102

Organic semiconductors are also ideal flexible thermoelectric
materials due to their low thermal conductivity and material
abundancy. After doping with iodine, the fluorene-based I2@FL-
COF-1 (Figure 43B) exhibits an electrical conductivity of 1.0 ×
10−4 S cm−1, a Seebeck coefficient of 2450 μV K−1, and a power
factor of 0.063 μW m−1 K−2 at room temperature, and this
Seebeck coefficient is the highest reported for conducting
polymers.261,348

7.5. Thin Films

Beside the investigations of the conductivity of bulk COF
samples or processed COF−polymer composite films, the
preparation of high-quality free-standing COF films or highly
oriented films on substrates remains a challenge and is a
prerequisite for optoelectronic devices.
Highly stable conjugated CS-COFs (Figure 16E, Figure 27B)

that enables the delocalization of electrons into all three
dimensions have been synthesized.158 The FP-TRMC measure-
ments with 355 nm pulsed laser excitation at a photon density of
2.6 × 1016 photons cm−2 under Ar yielded a ϕΣμ of 0.6 cm2 V−1

s−1. An invariant ϕΣμ value under SF6 (electron quencher)
suggests that holes are the major charge carriers for conduction.
The yield of charge carriers is estimated to be as high as 12% by
TOF transient conductivity measurements. Therefore, CS-COF
is a hole-conducting material with an exceptional carrier
mobility of 4.2 cm2 V−1 s−1, which is much higher than those
of porphyrin-based H2P-COF (1.8 × 10−4 cm2 V−1 s−1)99 and
COF-66 (3.0 cm2 V−1 s−1).106

The TTF-COF (= TTF-Ph-COF, Figure 42A) thin films
(thickness∼150 nm) have been prepared via the solution-based
in situ growth of COFs on Si/SiO2 substrate or transparent ITO-
coated glass.172 Grazing-incidence wide-angle X-ray scattering
(GIWAXS) of the thin films suggests the polycrystalline nature
with a preferred column orientation normal to the substrate. In
contrast, the powder COF samples exhibit a random orientation
of the crystallites. These results suggest that the GIWAXS
characterization technique is powerful to examine the structural
ordering of COF crystallites.171,307 The COF films (grown on a
300 nm Si/SiO2 substrate with a prefabricated Au/Cr electrode
of 3 nm × 50 nm × 150 μm dimensions) exhibit a linear I−V
curve with a conductivity of 1.2 × 10−4 S m−1. The conductivity
is increased to 0.28 S m−1 upon iodine doping and is saturated
after 24 h. Electron absorption and electron paramagnetic
resonance (EPR) spectral analyses suggest the formation of a
radical cation (TTF•+) upon iodine/TCNQ (tetracyanoquino-
dimethane) doping, which accounts for the high conductivity of
films in the doped state. Moreover, the open pores of TTF-COF

allow the efficient diffusion of iodine to form a charge-transfer
state, and the aligned columnar stacking of the TTF units
enables the delocalization of radical cations to form more
conductive mixed-valence species.
Highly oriented COFs films enable an enhanced photo-

response, as demonstrated by TT-COF (Figure 45).349 The

GID profile of the COF films on Si/SiO2 or transparent glass
substrates together with the PXRD analysis of the COF powder
suggest that the preferred orientation of the COF films is parallel
to the substrates. Upon white-light irradiation with a xenon
lamp, the TT-COF films exhibit an enhanced photocurrent at an
applied voltage of 1.0 V with an on/off ratio of 1.7. The
photoresponse time and decay time for TT-COF is 1.9 s. In
contrast, disordered COF films prepared from the drop-casting
of the COF powder exhibit an extremely long response and
decay time of 10.2 and 9.6 s, respectively. The high speed of
photoresponse can be attributed to the highly oriented COF
films, which facilitate exciton migration and allow rapid carrier
transport. The photoconducting properties of the TT-COF
films are highly dependent on the film thickness and their
morphology. For example, the TT-COF films prepared upon a 4
h reaction exhibit a rough surface, a low dark current of 0.02 pA,
and a photocurrent of 0.1 pA. By increasing the reaction time to
6 h, the COF films exhibit an increased dark current and
photocurrent to 0.1 and 0.7 pA, respectively, owing to an
improved surface smoothness. As the reaction time is increased
to 17 h, the dark current and photocurrent are improved to 0.4
and 0.8 pA, respectively. By fabricating the vertical field-effect
transistor (VFET) device based on the SLG/COFTFPy‑PPDA (=
ILCOF-1, Figure 9A) film heterostructure, a high Jon/off ratio of
106 in the p-type regime and 105 in n-type zone can be obtained
at a low bias voltage, and the highest on-current density reaches
6.8 A cm−2 for hole transport and 4.1 A cm−2 for electron
conduction.242 In fact, it is higher than those of reported VFET
devices such as graphene−P3HT (3.4 A cm−2)350 and
graphene−DNTT (1.2 A cm−2).351 The high semiconducting
performance demonstrates that oriented COFs films on SLG
exhibit great potential in advanced driving cells of OLEDs and
flexible organic electronic devices.
The well-defined π-stacking structures render COFs able to

construct various predesignable pathways for promoting hole

Figure 45. Schematic of TT-COF.
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and electron transport, in which the vertices, the edges, and the
linkers are key to carrier mobility and conduction nature.

7.6. Spin Alignment and Magnetic Properties

Spintronics is an emerging field in electronics that brings about
advantages such as increased processing speed, decreased power
consumption, and increased integration density. However, the
lifetime and alignment of spins are key challenges that need to be
addressed before producing high-performance spintronics.
Recently, the first crystalline sp2-carbon-conjugated COF
constructed from pyrene and phenylenevinylene with a band
gap of 1.9 eV has been reported. The oxidation of the sp2c-COF
(Figures 9C and 46A) with iodine yields a 12 order of magnitude
increase in conductivity, and the generated radicals are densely
localized at pyrene knots, which can be aligned unidirectionally
below 10 K to yield a ferromagnetic structure (Figure 46B).114

Such spin structures cannot be accessed by 1D conjugated
polymers352,353 or conventional 2D COFs,16 which eventually
yield bipolarons. Following this pioneer work, a 2D covalent
organic radical framework (CORF) PTM-CORF (Figure 47)

has been reported via the postsynthetic deprotonation and
oxidation of the polychlorotriphenylmethyl (PTM) COF
precursor. PTM-CORF is stable under ambient air and light
conditions with a low optical band gap of 0.87 eV. The adjacent
radicals between neighboring PTM units show antiferromag-
netic coupling behavior. Nevertheless, the low-lying lowest
unoccupied molecular orbital (LUMO) of PTM-CORF was
exploited for use as an electrocatalyst for the oxygen reduction
reaction (ORR).276

8. LUMINESCENCE AND SENSORS

8.1. Design Principle

Over the past several decades, intensive research efforts have
been made to develop luminescent materials due to their broad
applications, such as sensors, bioprobes, optoelectronics, and
photovoltaics.354,355 Luminescent small molecules are easily
accessible and cost-effective.356−361 However, they have
disadvantages, such as low sensitivity, stability, and reusability.
Luminescent polymeric systems have a high probability of
resolving the shortcomings of small molecules. Compared with
conventional 1D or 3D polymeric systems, COFs are unique in
that they can be rationally designed to create ordered π-
structures in which the luminescent segments can be spatially
preorganized.111

2D COFs consist of layered structures formed by π−π
stacking, which usually results in weak luminescence due to the
aggregation-caused quenching effect (ACQ).117 How to endow
COFs with luminescent activity is challenging. At the same time,
this issue is critical in exploring sensing applications. Never-
theless, one significant feature is that COFs enable the
complementary utilization of ordered π- for exciton migration
and nanopores for guest accommodation. These features endow
COFs systems with selectivity and sensitivity and allow for the
detection of a broad range of analytes from explosives to
hazardous molecules and toxic metal ions.259,355

The luminescent behavior of COFs has been demonstrated
first for the boronate-ester-linked TP-COF (Figures 16A and
48A) and boroxine-linked PPy-COF (Figures 16B and 19B).
Upon the excitation of the pyrene units, these COFs emit
brilliant blue luminescence at 474 and 484 nm, respectively, as a
result of pyrene excimer luminescence from the π−π-stacked
pyrene arrays.27,222 By changing the nature of vertices, the
boronate-ester-linked DBA-COF 1 andDBA-COF 2 with planar
π-conjugated dehydrobenzoannulene (DBA[12] andDBA[18])
macrocycles at the vertices and BDBA on the edges exhibit

Figure 46. (A) Reconstructed crystal structure at top and side views. (B) Schematic of spin alignment in sp2c-COF (three-by-three lattice). Red arrows
represent spins.

Figure 47. Chemical structure of 2D covalent radical frameworks
(PTM-CORF).
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different luminescence behaviors (Figure 48B).120 For example,
DBA-COF 1 strongly emits at 530 nm upon excitation at 365
nm. In contrast, DBA-COF 2 is nonluminescent under
otherwise identical conditions. Partially replacing the BDBA
edge units with PDBA generates a series of COFs with a
heterogeneous distribution of DBA vertices, including Py-DBA-
COF 1, Py-MV-DBA-COF, and Py-DBA-COF 2 (Figure 48C);
this mixed-vertex strategy can tune the luminescence of COFs.40

Indeed, Py-DBA-COF 2 exhibits blue-greenish luminescence,
whereas Py-DBA-COF 1 and Py-MV-DBA-COF emit yellow
light. The design strategy is based on the excimer luminescence
of stacked pyrene arrays that dominate the light-emitting
properties of COFs.
To design highly efficient light-emitting COFs, a new design

strategy has been developed in which the aggregation-induced
emission (AIE) mechanism is integrated to the skeletons.362 By
using AIE-active TPE units as vertices, the boronate-ester-linked
2D TPE-Ph COF (Figures 16F and 49) has been established as
the luminescent benchmark for COFs, with the highest absolute
fluorescence quantum yield of 32% reported to date.117 The
TPE-Ph COF exhibits belt-like morphology, as revealed by FE-
SEM images, and is highly luminescent irrespective of the belt
length. By contrast, a model compound (TPE-pinacol ester)
exhibits a fluorescence quantum yield of only 15%. The
significant gap in quantum yield is attributed to their structural
differences. The free rotation of the four phenyl groups in the
TPE units is restricted by the boronate ester linkages in the TPE-
Ph COF monolayer. Importantly, the interlayer stacking in the
TPE-Ph COF further restricts the rotation of the four phenyl
groups. Therefore, intralayer covalent bonds and interlayer
noncovalent π−π stacks work synergistically in decreasing the
rotation-related thermal dissipation of the photoexcited state,
thus significantly enhancing the fluorescence quantum yield of
the TPE-Ph COF. The exceptional fluorescence quantum yield
of the AIE-based TPE-Ph COF opens a new route to light-
emitting COFs.

Using the same core units, the imine-based Py-TPE-COF has
been designed and synthesized by condensing 1,3,6,8-tetrakis(4-
aminophenyl)pyrene (Py-NH2) with 1,1,2,2-tetrakis(4-
formylphenyl)ethane (TPE-4CHO) (Figure 50A).363 The
resulting Py-TPE-COF consists of spheres of submicron size.
This COF exhibits a photoluminescent quantum yield in organic
solvents up to 21.1%, which is attributed to the nonplanar TPE
units that reduce interlayer π−π interactions. Using the same
strategy, AIE-based 3D-TPE-COF has been synthesized via the
polycondensation of TAPM with 1,1,2,2-tetrakis(4-formyl-
(1,1′-biphenyl))ethane (Figure 50B).58 Upon excitation, 3D-
TPE-COF emits yellow and achieves a luminescence quantum
yield of 20%.
Besides luminescent COFs, phosphorescent COFs have been

explored via crystallization-induced phosphorescence (CIP).
The integration of an organic phosphor benzil into a
triphenylene knotted skeleton forms BZL-COF, which emits
phosphorescence at 545 nm for as-prepared BZL-COF and at
540 nm for as-activated BZL-COF (Figure 50C).364 By
removing the trapped solvent molecules, the interlayer distance
of BZL-COF changes from 0.37 to 0.34 nm, which decreases the
phosphorescence lifetime from 1.27 to 1.02 ms.

8.2. Band-Gap Engineering and Color Tuning

Introducing the bulky tert-butyl groups to the skeleton can
adjust the interlayer π−π interaction to offer high luminescence
efficiency of the material. COF-JLU3 solid (Figure 51) exhibits a
strong orange-red luminescence at 601 nm upon excitation at
424 nm.84 The absolute fluorescence quantum yield is as high as
9.91%.
Compared with the planar linkage, the contorted linkages can

weaken π−π interaction and ACQ effects and are suitable for
creating light-emitting materials. The hydrazone linkage
assumes a nonpolar structure and yields luminescent COFs.
The hydrazone-based COF-LZU8 (Figure 52A) powder
exhibits blue emission at 460 nm with an absolute quantum
yield of 3.5% upon excitation at 390 nm.254 To control the light-

Figure 48. Schematics of (A) TP-COF, (B) DBA-COF 1 and DBA-COF 2, and (C) Py-DBA-COF 1, Py-MV-DBA-COF, and Py-DBA-COF 2.
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emitting activity, the hydrazone-based Tf-DHzDR COF (Figure
52B) and the TFPB-DHzDR COF (Figure 52C) have been
synthesized to bear different alkyl chains to control the
equilibrium of different states whereby interlayer and intralayer
hydrogen-bonding interactions endow COFs with different
colors from blue to yellow and nearly white.365

IMDEA-COF-1 and IMDEA-COF-2 have been designed by
using 1,6-diaminopyrene (DAP) as the linker and 1,3,5-
benzenetricarbaldehyde (BTCA) or 2,4,6-triformylphlorogluci-
nol (TP) as the knot (Figure 53).366 These COFs adopt
staggered conformations that greatly weaken interlayer π−π
interactions and become luminescent. Indeed, the solid sample
of IMDEA-COF-1 exhibits green emission at 501 nm with an
absolute luminescence quantum yield of 3.5%.
In contrast with the nonconjugated frameworks, recently, fully

π-conjugated sp2-carbon COFs have been synthesized and
explored as luminescent materials (Figure 25A).115 In sp2c-
COFs, the CC linkages topologically connect pyrene knots
and arylene vinylene linkers into 2D all-sp2-carbon lattices that
are π-conjugated along both the x and y directions. The resulting
sp2c-COFs are capable of tuning the band gap and emission by
the linkers and are highly luminescent under various conditions.
In layered frameworks, the linker units in sp2c-COFs are key to
the π-conjugation and luminescence, whereas in the exfoliated

nanosheets, the pyrene knots play a key role in controlling the
luminescence. Through adjusting the length of arylene vinylene
linkers, the differences in the twisted angles cause different
degrees of π-cloud overlap along the sp2 carbon backbone. The
propagation of twisted structures along the backbone decreases
the degree of π-cloud overlap between neighboring segments
and weakens the extension of π-conjugation over the 2D
skeletons. Indeed, changing the linker from phenyl to biphenyl
and triphenyl, the absorption band of the COFs shifts from 498
nm to 475 and 462 nm, respectively, whereas the luminescence

Figure 49. Schematics of (A) TPE-based highly emissive TPE-PhCOF,
(B) model compound, and (C) the AA-stacking model of TPE-Ph
COF.

Figure 50. Schematics of (A) Py-TPE-COF, (B) 3D-TPE-COF, and
(C) BZL-COF.

Figure 51. Schematic of COF-JLU3.
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quantum yield decreases from 14 to 10 and 6%, respectively.
Notably, the absorption and emission bands of sp2c-CONs

(covalent organic nanosheets) are blue-shifted, compared with
those of sp2c-COFs. These results suggest that the photo-

Figure 52. Schematics of (A) COF-LZU8, (B) Tf-DHzDR COFs, and (C) TFPB-DHzDR COFs.

Figure 53. Schematics of IMDEA-COF-1 and IMDEA-COF-2
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chemical events are controlled by the layered and exfoliated
sheet status, which are strongly associated with their primary
(nanosheets) and high-order (layer framework) structures.
Apart from the direct skeleton design to achieve luminescent

COFs, pore-surface engineering has been used to fabricate
luminescent COFs. Through a postsynthetic modification
approach, fluorescein-isothiocyanate (FITC) is carried out
into the pore wall of T-COF-OH (Figure 54A).367 The resulting
T-COF-OFITC emits strong fluorescence.
The anthracene-resorcinol-based SERRP-COF7 has been

prepared via the condensation of 2,4-dihydroxybenzene-1,3,5-
tricarbaldehyde and anthracene-2,6-diamine (Figure 54B).368

The keto-enol−enamine tautomerization on the pore corners
can cause a drastic change in the framework luminescence from
blue to green and red by using O-donor (THF) and N-donor
(pyridine) solvents. Steady-state and time-resolved spectro-
scopic studies indicate that the blue emission originates from the
π-column of the column, whereas the red and green double

emissions are derived from the keto−enol tautomerization
resorcinol unit. The flexible COF@PMMA film with 0.32 wt %
of IISERP-COF7 emits white light with a CIE coordinate of
(0.35, 0.36).

8.3. Sensors for Detecting Explosives

An azine-linked pyrene COF (Py-Azine COF, Figure 55) has
been explored in developing hydrogen-bonding interactions for
sensing explosives.111 The Py-Azine COF exhibits high
crystallinity, large porosity (SBET = 1210 m2 g−1), and excellent
chemical stability (1 M HCl and 1 M NaOH). The Py-Azine
COF consists of azine units with two nitrogen atoms that act as
hydrogen-bonding acceptors to form hydrogen bonds with
hydrogen-bonding donors of phenol −OH groups. This
structural feature enables the construction of a detection system
based on the strength of hydrogen-bonding interactions
between targeted molecules and the COF skeleton. A dispersion
of Py-Azine COF powder in acetonitrile exhibits an excimer

Figure 54. Schematics of (A) T-COF-OFITC and (B) SERRP-COF7.

Figure 55. (A) Schematic of the Py-Azine COF for explosive sensing. (B) Top and side views of the AA-stacked Py-Azine COF, exhibiting azine sites
(red for nitrogen atoms) for hydrogen-bonding interactions.
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emission at 522 nm due to the presence of periodically ordered
pyrene π-arrays. This luminescence can be quenched by
different nitrophenols in which the quenching degree is highly
dependent on the structures of nitrophenols. For example, 2,4,6-
trinitrophenol (TNP) exhibits a quenching degree of 69% at 70
ppm, whereas only very low quenching degrees of 13, 5, 3, and
3% are observed for 2,4-dinitrophenol (DNP), 2,4-dinitroto-
luene (DNT), 2-nitrophenol (NP), and 2-nitrotoluene (NT),
respectively. The Stern−Volmer (SV) quenching constant (kSV)
for TNP is as high as 7.8 × 104 M−1, which is 40 and 80 times
those of DNP (2.1 × 103 M−1) and DNT (9.1 × 102 M−1),
respectively. This result suggests that a nitrophenol with more
electron-withdrawing nitro units can form stronger hydrogen-
bonding interactions with the azine units, leading to more
fluorescence quenching. The selectivity and sensitivity for TNP
originate from the most effective hydrogen-bonding inter-
actions. The lifetime of the Py-Azine COF is independent of the
TNP concentration, suggesting that the luminescence quench-
ing is dominated by the ground-state hydrogen-bonding
interactions. Moreover, the exceptional fluorescence quenching
rate of 9.8 × 1013 M−1 s−1 indicates a static quenching
mechanism. In the ordered 2D Py-Azine COF, the pyrene units
serve as a luminescence emitter, and the azine linkers on the 1D
pore walls function as open docking sites for hydrogen-bonding
interactions. These synergistic effects of the vertices and edges
enable the Py-azine COF to detect TNP-type explosives in a
selective and sensitive manner.
Changing the dimensionality of COFs from 2D to 3D greatly

affects the luminescence behavior; in particular, the excimer
luminescence of pyrene units for 2D COFs will disappear in 3D
COFs. Indeed, 3D COFs emit a luminescence similar to that of
an isolated pyrene molecule.57 A DMF-dispersed imine-linked
ultramicroporous 3D-Py-COF (pore size = 0.59 nm) emits a
blue emission at 484 nm upon excitation at 408 nm (Figure
15D). The 3D-Py-COF powder dispersed in DMF is capable of
fluorescence sensing of TNP-type explosives, as demonstrated
by the fluorescence quenching upon the addition of TNP. The
degree of fluorescence quenching is as high as 75%, whereas the
TNP concentration is only 20 ppm. The kSV value is 3.1 × 104

M−1, indicating the high sensitivity of the 3D COF skeleton.
Upon the liquid-phase exfoliation of 2D COFs, the resulting

CONs such as TpBDH-CONs and TfpBDH-CONs have been

investigated for sensing explosives (Figure 56A,B).257 The
TfpBDH-CONs suspended in isopropyl alcohol (IPA) exhibit
63% fluorescence quenching at a TNP concentration of 5.4 ×
10−5 M. In contrast, the fluorescence quenching degree is only
31% for 2,4,6-trinitrotoluene (TNT), 3% for 2,6-DNT, 23% for
2,6-DNP, and 4% for NP. The kSV value for TNP is as high as 2.6
× 104 M−1 and follows a decreasing tendency of TNP≫TNT >
2,6-DNP > NP > 2,6-DNT. The high quenching efficiency of
TNP originates from the efficient charge transfer from the
picrate anion (TNP−1) to the protonated TfpBDH-CONs, as
revealed by the shortened fluorescence lifetime of TfpBDH-
CONs from the original 0.75 to 0.35 ns in the presence of 5.4 ×
10−5 M TNP.
The amide-linked PI-COF (Figure 56C) has been con-

structed via the condensation of TAPP with perylenetetracar-
boxylic dianhydride.369 PI-COF emits a strong fluorescence due
to the presence of a p−n heterojunction between TAPP and
PTCA units. The light-emitting activity of the powder sample is
further enhanced by exfoliation into nanosheets (PI-CONs).
The quantum yield of PI-CONs is as high as 8%, which is higher
than that of PI-COF (4%). PI-CONs dispersed in ethanol serve
as an efficient fluorescent probe for the highly sensitive and
selective detection of TNP, which is attributed to the
combination of electron transfer and the inner filter effect
owing to the overlap of the excitation band of PI-CONs with the
absorption band of TNP. The detection limit is down to 0.25
μM.
β-Ketoenamine COFs have been constructed by a new

dynamic polymerization via the Michael addition−elimination
reaction of various β-ketoenols with amines.274 Interestingly, the
solid samples of COFs 3BD and 3′PD (Figure 27H) emit orange
luminescence at 547 and 560 nm, respectively, with a short
fluorescence lifetime (<0.5 ns). Those two COF dispersions in
dichloromethane can detect triacetone triperoxide (TATP)
explosives via fluorescence quenching and possess a detection
onset of ∼1 μM of TATP. In contrast, conventional conjugated
polymers without any specific interactions with TATP and
commercialized Fido Paxpoint for the detection of hydro-
peroxides will present as impurities or generate in situ through
the chemical or photochemical treatment of TATP.370

Exfoliated nanosheets show great potential for directly
detecting pollutants in water. Upon the sonication of pyrene-

Figure 56. Schematics of (A) TpBDH-CONs, (B) TfpBDH-CONs, and (C) amide-linked PI-COF for sensing explosives.
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IMDEA-COF-1 (1 mg, Figure 53A) in water (25 mL), the
resulting CON suspensions are stable to emit emissions at 450
and 510 nm.371 The IMDEA-COF-1 colloids in water are
capable of detecting organic dyes and nitrobenzene derivatives.
For example, the IMDEA-COF-1 colloids are notably sensitive
and exhibit a fluorescence quenching efficiency of 22% and a
quenching constant of 2.32 × 103 M−1 to detect nitrobenzene at
a concentration as low as 5.66 × 10−5 M.

8.4. Sensing Volatile Chemicals

Certain toxic vapors or gases are colorless or even odorless but
cause a profound effect on environmental contaminations
released from natural, laboratory, and industrial plants. There-
fore, the effective detection of toxic vapors or gases is critical to
evaluate the toxicity level and prevents environmental pollution.
An imine-linked hexagonal triazatruxene TAT-COF-2 (Figure
57A) is luminescent in ethanol and can be quenched upon the
addition of electron-deficient arenes such as nitrobenzene, NT,
and phenol owing to the photoinduced electron transfer (PET)
from the COF skeleton to the electron-deficient guests.28

Notably, TAT-COF-2 exhibits a turn-on fluorescence response,
and the fluorescence intensity is enhanced upon the addition of
electron-rich arenes such as toluene, chlorobenzene, and o-DCB.
The thin-layer TAT-COF-2 samples exhibit similar fluores-
cence-on or -off sensing behavior upon exposure to the arene

vapors. For example, the fluorescence intensity of the thin-layer
samples increases by 60% upon the exposure to the saturated
chlorobenzene for 60 s, whereas the fluorescence intensity
decreases by 50% upon the exposure to nitrobenzene. By
removing the arenes from the pores, the COF can recover its
fluorescence to a level similar to its original intensity.
The sensing application of the highly luminescent TPE-Ph

COF has been investigated by the host−guest interaction
between the TPE-Ph COF and ammonia gas. The boronate-
ester linkage has a strong affinity to ammonia to form Lewis
acid−base adducts.372 The fluorescence intensity of the TPE-Ph
COF dispersed in toluene is significantly quenched by the
addition of ammonia at the ppm level.117 The apparent
quenching rate constant reaches 6.3 × 1014 M−1 s−1, reflecting
a high sensitivity of the TPE-Ph COF toward ammonia gas. The
imine-linked TPECOF, that is, COF-ETBA-DAB, (Figure 57B)
has been synthesized as yellow crystallites via the condensation
of 4,4′,4′′,4′′′-(ethane-1,1,2,2-tetrayl)tetrabenzaldehyde
(ETBA) with DAB.373 COF-ETBA-DAB exhibits a fast response
and high sensitivity toward HCl gas with clear changes in both
color and fluorescence emission, which can be recovered upon
exposure to ammonia vapor.

Figure 57. Schematics of COFs as volatile chemical sensors of (A) TAT-COF-2 and (B) COF-ETBA-DAB.

Figure 58. Schematic of TFPPy-DETHz-COF.
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8.5. Sensing Anions

Recently, a strategy based on pinpoint surgery on the N−H unit
of the hydrazone-linked COFs has been developed for sensing
anions.244 Hydrazone-linked TFPPy-DETHz-COF (Figure
58A) with a pyrene knot is less luminescent due to the
photoinduced electron transfer from the hydrazone N−H site to
the pyrene unit. Notably, the N−H bond can be cleaved by F−

through acid−base reaction because the N−H sites in TFPPy-
DETHz-COF located on the pore walls are accessible to F−

(Figure 58B). Consequently, the addition of F− eliminates the
photoinduced electron-transfer path and directly improves the
luminescence activity (Figure 58C). The luminescence intensity
is enhanced in a linear proportion to the amount of added F−,
whereas the absolute luminescence quantum yield can increase
to 17%, which is 3.8 times as high as that (4.5%) of as-
synthesized TFPPy-DETHz-COF. In contrast, other halogen
anions including Cl−, Br−, I−, and NO3

− are intact, leading to a
high selectivity of F¬. This switch-on sensing achieves a
detection limit down to 50.5 ppb of F− anion, which is the
best among F− sensors.374 This strategy offers a new approach to
F− detection in a quantitative manner with high accuracy and
selectivity. From these results, luminescent COFs for chemo-
and biosensing are driven by photoinduced electron transfer;
promoting electron transfer by target molecules will cause a
fluorescence quench that leads to a switch-off sensing, and
preventing electron transfer can improve luminescence to yield a
switch-on sensing.

8.6. Sensing Toxic Metals

A trace amount of certainmetal ions is required for the biological
process, but some are toxic upon accumulation.356−359,375

Therefore, the detection of toxic transition metals in water and
soil is an important issue in relation to environmental pollution.
The aforementioned azine-linked COF-JLU3 has been
developed to detect Cu(II) in a selective and sensitive way
(Figure 51).84 The THF-dispersed COF-JLU3 samples exhibit
unusual selectivity and sensitivity toward the Cu(II) ion, even in
the coexistence of other metal ions (Li(I), K(I), Mg(II), Ca(II),
Ba(II), Zn(II), Cd(II), Ni(II), Pb(II), Co(II), Ag(I), Fe(III),
and Al(III)). The detection limit for Cu(II) can decrease to 0.31
μM. This sensitivity is retained even in the aqueous solutions
over a wide pH range (5−11). The high sensitivity is attributed
to the effective photoinduced electron transfer (PET) from the
COF to Cu(II), as evidenced by fluorescence lifetime measure-
ments. Indeed, the lifetime of COF-JLU3 decreases from 1.5 to
0.7 ns as the Cu(II) concentration is increased from 0 to 2 ×
10−4 M. The regeneration of COF-JLU3 is easy by removing
Cu(II) from the system with ethylenediamine-tetraacetic acid
disodium salt (EDTA). The high sensitivity, selectivity, and
reusability open a new avenue for utilizing crystalline porous
COFs toward metal-ion sensing.
A hydrazone-linked COF-LZU8 (Figure 52A) anchored with

a thioether group on the pore walls has been designed and
synthesized for the selective and sensitive detection of
Hg(II).254 COF-LZU8 exhibited high crystallinity, medium
porosity (SBET = 454 m2 g−1), and robust thermal stability (310
°C). A solid-state sample of COF-LZU8 emits at 460 nmwith an
absolute fluorescence quantum yield of 3.5% upon excitation at
390 nm. The luminescence activity in the solid state most likely
originates from the inhibition of the ACQ effect due to the
twisted structure of the COF skeleton as well as the presence of
the thioether group. The COF-LZU8 in acetonitrile exhibits a
fluorescence quenching degree of 83% in the presence of 33.3

μM Hg(II). In contrast, a control sample based on ethoxy-
substituted COF-42 without thioether units on the pore walls
exhibits a low quenching degree. This big difference in the
fluorescence activity of two COFs originates from the strong
binding of Hg(II) to the thioether groups of COF-LZU8,
whereas this binding is not possible in COF-42. The detection
limit of COF-LZU8 is estimated to be 25 ppb, which is superior
to other thioether-based chemosensors. Importantly, COF-
LZU8 is highly selective and sensitive toward the Hg(II) ion,
irrespective of the presence of other metal ions (Li(I), Na(I),
K(I), Mg(II), Ca(II), Ba(II), Sr(II), Zn(II), Cd(II), Ni(II),
Pb(II), Co(II), Cu(II), Ag(I), Fe(II), and Fe(III)), even at high
concentrations. Interestingly, COF-LZU8 (5 mg) can remove
98%Hg(II) from a solution of 10 ppm of Hg(II) (10 mLwater).
COF-LZU8 can be reused three times without a significant loss
of its sensitivity. COF-LZU8 can be easily regenerated by
treating COF-LZU8@Hg with an aqueous Na2S solution. The
unique structural arrangement of 2D COF-LZU8 enables
sensitive fluorescence detection, and the 1.3 nm sized channels
promote the access to and binding of the Hg(II).
Another hydrazone-linked Bth-Dma COF with O,N,O′-

chelating sites on the pore walls (Figure 59) has been prepared

by condensing 2,5-Dha with benzene-1,3,5-tricarbohydrazide
(Bth).376 The resulting Bth-Dma COF exhibits strong
fluorescence in the solid state and in an aqueous dispersion.
Interestingly, the as-synthesized Bth-Dma COF serves as an
Fe(III) sensor to achieve high selectivity and sensitivity with a
detection limit of 0.17 μM, which is attributed to the
coordination between Fe(III) and the O,N,O′-chelating sites
on the pore walls.
8.7. Biosensors

Beside the chemosensing with crystallites and thin layers (vide
supra), the COF films grown on the amino-functionalized silica
substrate (Si-AMS) serve as a biosensor for bovine serum
albumin (BSA) adsorption and DNA immobilization.312 The
electrochemical impedance spectroscopy (EIS) measurements
of the amino-functionalized Si-AMS-NH2-4 reveal a strong
electrochemical response in the presence of BSA or DNA. The
interactions between the COF film and BSA and DNA are

Figure 59. Schematic of Bth-Dma COF.
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attributed to the presence of free amino groups in the COF films,
the rough surface, and the cross-linked pores. EB-TFP-iCONs
(Figure 60A) exhibit a selective detection of double-stranded
DNA (dsDNA).377 The addition of negatively charged calf
thymus DNA (ctDNA) to the aqueous dispersion of EB-TFP-
iCONs leads to the reduction of emission intensity at 510 nm
(λex = 350 nm) and triggers a new band at 600 nm, which
contributes to the reassembly of EB-TFP-iCONs in the presence
of ctDNA.
The imine-linked 2D TPA-COF (Figure 17B) has been

designed and synthesized by using C3-symmetric flexible tris(4-
aminophenyl)amine and tris(4-formylphenyl)amine.168 The
flexible vertices decrease interlayer stacking and cause an easy
exfoliation of TPA-COF intoCONs. The SEM andTEM images
clearly indicate nanosheet structures. Moreover, the AFM image
confirms a thickness of 3.5 ± 0.3 nm. The targeted two hairpin
DNAs are labeled with a fluorescent dye. The fluorescence
intensity of the labeled DNA is quenched upon adsorption on
the surface of TPA-COF nanosheets owing to π−π stacking
interactions. The detection limit is as low as 20 ppm, which is
superior to most 2D nanomaterial-based fluorescence DNA
sensors , inc luding GO-loaded carboxyfluoresce in
(FAM),378−380 6-carboxy-X-rhodamine (ROX),379,380 cyanine
5 (Cy5),379 silver nanoclusters,381 graphene quantum dots,382 g-
C3N4-loaded FAM and ROX,383MoS2-loaded FAM,384,385WS2-

loaded tetramethylrhodamine (TAMRA),386 TaS2-loaded FAM
and Texas Red,387 Cu-TCPP MOF NS-loaded Texas Red, and
tetrafluorescein (TET).388 The fluorescence quenching degree
of the single-base mismatched DNA and random DNA is lower
than that of the target DNA. Therefore, the CONs show the high
selectivity and sensitivity of the labeled fluorescence hairpin
DNAs.
A series of chiral COFs (CCOFs) have been crystallized from

achiral COF precursors upon mixture with chiral small
molecules such as chiral 1-phenylethylamine.389 The chiral
CCOF-TpTab (Figure 60B) emits green luminescence at 540
nm in water and serves as a fluorescence sensor for chiral
carbohydrates. This COF exhibits high enantioselectivity
toward a wide range of saccharides, including D-glucose, D-
mannitol, D-sucrose, D-lactose, D-maltose, D-sorbitol, D-fructose,
D-gentiobiose, D-lactobionic acid, D-glucuronic acid, and D-
gluconic acid. For example, the quantum yield of chiral CCOF-
TpTab decreases from 2 to 1% upon the addition of D-
cellobiose. This fluorescence quenching is driven by the
supramolecular interactions between CCOF-TpTab and
saccharides that form diastereomeric complexes.
The three azine-linked and imine-linked NUS-30−32 (Figure

61) have been prepared by condensing TPE moieties or
hydrazine hydrate or PPDA, in which NUS-30 and NUS-32 are
dual pore and NUS-31 is triple pore.323 The ultrathin

Figure 60. Schematics of COFs as biosensors for (A) EB-TFP iCOF and (B) chiral CCOF-TpTab.

Figure 61. Schematics of NUS-30−32.
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nanosheets (thickness = 2−4 nm) are prepared by using a
temperature-swing gas exfoliation approach. These CONs can
detect amino acids, including L-phenylalanine, L-alanine, L-
threonine, L-tryptophan, and L-DOPA through hydrogen bonds
between guest molecules and COF nanosheets. The fluores-
cence intensity of NUS-30 nanosheets is greatly quenched to
61% of the original value upon the addition of L-phenylalanine
(1.0 mM). The quenching degree is higher than those of NUS-
31 and NUS-32 nanosheets. NUS-30 nanosheets are active
toward L-DOPA with a KSV value of 1.5 × 104 M−1, which is
higher than those of NUS-31 nanosheets (1.2 × 104 M−1) and
NUS-32 nanosheets (3.7 × 103 M−1). Increasing the number of
azine moieties in the COF skeleton triggers a stronger binding
affinity toward amino acids, resulting in fluorescence quenching.
Magnetic Fe3O4@TpPa-1 (Figure 62A) exhibits an ultralow

detection limit (28 fmol), satisfactory selectivity, and high
recovery in the detection of IgG, indicating the great potential of
COFs in glycoproteomic studies.390 Integrating uracil groups
into the pore walls via pore-surface engineering yields [uracil]0.5-

TPB-DMTP-COF (Figure 62B), which exhibits a remarkable
selective recognition toward adenine in aqueous media.391

9. ENERGY STORAGE

Our planet is full of various energy resources, such as sunlight,
fossil fuel, wind, hydro, geothermal, and nuclear powers, which
are transformed via suitable devices into electricity, a direct
power in driving civilization, modernization, and daily life. In
this context, storing electricity is an important subject that is
particularly relevant to sustainable future development. Over the
past decades, great advances have been achieved in exploring
electrode materials and devices for storing electricity, which is
widespread in daily lives. Among various types of energy-storage
devices, the potential of COFs as electrodes for supercapacitors,
lithium ion batteries, and lithium sulfur batteries has been
investigated.392−394 COFs can be designed to possess redox-
active skeletons, a discrete pore size, and special pore walls; these
structural features are important for the electrochemical
processes involved in energy storage, as the redox-active

Figure 62. Schematics of (A) TpPa-1 and (B) [uracil]0.5-TPB-DMTP-COF.

Figure 63. Synthesis of the redox-active DAAQ-TFP COF for capacitive energy storage.
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skeletons promote energy storage and the pores offer room for
ion storage and transport. How to facilitate the redox reaction,
ion diffusion, and electron conduction is the subject to be
considered in the exploration of COFs for energy storage.
9.1. Capacitive Energy Storage

9.1.1. Skeleton Design. Capacitors utilize redox-active
species to trigger electrochemical reactions in the electrodes in
the charge and discharge processes for storing electricity. Redox-
active DAAQ units are successfully introduced to the edges of
the imine-linked DAAQ-TFPCOF (Figures 16R and 63) via the
condensation with TFP as the knot units.395 The reversible
redox reaction between anthraquinone and 9,10-dihydroxyan-
thracenes involves a two-electron and two-proton process that
endows the COF with pseudocapacity. The redox peak
separation of the DAAQ-TFP COF is only 4 mV, which is
much lower than that of the DAAQ monomer (160 mV),
indicating the facilitated electron transport between the
electrode and the redox sites in the COF skeleton. In the
galvanostatic charge−discharge experiments, the DAAQ-TFP
COF exhibits a capacitance of 48 ± 10 F g−1 and is stable after
5000 charge−discharge cycles. By contrast, the DAB-TFP COF
analogue without redox-active DAAQ units in the COF skeleton
exhibits a specific capacitance of 15 ± 6 F g−1 under the
otherwise identical conditions. Owing to the randomly oriented
DAAQ-TFP COF crystallites in the electrode, only 2.5% of the
redox-active units contribute to the capacitive energy storage.
This situation can be greatly improved by growing oriented
COF thin films on gold. In this case, 80−99% of the redox-active
sites are involved in the energy storage.171 For example, the
capacitance of a 200 nm thick film is drastically increased to 3.0
mF cm−2 compared with that of (0.40 mF cm−2) COF powder.
The film is stable for cycle use, with only a 7% loss of capacity
after 5000 cycles, indicating that the β-ketoenamine-linked
framework is robust in charge−discharge cycles.
A similar approach based on the COFDAAQ‑BTA (Figure 64A)

thin films grown on a 3D graphene substrate shows that the
capacitance of the COF−graphene composite can reach 31.7
mF cm−2, indicating that a good conductivity contributed from
graphene improves the use of the redox-active anthraquinones
sites in energy storage.308 Bicarbazole is another typical redox-
active π-unit that can be integrated into COFs for ultra-high-
performance energy storage. The microporous bicarbazole Cz-
COF1 (Figure 64B) shows a capacity as high as 628 mA h g−1 at
a current density of 100mA g−1, which is much higher than those

of the state-of-the-art porous organic polymers, and its
Coulombic efficiency is >99%.396 A TaPa-Py COF (Figure
64C) with a redox-active pyridine unit is also able to deliver a
high capacitance of 209 F g−1 at a current density of 0.5 F g−1.397

At a high current density of 5 A g−1, it still exhibits a capacitance
of 164 F g−1 due to the presence of the redox-active unit and its
high surface area. Other conventional materials such as activated
carbon, despite being highly conductive and porous, can only
deliver electrochemical double-layer capacitance, which greatly
limits it capacity to a value that is much lower than those of
COFs with the contribution of both redox and double-layer
capacity.398 For instance, activated carbon possessing a very high
surface area of 2315 m2 g−1 can only deliver up to 125 F g−1,
whereas TaPa-Py delivers a similar capacitance at a much lower
surface area 687 m2 g−1, demonstrating that the integration of
redox-active units to the backbone is necessary for energy
storage.399 These works manifest that redox-active units are
essential to explore the energy-storage functions of COFs.
Integrating a conducting polymer, such as polyethylenediox-

ythiophene (PEDOT), into the 1D channels of redox-active
COF films can increase the conductivity, as demonstrated by the
DAAQ-TFP COF (Figures 16R and 63), which endows the
electrode with a high rate of energy-storage capability with high
volumetric energy density.400 The COF composite films exhibit
Faradaic charge storage capacity up to 9.3 mC, corresponding to
97% accessible anthraquinone redox-active sites.401 Notably,
they enhance the capacitance by 40-fold compared with the
unmodified COF film. Moreover, the COF composite film
enables a high rate of charge−discharge performance at 100 °C,
which requires only 36 s for a full charge or discharge. It retains
50% of its maximum capacitance (350 F cm−3) at a rate of even
1600 C, corresponding to a time of only 2.25 s for a complete
charging. Importantly, the COF composite film exhibits a stable
performance over 10 000 charge−discharge cycles. The
enhanced high rate response and exceptional volumetric
capacitance of the COF composite film most likely originate
from the wire effect of the specially confined conducting
PEDOT within the 1D channels that facilitates the accessibility
of the redox-active sites as well as the promotion of ion
conduction.
The PEDOT@AQ-COF (Figure 65) nanocomposite also

displays excellent electrical conductivity of 1.1 S cm−1, high
capacitance of 1663 F g−1 (at 1 A g−1), ultrafast high-rate
performance (998 F g−1 at 500 A g−1), and excellent stability for

Figure 64. Schematics of COFs utilizing redox-active species for the energy storage of (A) COFDAAQ‑BTA, (B) bicarbazole Cz-COF1, and (C) TaPa-Py
COF.
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10 000 cycles.402 Similarly, using PANI as a conducting polymer,
the composite of TpPa-COF@PANI (Figure 62A) exhibits a
specific capacitance of 95 F g−1 at a current density of 0.2 A g−1

while the capacity retention rate of the battery is retained at as
high as 83% after 30 000 cycles, which reveals the long-term
cycling performance of the TpPa-COF@PANI electrode.403

Introducing an intramolecular hydrogen-bonding interaction
can enhance the stability of the imine-linked COF as a
pseudocapacitor. A hydroquinone species is protected by the
hydroxyl groups integrated within the framework of the TpPa-
(OH)2 COF (Figure 66A).

404 This hydroxyl group prohibits the
degradation of benzoquinone formed in the charging process,
thereby enabling the reversible charge−discharge process. As a
result, a high capacitance of 416 F g−1 at 0.5 A g−1 is achieved
with 43% accessibility of hydroquinone moieties. A TpOMe-

DAQ COF (Figure 66B) with intramolecular hydrogen bonds
possesses high stability under extreme acidic (12 M HCl, 18 M
H2SO4) and basic conditions (9 M NaOH).405 This allows the
coupling of this imine COF to a highly acidic electrolyte (3 M
H2SO4) and achieves a promising capacitance of 169 F g−1 at 3.3
mA cm−2.
Fabricating a free-standing COF electrode is crucial to the

preparation of supercapacitors. Integrating π-electron-rich
moieties such as 2,6-diaminoanthracene as well as redox-active
anthraquinone in the Dq1Da1Tp COF (Figure 67A) can
improve the mechanical strength of the material and achieves
a capacitance of 111 F g−1 at a scan rate of 1.56 mA cm−2.406

A microporous PIBN-G COF (Figure 67B) with abundant
carbonyl groups has been prepared by condensing tetramino-
benzoquinone (TABQ) with PMDA.407 At a current density of
0.1 C, a high discharge capacity of 271.0 mA h g−1 is delivered by
the PIBN-G anode, which corresponds to the utilization of
96.8% of the carbonyl species. The abundant carbonyl groups in
this PIBN-G COF enable the binding of 10 Li+ ions per unit,
which enhances the capacity.

9.1.2. Pore-Surface Engineering. Although COFs with
redox-active skeletons are attractive for energy storage, their
further development is restricted to the limited availability of
redox-active monomers. A general strategy that enables the
conversion of conventional COFs into redox-active electrode
materials has been explored via pore-surface engineering. The
open lattice of the NiP-COF is converted to segregated redox-
active phases via a click reaction with 4-azido-2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) and yields [TEM-
PO]X-NiP-COFs (X = 0, 50, and 100%, Figure 68) that bear
electrochemically active radicals (TEMPO) on the pore
walls.248

The [TEMPO]X-NiP-COFs exhibited a pair of reversible
peaks in the CV diagram, which are assigned to the one-electron
redox reaction of the TEMPO radical switching between the
neutral radical and the oxoammonium cation. The specific
capacitance of [TEMPO]100%-NiP-COF is higher than that of
[TEMPO]50%-NiP-COF owing to the higher radical content. On
the contrary, [TEMPO]50%-NiP-COF enables a faster reversible
charge−discharge reaction, as evidenced by a narrower
separation between the oxidative and reductive peaks. The

Figure 65. Schematic of AQ-COF that is composited with conducting
polymers for energy storage.

Figure 66. Schematics of (A) TpPa-(OH)2 COF and (B) TpOMe-DAQ COF with intramolecular hydrogen bonds for energy storage.
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capacitances of [TEMPO]50%-NiP-COF and [TEMPO]100%-
NiP-COF are 167 and 124 F g−1, respectively, which are
comparable to or even higher than those of metal-ion-based
redox-active MOFs408−411 and are much higher than that of the
redox-active DAAQ-TFP COF (40 ± 9 F g−1).395 The robust
covalent bonds between COF skeletons and redox-active sites
on the walls lead to structural stability that accounts for the
improved cycle performance in the galvanostatic charge−
discharge process. At a current density of 500 mA g−1,
[TEMPO]50%-NiP-COF retains its high capacitance over 100
cycles.

9.1.3. COF-Derived Hybrid and Carbon Materials. The
covalent hybridization of COFs with graphene has been realized
through a one-step reaction between TFB, PPDA, and amine-
functionalized graphene oxide (NH2−rGO (COF = COF-
LZU1, Figure 21A)).309 The COF/NH2−rGO hybrid structure
is evidenced by TEM, PXRD, FT-IR, 13C CP/MAS, and XPS
measurements. Electrochemical studies are carried out by a
three-electrode system with a platinum electrode as the counter
electrode and a saturated calomel electrode (SCE) as the
reference electrode in an aqueous Na2SO4 solution (1 M) as the
electrolyte. Under a potential in the range from 0 to 0.5 V, the

Figure 67. Schematics of (A) Dq1Da1Tp COF as a free-standing COF electrode and (B) PIBN-G COF with abundant carbonyl groups.

Figure 68. Pore-surface engineering strategy for the synthesis of radical COFs for energy storage.
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CV curve of the COF/NH2−rGO hybrid shows an obvious
deviation from a rectangular shape at a scan rate from 10 to 100
mV s−1. In the galvanostatic charge−discharge measurements at
a current density of 0.2 A g−1, the COF/NH2−rGO hybrid
achieves a specific capacitance of 533 F g−1 that is much higher
than those of the COF itself (226 F g−1) and NH2−rGO (190 F
g−1). Notably, after 1000 charge−discharge cycles, the specific
capacitance of COF/NH2−rGO hybrid retains 79% of its initial
value. The great enhancement of specific capacitance likely
originates from the enhanced conductivity of the hybrid owing
to the presence of graphene.
Carbon materials are electric conductors and can improve the

high rate of performance in the supercapacitors. Moreover,
introducing pores that are compatible in size with the electrolyte
ions would facilitate ion transport, and integrating heteroatoms
to carbon materials would enhance the number of capacitive
sites, which would improve the capacity. The predesignable
structures endow the COFs with a precise atom location, a
tunable chemical composition, and a specific pore structure; all
of these features can be optimized with appropriate monomers.
In this context, COFs are ideal precursors for preparing porous
carbon electrodes. For example, increasing the reaction
temperature from 400 to 700 °C, CTF-1 (Figure 27A) can be
converted into nitrogen-doped porous carbon PTF-700 with
plenty of microporosity and an increased surface area from 1212
to 2482 m2 g−1.412 In a conventional two-electrode symmetric
supercapacitor system with a room-temperature ionic liquid
(EMIMBF4) electrolyte, PTF-700 works in the potential range
of 0−3.5 V and achieves the energy and power densities of 62.7
W h kg−1 and 8750 W kg−1, respectively, which are the best

among a series of carbons prepared at different temperatures.
The PTF-700-based supercapacitor, after charged at 3.5 V, can
drive commercially available white-light-emitting diodes
(LEDs) or red LEDs at 2.2 V. Temperature-dependent studies
reveal that the polymerization temperature exerts two distinct
effects on the capacitive properties. First, a high temperature
leads to a better conductivity that accounts for a better high-rate
capacity. Indeed, PTF-700 keeps all quasi-rectangular C−V
curves at a scan speed of 100 mV s−1, shows isosceles-triangular
galvanostatic charge−discharge curves at a current density up to
7 A g−1, and retains 85% specific capacitance after 10 000 cycles.
Second, the nitrogen content as well as the electroactive surface
area decrease at a high reaction temperature. As a result, the
specific capacitance of carbons prepared at different temper-
atures is almost unchanged between 147.1 and 151.3 F g−1 at a
current density of 0.1 A g−1.
Similarly, B-doped porous carbon electrodes have been

produced by the pyrolysis of COF-5 (Figure 7B) at 700 °C.413

The electrochemical properties are evaluated in a two-electrode
cell supercapacitor in an aqueous sulfuric acid solution (1.0 M)
with a potential window from−0.5 to 0.5 V. The COF-5-derived
BC-MS-700-14 achieves a specific capacitance of 160 F g−1 at a
scan rate of 10 mV s−1 and retains 77% of its initial capacitance.
Nanocoating of TpPa-COF (= TpPa-1, Figure 62A) on nickel

nanowires (NiNWs) yields a metal−COF composite material,
NiNWs@TpPa-COF.414 This composite material endows the
redox-active COF material with a high conductivity as well as
high capacitance. Remarkably, the resulting composite has a
high specific capacitance of 426 F g−1 at a current density of 2 A

Figure 69. Schematics of (A) the stacked model and (B) the chemical structure of donor−acceptor DTP-ANDI-COF. (C) Redox reaction of NDI edge
units and (D) DTP-ANDI-COF@CNT composite as an electrode in a lithium-ion battery.
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g−1 and retains a high capacitance of 314 F g−1 at a high current
density of 50 A g−1.

9.2. Lithium-Ion Battery

Organic electrodes for the lithium-ion batteries usually have
poor rate performance and cycle stability, the main hurdles to be
addressed. A small dilithium rhodizonate compound with
abundant carbonyl groups delivers a capacity of 580 mAh g−1

but shows a drastic decrease in the capacity upon cycling due to
the loss of active dilithium rhodizonate via dissolving in the
electrolyte.415 Anchoring redox-active units on COF skeletons
via covalent bonds is expected to enhance the cycle performance
by avoiding the leak of active materials during lithiation and
delithiation processes. Moreover, the open channels can
facilitate ion transport that is necessary for a high rate of
performance. Nevertheless, the limited electric conductivity of
COFs is an issue that needs to be addressed before achieving a
quick electrochemical process in the lithium-ion battery.
Hybrids of a redox-active COF with CNTs or conducting
polymers open a way to boost electric conductivity and achieve a
high rate of performance in lithium ion batteries.
As a proof of concept, the COF−CNT composites, that is,

DTP-ANDI-COF@CNTs (Figure 69A), have been developed as
the cathode for lithium-ion batteries by in situ growing the
mesoporous DTP-ANDI-COF containing redox-active naphtha-
lene diimide (NDI) units onto CNTs; the NDI units undergo a
reversible two-electron redox reaction during lithiation and
delithiation processes (Figure 69B).416

Indeed, the discharge−charge curve for lithium-ion batteries
with the DTP-ANDI-COF@CNT cathode is symmetric, indicat-

ing the reversibility of oxidation and reduction processes. The
Coulombic efficiency retains 100% after 100 cycles. The
capacity of DTP-ANDI-COF@CNTs is as high as 67 mA h g−1

at a current density of 2.4 C, corresponding to an efficiency of
82% in utilizing the redox-active sites. In the long-term stability
tests at a current density of 2.4 C, DTP-ANDI-COF@CNT
stabilizes the capacity at 74 mA h g−1 after 700 cycles and
achieves the redox-active site utilization efficiency of 90%. The
charge-transfer resistance is decreased from 129 ohm for DTP-
ANDI-COF to 8.3 ohm for DTP-ANDI-COF@CNTs, which
accounts for the outstanding performance.
Usually, the CC bond in the phenyl unit and imine bond

hardly serve as redox-active units for energy storage. Recently, a
study on COF-LZU1 breaks this limitation. Through growing a
few layers of COF-LZU1 on CNTs, the resulting COF@CNT
(Figure 21A) composite can deliver a reversible capacity as high
as 1536mA h g−1 upon stepwise activation at a current density of
100 mA g−1, and the lithium-storage mechanism involves a 14-
electron redox process with one lithium ion per CN group
and six lithium ions per benzene ring.417

Conjugated backbones in the COF are beneficial for lithium-
ion storage. The COF backbone with an extended π-conjugated
system is important for conquering the low intrinsic electrical
conductivity of the COF. Tp-DANT-COF (Figure 70A) and
Tb-DANT-COF (Figure 70B) with a conjugated NDI unit have
been prepared as cathodes for the lithium-ion battery.418 The
initial charge and discharge capacities of Tp-DANT-COF are
78.9 and 93.4 mA h g−1 at a current density of 1.5 C respectively,
which are slightly lower than those of the monomer control, 2,7-

Figure 70. Schematics of COFs with conjugated backbones for the lithium-ion battery: (A) Tp-DANT-COF, (B) Tb-DANT-COF, (C)N2-COF, (D)
N3-COF, (E) DABQ-TFP-COF, and (F) IISERP-CON1.
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bis((E)-benzylideneamino)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone (DANTB), with an initial capacity of
125 mA h g−1. Notably, both the Tp-DANT COF and the Tb-
DANT COF have better cycling performances than the control.
For instance, at a high current density of 7.5 C, the Tp-DANT
COF cathode can deliver the reversible charge and discharge
capacities of 72.8 and 71.7 mA h g−1 after 600 cycles. The Tb-
DANT COF can retain a reversible capacity of 80.1 mA h g−1

after 300 cycles at 3.4 C. The cycling stability of the Tp-DANT
COF and the Tb-DANT COF illustrates that the integration of
the DANT unit in the bulk material prevents the degradation of
the redox-active unit. In comparison, an amorphous conjugated
microporous polymer HATN-CMP achieves a high initial
capacity of 147 mAh g−1 at a current density of 100 mA g−1, but
the capacity drops to 65mAh g−1 at a high current density of 500
mA h−1.419 N2-COF (Figure 70C) and N3-COF (Figures 16J
and 70D) with conjugated backbones exhibit high initial charge
capacities of 737 (discharge) and 731 mA h g−1 (charge) for N2-
COF and 689 (discharge) and 707 mA h g−1 (charge) for N3-
COF at a current density of 1 A g−1.420 Both of them exhibit
good cycle stability to retain 82% (N2-COF) and 81% (N3-
COF) of the initial capacities after 500 cycles.
Compared with the pristine COFs, the exfoliated CONs with

shorter Li+ diffusion pathways exhibit a higher utilization
efficiency of redox sites and faster kinetics for lithium storage.
The ion-diffusion-controlled electrochemical process in pristine
COF-based cathodes will turn to a charge-transfer-dominated
process in CONs. Specifically, DAAQ-ECOF (exfoliation of
DAAQ-TFP-COF, Figures 16R and 63) shows an excellent
rechargeability with a 98% capacity retention after 1800 cycles at
a current density of 20 mA g−1 and a fast charge−discharge
ability with a 74% retention at a current density of 500 mA g−1;
both of them are much higher than those of bulk DABQ-TFP-
COF (Figure 70E).232 A self-exfoliated IISERP-CON1 (Figure
70F) anode has been prepared by condensing the triazole with
trialdehyde.421 This CON exhibits 720 mA h g−1 at a current
density of 100 mA g−1 in lieu of an abundance of organic
functional groups such as hydroxyl and N atoms that enable the
reversible binding of Li+ ions.

9.3. Lithium Sulfur Battery

Sulfur is attractive as the electrode because of its high capacity
and low cost. However, sulfur cannot be used directly as an
electrode owing to its insulating character. Moreover, the
shuttling loss of intermediate lithium polysulfides eventually
causes the deterioration of cycle performance. Specific
separators such as polymeric membranes decorated with
alumina or silica are capable of retaining the cycle perform-
ance;422,423 However, the design and preparation of these
membranes are complex and costly. To address these drawbacks,
trapping sulfur into porous materials offers a promising route,
and the pore size and volume are key factors to be considered.
The impregnation of sulfur into CTF-1 (Figure 27A) has been

investigated by heating the mixture of CTF-1 and sulfur (3:2, in
wt %) at 155 °C for 15 h.424 The sulfur content in CTF-1 can
reach 34 wt %, as confirmed by TGA. According to the
galvanostatic discharge curves at a current density of 0.1 C, the
capacity of CTF-1/s@155 °C decreases from 1197 to 762 mA h
g−1 after 50 charge−discharge cycles, corresponding to a
retention of 64% capacity and a Coulombic efficiency of 97%.
By contrast, the physical mixture of CTF-1 and the sulfur (CTF-
1/S@RT) cathode exhibits a much faster capacity decay from
1015 to 480 mA h g−1 after only 20 cycles. The distinct features

for CTF-1/s@155 °C and CTF-1/S@RT suggest that loading
sulfur into the CTF-1 pores greatly improves the cycle
performance.
On the contrary, covalently anchoring sulfur to S-CTF-1

(Figure 71), which consists of a sulfur content of 62 wt %, has

been synthesized by heating sulfur and 1,4-dicyanobenzene to
400 °C.425 This synthetic process combines the initiation of
sulfur polymerization, the trimerization of nitrile groups, and the
C−H insertion reaction between sulfur and CTF-1. The
resulting S-CTF-1 exhibits good stability in the charge−
discharge cycle test. At current densities of 1 and 2 C, S-CTF-
1 retains 85.8 and 81.0% of the initial capacities (482.2 and 406.3
mA h g−1) and 100% Coulombic efficiency, even after 300
cycles. This grafting strategy exceeds the performance of
hydroxylated graphene nanosheets that enables only phys-
isorption interactions with sulfur and decreases the capacity to
85% only after 100 cycles.426 The covalent C−S bonds are stable
during the cycle process, as confirmed by XPS after 100 cycles.
Similarly, loading sulfur to microporous porphyrin-based Por-
COF (Figure 72A), mesoporous Azo-COF (Figure 72B) and
COF-V (Figure 72C), pyrene-based Py-COF (= ILCOF-1,
Figure 9A), imine-linked TAPB-PDA-COF (Figure 72D), and
boronic-ester-linked COF-1 (Figure 7A) has been explored for
Li−S batteries.96,427−431
The confinement of polysulfides in fluorinated CTFs, that is,

FCTF-S (Figure 72E), achieves good performance in the Li−S
battery.432 The polar C−F bond interacts more strongly with the
sulfur species, in contrast with the nonfluorinated CTF, thus
offering a more effective way to mitigate the dissolution of
polysulfide intermediates. For example, FCTF-S exhibits an
initial capacity of 1296 mA h g−1 at a current density of 0.1 C,
which is comparable to that of CTF-S (1243 mA h g−1).
However, the cycling study reveals that FCTF-S can retain the
capacity more effectively than CTF-S, as evidenced by a lower
capacity fading rate of FCTF-S (0.17% per cycle) compared with
that of CTF-S (0.30% per cycle). Fluorinated COF-F (Figure
72F) has been prepared for the lithium sulfur battery433 because
this COF undergoes an SNAr substitution reaction for the
covalent binding of sulfur. This enables 61 wt % sulfur loading in
the material that exhibits an initial discharge capacity of 1120
mA h g−1 at a current density of 0.1 C. A slow capacity decay rate
of 0.04% drop per cycle is observed over 100 cycles, indicating
that the covalent bonding of sulfur with the COF-F prevents the

Figure 71. Schematic of S-CTF-1 for Li−S batteries.
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dissolution of the polysulfide species. It is compatible with that
of the rGO/MoS2-coated separator that has a low-capacity
fading rate of 0.116% after 500 cycles at 1 C.434

Immobilizing polysulfide chains into the imine-linked frame-
work, TFPPy-ETTA-COF (= Py-TPE-COF, Figure 50A) can
prevent the shuttling of polysulfides.243 By heating sulfur with
TFPPy-ETTA-COF at 300 °C, the CN imine units in the
COF trigger the polymerization of sulfur to form polysulfide
chains and anchor them onto the pore walls via C−S bonds. This
covalent immobilization transforms a redox-inactive TFPPy-
ETTA-COF to a redox-active polysulfide@TFPPy-ETTA-COF
with 64 wt % polysulfide loading. This polysulfide@TFPPy-
ETTA-COF exhibits a stable capacity after 60 cycles and retains
up to 54% of the initial capacity (1069 mA h g−1) after 130
cycles. The slow decay of the capacity reveals that covalently
bonded polysulfide is critical for improving the Li−S battery
performance.
The long-term charge−discharge stability of Li−S batteries is

highly affected by the accumulation of electron-inert Li2S2/Li2S
intermediates that are generated in the redox process. To solve
this problem, iCOF−CNT hybrid electrodes are constructed by
in situ growing COF-1 (Figure 7A) on CNT sheets and are used
as an interlayer between the sulfur cathode and the separator
membrane.435 As a result, the cell maintains 84% of its original
capacity after 300 cycles at a current density of 2 C. The
interlayer can trap Li2S by the micropores of COF-1, and the S−
B bonding between Li2S and COF-1 mitigates the electrostatic

repulsion between Li2S and S6
2− (S3*)

−. These effects facilitate
the reversion from insoluble Li2S to soluble Li2Sx, thus
preventing the aggregation of insulating Li2S on the CNTs
and enhancing the cycle stability.

9.4. Sodium- and Potassium-Ion Batteries

Sodium- and potassium-ion batteries have been developed as
next-generation batteries owing to the high cost and shortage of
lithium metal. A drawback for sodium- and potassium-ion
batteries is the sluggish kinetics in the electrode owing to the
high mass of Na+ and K+ ions, giving rise to a low capacity
compared with those of lithium-ion batteries. Designing anodes
that allow a high rate of ion diffusion is a main concern. COFs
are promising to achieve a high reversible capacity because their
high porosity enables fast ion diffusion and their covalent
skeletons prevent the dissolution of redox-active units.
2D COFs with redox-active units have been explored as

rechargeable anode materials in sodium- and potassium-ion
batteries.209 Ball-milling of the DAAQ-TFP COF (Figures 16R
and 63) generates CONs with a thickness of 100−250 nm in 30
min, which can be further treated with methane sulfonic acid,
followed by reprecipitation with methanol to yield CONs with a
thickness of 4−12 nm. The resulting CONs exhibit excellent
performance with capacities as high as 500 and 450 mA h g−1 at
current densities of 50 and 75 mA g−1, respectively. Remarkably,
the capacity retentivity can reach 99% after 10 000 cycles,
demonstrating a promising cyclic stability.

Figure 72. Schematics of COFs explored for the performance screening of Li−S batteries: (A) Por-COF, (B) Azo-COF, (C)COF-V, (D) TAPB-PDA-
COF, (E) FCTF-S, and (F) COF-F.
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COF-10 (Figure 73) has been grown onto a CNT to have a
thickness of 6 nm, and the resulting COF-10@CNT hybrid

serves as an anode for potassium-ion batteries.436 It exhibits an
initial charge capacity of 348 mA h g−1, which is far superior to
that (130 mA h g−1) of COF-10. COF-10@CNT shows a
reversible capacity to reach 288 mA h g−1 after 500 cycles at a
current density of 0.1 A g−1. After the repetitive charge−
discharge cycle, the interlayer spacing of COF-10 increases from
0.35 to 0.41 nm as a result of the intercalation of K+ between
COF-10 layers. Therefore, the K+ storage is driven by π-cation
interactions between K+ and the π-clouds of aromatic backbones
of COF-10. This result is encouraging because the π-system in
COFs is ubiquitous and the π-skeletons can be explored for the
intercalation of ions for developing energy-storage systems.

10. MASS TRANSPORT
How to design materials with the capability of transporting
holes, electrons, ions, and molecules is a central subject in the

fields of semiconductors, optoelectronics, and energy devi-
ces.93,158,173,223,224,437 The key to facilitating the charge-carrier
transport is to create ordered structures. In this context, 2D
COFs provide a powerful platform in designing ordered π-arrays
and aligned 1D open channels. The ordered π-arrays in 2D
COFs formed by the π−π stacking of knots and edges offer
preorganized and built-in pathways for hole and electron
conductions.
2D COFs offer 1D open nanochannels that are accessible to

external guest molecules and ions. In particular, 2D COFs
provide a versatile platform for the complementary design of
skeletons and 1D open pores that can accommodate specific
guest molecules or ions, so that the resulting COFs are capable
of high-rate ion conductions.217,438

10.1. Proton Conduction

Proton transport is ubiquitous in biological systems and plays a
key role in important technology such as fuel cells for chemical-
to-electricity energy conversion.439−441 Pentafluorinated sul-
fonic-acid-functionalized polymer membrane, that is, Nafion, is
the benchmark material for proton conduction. Owing to its
unique morphological and structural characteristics, Nafion
exhibits a high proton conductivity (e.g., 10−1 S cm−1) at
moderate temperature (60−80 °C) under high relative humid
conditions (98% RH).62 Because of its high cost and low
efficiency at high operating temperature (120−200 °C), long-
term efforts over the past five decades have been made with the
aim to explore new materials that surpass Nafion.
Materials with inherent pores are promising to provide a

pathway for ion conduction across the nanopores. The
combination of well-defined structural ordering, tunable
porosity and functionality, and robust thermal and chemical
stability in COFs is hardly achieved by other porous materials;
recent advances have demonstrated that COFs offer a new
platform for the molecular design of proton-conducting
materials.62,67,230,442 In particular, the ordered 1D channels of
2D COFs are accessible to proton carriers that form a hydrogen-
bonding network that improves the proton conductivity beyond
the level of Nafion.70,192,216,222,223

10.1.1. Organic Proton Carriers. By developing a stable
skeleton, TPB-DMTP-COF (Figures 16O, 21B, and 74) has

Figure 73. Schematic of COF-10 explored for potassium-ion batteries.

Figure 74.Mesoporous 2DTPB-DMTP-COF. Schematic of stacked 2DTPB-DMTP-COFwith (A) triazole and (B) imidazole proton carriers loaded
in the 1D channels.
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shown its high capability of loading organic proton carriers in the
3.2 nm mesoporous channels. TPB-DMTP-COF can accom-
modate 180 wt % triazole (trz) and 155 wt % imidazole (im)
within its mesopores, which are close to the theoretical loading
contents of 186 and 164 wt %, respectively.230 The anhydrous
proton conductivity of trz@TPB-DMTP and im@TPB-DMTP
COFs is as high as (1.1 and 4.37) × 10−3 S cm−1, respectively, at
130 °C. In contrast, MOF [Al(μ2-OH)(1,4-d.c.)]n with
imidazole in the pores exhibits a much lower proton
conductivity of 2.2 × 10−5 S cm−1 at 120 °C.443 The difference
between im@TPB-DMTP-COF and trz@TPB-DMTP-COF
indicates a great effect of proton carriers on the conductivity. By
decreasing the loading content of im or trz, the resulting
materials greatly decrease the proton conductivity. For example,
im@TPB-DMTP-COF with a loading content of 82 wt %
exhibits a conductivity of 2.03× 10−4 S cm−1 at 130 °C.Notably,
the conductivity of TPB-DMTP-COF is four orders of
magnitude higher than that of amorphous analogue im@TPB-
TP-COF under otherwise identical conditions, indicating the
importance of aligned 1D channels for the proton conduction.
Clearly, the activation energy (Ea) for amorphous im@TPB-TP-
COF is 0.91 eV, which is much higher than that (0.38 eV) of
im@TPB-DMTP-COF, indicating that the ordered 1D
mesopores facilitate proton conduction. The low activation
energy indicates that the proton conduction is dominated by a
hopping mechanism, and the im and trz molecules in the

mesopores form hydrogen-bonding networks through which the
protons move forward across the channels.
The proton conductivity of NUS-9(R) (Figure 75A)

containing monosulfonyl group-functionalized edge units is
1.24 × 10−2 S cm−1 under 97% RH at 25 °C.67 The conductivity
increases to 3.96 × 10−2 S cm−1 for NUS-10(R) (Figure 75B)
containing bifunctionalized ((−SO3H)2) edge units under
otherwise identical conditions. The proton conductivities of
sulfonated COFs NUS-9(R) and NUS-10(R) are the highest
among other sulfonated porous frameworks, such as Nafion with
a proton conductivity of 1.0 × 10−2 S cm−1 under 98% RH at 80
°C,444 UiO-66-(SO3H)2 with a proton conductivity of 1.42 ×
10−2 S cm−1 under 90% RH at 25 °C,445 and phytic@TpPa-
(SO3H-Py) with a proton conductivity of 0.50 × 10−4 S cm−1

under anhydrous conditions at 120 °C.446 Notably, NUS-10(R)
exhibits excellent stability at 25 °C and 97% RH without a
significant loss of conductivity, even after continuous operation
after 15 days. Clearly, the drastic increment is attributed to the
presence of water guests in the confined nanochannel and their
enhanced interactions with hydrophilic sulfonic acid groups in
establishing pathways for efficient proton motion. The NUS-
9(R) andNUS-10(R) COFs can form composite membranes by
mixing COFs with nonconductive PVDF (polyvinylidene
fluoride) via a solution-casting process. Among various
membranes with different loading contents of COFs, NUS-
9(R)@PVDF-50 and NUS-10(R)@PVDF-50 have shown the
best proton conductivity upon the direct soak of the COF

Figure 75. Schematics of (A) NUS-9(R) and (B) NUS-10(R) for proton conduction.

Figure 76. Schematics of (A) the Tp-Azo COF, (B) the TP-Stb COF, and (C) TpPa-SO3H for proton conduction.
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membrane with ultrapure water. For example, NUS-9(R)@
PVDF-50 exhibits high conductivities of (2.06 and 5.06) × 10−3

S cm−1 at 25 and 80 °C, respectively. More significantly, NUS-
10(R)@PVDF-50 exhibits further increased conductivities of
5.16 × 10−3 and 1.58 × 10−2 S cm−1 at 25 and 80 °C,
respectively. The Ea value of NUS-9(R)@PVDF-50 and NUS-
10(R)@PVDF-50 membranes is 0.2 and 0.21 eV, respectively,
indicating that these membranes are dominated by a hopping
mechanism for proton conduction via the hydrogen-bonding
networks formed between sulfonic groups and water molecules
in the pores.
10.1.2. Inorganic Acid Proton Carriers. Similarly, the

phosphoric-acid (H3PO4, PA)-loaded Tp-Azo COF (Figure
76A) has been investigated for proton conduction under humid
and anhydrous condition by changing the temperature from 22
to 142 °C.62 The PA@Tp-Azo COF with a PA content of 5.4 wt
% exhibits a proton conductivity of 6.7 × 10−5 S cm−1 at 67 °C
under anhydrous conditions. The conductivity increases upon
humidification and reaches 9.9 × 10−4 S cm−1 at 59 °C under
98% RH. The proton conductivity of the PA@Tp-Azo COF is
lower than that of MOF counterparts, such as ferrous oxalate
dehydrate (1.3 × 10−3 S cm−1 at 25 °C, 98% RH)447 and 1,2,4-
triazole-loaded β-PCMOF2 (5 × 10−4 S cm−1 at 150 °C under
anhydrous hydrogen).448 In contrast, the PA@Tp-Stb COF (2.8
wt % PA, Figure 76B) without azo units exhibits almost no
proton conductivity under otherwise identical conditions. The
conductivity of both COFs increases by increasing the humidity.
For example, PA@Tp-Azo and PA@Tp-Stb COFs exhibit a
proton conductivity of 9.9 × 10−4 and 2.3 × 10−5 S cm−1,
respectively, at 59 °C under 98% RH. The different behaviors
between azo-functionalized (NN) and nonazo (C
C) COFs clearly demonstrate that the presence of azo units
makes a remarkable contribution to the proton conduction. The
protonated azo units on the 1D channel walls of the Tp-Azo
COF under humid conditions form a hydrogen-bonding
network that promotes proton conduction. The TpBpy-ST
COF and TpBpy-MCCOF (= Tp-Bpy, Figure 31E; ST andMC
stand for solvothermal and mechanochemical synthesis,
respectively) show a proton conductivity of (1.98 and 2.5) ×
10−3 S cm−1, respectively, at 120 °C under 0% RH.66 The high
proton conductivity of the PA@TpBpy COF is attributed to the
presence of bipyridine sites, a hydrogen-bonded phosphoric acid
channel, and low activation energy (0.11 to 0.12 eV).
Similarly, the cationic EB-COF:PW12 (PW12 stands for

polyoxomethalates (POM); PW12O40
3−) under 97% RH at

room temperature exhibits a proton conductivity of 3.32 × 10−3

S cm−1, which is much higher than that (2.82 × 10−6 S cm−1) of
the analogous cationic EB-COF:Br (= EB-TFP iCOF, Figure
60A).68 This result indicates that POM in the ordered 1D open
channels facilitates the proton hopping in EB-COF:PW12. The
proton conductivity is compatible with those of MOF materials,
such as Fe-CAT-5 (5 × 10−2 S cm−1), Ti-CAT-5 (8.2 × 10−4 S
cm−1),449 and Fe(ox)2H2O (1.3 × 10−3 S cm−1).447 Upon
treatment of two aza-fused COFs, that is, aza-COF-1H and aza-
COF-2H with H3PO4,

450 the proton conductivity increases from
1.51 × 10−5 (aza-COF-1) and 8.78 × 10−6 (aza-COF-2) to 1.23
× 10−3 (aza-COF-1H) and 4.80 × 10−3 S cm−1 (aza-COF-2H),
respectively, under 97% RH at 50 °C. Clearly, the Ea value
decreases from 0.78 eV for aza-COF-1 to 0.29 eV for aza-COF-
1H and from 0.96 eV for aza-COF-2 to 0.45 eV for aza-COF-2H.
These results indicate that the proton conduction in these
H3PO4-loaded aza-COFs is driven by a hopping mechanism.

Intrinsic and extrinsic proton conductivities of COFs have
been investigated for TpPa-SO3H (Figure 76C), TpPa-(SO3H-
Py) (= NUS-9(R), Figure 75A), and TpPa-Py COFs (Figure
64C) under anhydrous condition by using alternating-current
impedance spectroscopic measurements.442 In the sulfonic-acid-
functionalized TpPa-SO3HCOF, sulfonic acid groups on the 1D
porous channel act as intrinsic proton-conducting units. The
intrinsic proton conductivity of the TpPa-SO3H COF is 1.2 ×
10−5 S cm−1 at 25 °C and 1.7 × 10−5 S cm−1 at 120 °C. The
conductivity is improved for the phytic acid@TpPa-SO3H COF
and reaches 7.5 × 10−5 S cm−1 at 120 °C owing to the presence
of extrinsic conductivity. On the contrary, the phytic acid@
TpPa-Py COF has a conductivity of 3.0× 10−4 S cm−1 at 120 °C,
which is higher than that of the phytic acid@TpPa-SO3H COF
due to the immobilization of phytic acid on the pyridine centers.
Notably, phytic acid@TpPa-(SO3H-Py) exhibits a proton
conductivity as high as 5.0 × 10−4 S cm−1 at 120 °C owing to
the coexistence of intrinsic and extrinsic proton-conducting
pathways.
The entrapment of p-toluene sulfonic acid in COF

membranes is another efficient strategy to achieve high proton
conductivity. Although TpAzo COF membranes exhibit a low
proton conductivity of 3.4 × 10−5 S cm−1 at 80 °C under 95%
RH, PTSA@TpAzo achieves a proton conductivity of 6.3× 10−2

S cm−1 at 30 °C under 95% RH, whereas the conductivity
increases as temperature is increased and reaches a maximum of
7.8 × 10−2 S cm−1 at 80 °C.451 The thickness of TpAzo COF
membranes can vary between 100 to 300 μm by changing the
thickness of the molds, and the proton conductivity further
increases upon decreasing the thickness of the in situ PTSA·
H2O-loaded COF membranes.

10.2. Ion Conduction

Spiroborates are ionic derivatives of boronic acids and possess
high resistance toward hydrolysis. In this context, COFs that are
linked by spiroborate can be used as ion conductors. ICOF-2
(Figure 27F) consisting of Li+ ions acts as solid-state electrolytes
in lithium ion batteries.217 Because of its light weight and high
thermal and chemical stability, the Li+-ion-containing ICOF-2
exhibits an ion conductivity of 3.05 × 10−5 S cm−1 at room
temperature, and the conductivity shows a linear enhancement
with the temperature. The Li+-ion transference number for
traditional solid-state polymer electrolytes with lithium salt is
usually 0.2 to 0.5.452 By contrast, the Li+-ion transference
number for ICOF-2 is as high as 0.8, as determined by using the
Bruce−Vincent−Evans (BVE) method, indicating that ICOF-2
has the potential to serve as a high-voltage cathode material.
LiCl@RT-COF-1 (Figure 77) that is produced by the
postsynthetic treatment of RT-COF-1 with LiCl exhibits a
conductivity of 6.45 × 10−3 S cm−1 (at 40 °C and 100% RH).453

It is among the highest reported so far for both COFs andMOFs
under similar operating conditions, as represented by MFM-
500(Ni) (4.5 × 10−4 S cm−1 at 25 °C and 98% RH),454 MOF
(Cu−TCPP) (3.9 × 10−3 S cm−1 at 25 °C and 98% RH),455 and
In(III)-isophthalate-basedMOF In-IA-2D-1 (3.4× 10−3 S cm−1

at 27 °C and 98% RH).456

The preferred orientation of 2D COF layers has been
developed by pressing the COF powders, which facilitate mass
transport within the aligned cylindrical pores in the COF
pellets.438 For example, the powder samples of COF-5 (Figure
7B) and TpPa-1 (Figure 62A) COFs upon treatment with 1 M
LiClO4/THF for 48 h can load 3.77 mol % Li+ ions. The
resulting pellets exhibit ionic conductivities of (2.6 and 1.5) ×
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10−4 S cm−1, respectively, at room temperature, which is
compatible with other materials such as a spiroborate-based
COF (3 × 10−5 S cm−1),217 borate amorphous organic porous
polymers (2.7 × 10−4 S cm−1),457 and other inorganic materials
LiGePS (1.2 × 10−3 S cm−1).458 The pallets without Li+ salts are
insulators for ion conduction. Moreover, by using a linear
Arrhenius plot, the Ea value is as low as 0.037 ± 0.004 eV for
COF-5. The reason for this extremely low activation energy is
still unclear.

Integrating flexible oligo(ethylene oxide) (OEO) chains onto
the pore walls of COFs forms a polyelectrolyte interface in the
nanochannels and offers a pathway for lithium ion transport
(Figure 78).459 After loading with LiClO4 through the solution
diffusion method, the resulting Li+@TPB-BMTP-COF (Figure
78B) achieves ion conductivities of 6.04× 10−6, 2.85× 10−5, and
1.66 × 10−4 S cm−1 at 40, 60, and 80 °C, respectively, which are
44, 42, and 30 times higher than those of Li+@TPB-DMTP-
COF (Figure 78A). Notably, the ion conductivity of poly-
(ethylene oxide)−Li+ complex is only 8.0 × 10−8 S cm−1 at 40
°C. This indicates that the polyelectrolyte chains aligned on the
pore walls of the COFs greatly promote the ion motion. The
greatly enhanced ion conductivity observed for Li+@TPB-
BMTP-COF originates from the presence of dense poly-
(ethylene oxide) (PEO) chains that form a polyelectrolyte
interface in the channels, which promotes the dissociation of Li
salts and the Li+ motion. The activation energy is 0.96 eV for the
Li+@TPB-DMTP-COF and 0.87 eV for the Li+@TPB-BMTP-
COF, indicating a vehicle mechanism.
Similarly, anchoring PEO in the COF yields COF-PEO-3,

COF-PEO-6, and COF-PEO-9 (Figure 78C−E).460 The
conductivity increases with the increase in chain length under
otherwise identical conditions. COF-PEO-9-Li at 200 °C in
argon shows a conductivity of 1.33 × 10−3 S cm−1. These results
show that COFs offer a promising platform for designing solid-
state ion conduction and transportation. Interestingly, through
adjusting the electronegativity of the COF skeleton, the Li+

conduction of COF-PEO can be controlled.461 Mixing COFs
with Li salt and PEG (= PEO) forms PEG-Li+@CD-COF-Li,
PEG-Li+@COF-300, PEG-Li+@COF-5, and PEG-Li+@EB-
COF-ClO4, whose conductivities are 2.60 × 10−5, 1.40 ×
10−6, 3.60 × 10−8, and 1.93 × 10−5 S cm−1 at 30 °C and 1.30 ×

Figure 77. Schematic of RT-COF-1 for ion conduction.

Figure 78. Schematics of COFs with integrated flexible PEO chains for lithium ion transport: (A) Li+@TPB-DMTP-COF, (B) Li+@TPB-BMTP-
COF, (C) COF-PEO-3, (D) COF-PEO-6, and (E) COF-PEO-9.
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10−4, 9.11 × 10−5, 3.49 × 10−5, and 1.78 × 10−3 S cm−1 at 120
°C, respectively. The activation energy is 0.17, 0.20, 0.35, and
0.21 eV, respectively. The ionic COFs display higher ion
conductivity than those with a neutral framework owing to the
large polarizability of the ionic COFs that increases the
dissociation of Li salt. When the same amount of Li salt is
loaded into the COFs without PEG, there is no ion conduction
in the three COFs except for the low conductivity of 7.81 × 10−7

S cm−1 at 120 °C in Li+@CD-COF-Li. The PEG plays a key role
in the mass transport of Li+.
To solve the problem of dendritic Li growth caused by the

freely mobile anion and organic solvents in the electrolytes, a
single Li+ ion conductor TpPa-SO3Li (Figure 79A) without
freely mobile anions and solvents has been prepared.462 At room
temperature, the conductivity is 2.7 × 10−5 S cm−1 without any
addition of Li salts or organic solvents, and the Ea value is 0.18
eV. Notably, this conductivity is compatible with those of
propylene carbonate (PC) solvent-containing ion conductors
based on the anionic COF composite (3.05 × 10−5 S cm−1)217

and MOF composite (5.7 × 10−5 S cm−1).463 Another similar
method to immobilize ions in the Li-ImCOFs (Figure 79B) is to
diffuse Li+ ion through the channels owing to the interaction
between Li+ and imidazole.263 Interestingly, the electron-
withdrawing substituent weakens the ion-pair interaction and
improves the conductivity. At room temperature, the con-
ductivity is 5.3 × 10−3, 7.2 × 10−3, and 8.0 × 10−5 S cm−1 for H-
Li-ImCOF, CF3-Li-ImCOF, and CH3-Li-ImCOF, respectively.
Their Ea values are 0.12, 0.10, and 0.27 eV, respectively.
Anion conductivity in COFs has been investigated using

COFs with anion charges. The as-synthesized TpBD-
MeQA+Br−, via ion exchange by washing with aqueous KOH
solution, is transformed into TpBD-MeQA+OH−,464 which
further forms TpBD-MeQA+HCO3

− via the reaction of OH−

anions with CO2 upon exposure to air. The conductivity
increases from 4.6× 10−3 S cm−1 for TpBD-MeQA+Br− at 20 °C
to 8.4 × 10−3 S cm−1 at 20 °C and 2.7 × 10−2 S cm−1 at 80 °C.

11. PORE DESIGN OF FUNCTIONS

11.1. Features of Pores and Porosity Design

COFs offer a platform for designing pores to achieve a discrete
pore shape, size, and environment. In particular, in 2D COFs,
their pores display distinct features that are inaccessible to other
porous materials, namely, (1) the 1D pores are open and
accessible only from the top and bottom sides of the 2D layers;
(2) they are independent space and are free of interpenetration;
(3) they are uniform in shape with a predesignable polygon; (4)
they have a discrete pore size that is predesignable and tunable
frommicropore tomesopore with atomic level accuracy; and (5)
they can be designed to produce various tailor-made interfaces
on the pore walls to control the interactions with guests. The
pore shape and size can be designed by using a different topology
diagram, whereas the tailor-made pore interface can be achieved
by pore-surface engineering. Therefore, the pore chemistry of
2D COFs offers straightforward strategies for designing the
parameters of 1D channels. This structural designability is the
most distinctive feature of the porous structure of COFs. It
enables the exploration of various interfaces and functions based
on the same COF skeleton, greatly expanding the structural
availability and diversity.
2D COFs consist of stacked layer structures in which the

dense π-units in the skeletons limit the development of ultrahigh
porosity. 3D COFs evolve extended skeletons that usually
contain folded structures, which also decreases their porosity.
How to develop strategies that enable the full exploration of the
porosity of 2D and 3D COFs is a subject of high interest but
remains a challenge. In particular, exceptional surface area and
large pore volume are two key parameters to be achieved in
developing porosity. Indeed, the porosity of COFs is highly
dependent on the building blocks, especially their bulkiness and
molecular weight, and is also affected by the crystallinity of the
COF samples. On the basis of theoretical predictions, some
COFs can reach high porosity. For example, the theoretical
surface area of 2D ILCOF-1 (Figure 9A) is as high as 5070 m2

g−1, whereas the calculated surface area of 3D COF-340 can

Figure 79. Schematics of (A) TpPa-SO3Li and (B) Li-ImCOFs for ion conduction.
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Table 6. Typical Examples of COFs with the BET Surface Area, Pore Volume, and Pore Width

COFs linkage SBET (m2 g−1) pore volume (cm3 g−1) pore width (nm) ref

COF-1 boroxine 711 0.32 0.9 9
COF-5 boronate ester 1590 0.998 2.7 9
COF-6 boronate ester 980 0.32 0.64 26
COF-8 boronate ester 1400 0.69 1.87 26
COF-10 boronate ester 2080 1.44 3.41 26
COF-102 boroxine 3472 1.35 1.15 47
COF-103 boroxine 4210 1.66 1.25 47
DBA-3D-COF 1 boronate ester 5083 1.59 2.6 467
TP-COF boronate ester 868 0.79 3.26 27
COF-18 Å boronate ester 1263 0.69 1.8 132
COF-16 Å boronate ester 753 0.39 1.6 132
COF-14 Å boronate ester 805 0.41 1.4 132
COF-11 Å boronate ester 105 0.052 1.1 132
COF-202 borosilicate 2690 1.09 1.1 148
PPy-COF boroxine 923 0.53 1.88 222
COF-5 (microwave) boronate-ester 2019 2.7 194
COF-102 (microwave) boroxine 2926 1.2 194
ATPES-COF-1 boroxine 490 335
COF-102-allyl boroxine 1445 141
COF-102-SPr boroxine 1424 141
T-COF 1 boronate ester 927 2.04 224
T-COF 2 boronate ester 562 1.36 224
T-COF 3 boronate ester 544 3.15 224
T-COF 4 boronate ester 904 2.75−2.94 224
CTC-COF boronate ester 1710 2.26 119
1-S boronate ester 1125 344
1-Se boronate ester 1056 344
1-Te boronate ester 302−352 344
HHTP-DPB COF boronate ester 930 4.7 91
DBA-COF 1 boronate ester 1952 1.27 3.4 120
DBA-COF 2 boronate ester 984 0.741 3.8 120
AEM-COF-1 boronate ester 1445 1.15 3.2 121
AEM-COF-1 boronate ester 1487 1.38 3.8 121
COF-66 boronate ester 360 0.20 2.49 106
TP-Por-COF boronate ester 890 1.1 4.6 93
COF-5−10% boronate ester 2100 1.14 284
COF-5−25% boronate ester 1500 284
COF-5−50% boronate ester 1450 284
COF-5−60% boronate ester 1110 284
ICOF-1 spiroborate 1022 1.1 217
ICOF-2 spiroborate 1259 2.2 217
BDT-OEt COF boronate ester 1844 1.07 2.9 213
ZnPc-Py COF boronate ester 420 3.1 103
ZnPc-DPB COF boronate ester 485 3.1 103
ZnPc-NDI COF boronate ester 490 3.1 103
ZnPc-PPE COF boronate ester 440 3.4 103
NiPc COF boronate ester 624 0.4854 1.9 30
2D-NiPc-BTDA COF boronate ester 877 0.36 2.2 104
CuPc-COF boronate ester 1360 0.52−0.55 2.2 32
ZnPc-COF boronate ester 985 0.52−0.55 2.2 32
CoPc-COF boronate ester 517 0.52−0.55 2.2 32
DZnPc-ANDI-COF boronate ester 1410 1.25 3.6 166
DCuPc-APyrDI-COF boronate ester 1357 1.13 3.6 102
DNiPc-APyrDI-COF boronate ester 1172 0.95 3.6 102
DCuPc-ANDI-COF boronate ester 1726 1.46 3.6 102
DNiPc-ANDI-COF boronate ester 1432 1.15 3.6 102
DCuPc-APDI-COF boronate ester 414 0.48 4.0 102
DNiPc-APDI-COF boronate ester 519 0.55 4.0 102
DTP-ANDI-COF boronate ester 1910 2.37 5.3 92
DTP-APyrDI-COF boronate ester 1604 1.98 5.3 92
H2P-COF boronate ester 1894 2.5 99
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Table 6. continued

COFs linkage SBET (m2 g−1) pore volume (cm3 g−1) pore width (nm) ref

ZnP-COF boronate ester 1713 2.5 99
CuP-COF boronate ester 1724 1.1153 2.5 99
2D D−A COF boronate ester 2021 1.5 2.8 90
Star-COF-1 boronate ester 2120 2.8 25
Star-COF-2 boronate ester 1767 4.4 25
Star-COF-3 boronate ester 2129 4.7 25
5%N3-COF-5 boronate ester 2160 1.184 2.949 133
25%N3-COF-5 boronate ester 1865 1.071 2.757 133
50%N3-COF-5 boronate ester 1722 1.016 2.587 133
75%N3-COF-5 boronate ester 1641 0.946 2.585 133
100%N3-COF-5 boronate ester 1421 0.835 2.274 133
5%AcTrz-COF-5 boronate ester 2000 1.481 2.978 133
25%AcTrz-COF-5 boronate ester 1561 0.946 2.426 133
50%AcTrz-COF-5 boronate ester 914 0.638 1.560 133
75%AcTrz-COF-5 boronate ester 142 0.152 1.532 133
100%AcTrz-COF-5 boronate ester 36 0.0297 1.248 133
50%BuTrz-COF-5 boronate ester 1080 0.684 2.426 133
50%PhTrz-COF-5 boronate ester 1001 0.810 2.134 133
50%EsTrz-COF-5 boronate ester 996 0.898 2.274 133
5%PyTrz-COF-5 boronate ester 1906 1.212 2.892 133
10%PyTrz-COF-5 boronate ester 1674 1.065 2.424 133
25%PyTrz-COF-5 boronate ester 674 0.610 2.212 133
ZnPc-COF boronate ester 1300 0.79 2.3 133
10%N3-ZnPc-COF boronate ester 1051 0.70 2.3 133
25%N3-ZnPc-COF boronate ester 1000 0.66 2.2 133
50%N3-ZnPc-COF boronate ester 886 0.63 2.1 133
[C60]0.3-ZnPc-COF boronate ester 393 0.43 1.52 437
[C60]0.4-ZnPc-COF boronate ester 129 0.21 1.40 437
[C60]0.5-ZnPc-COF boronate ester 51 0.14 437
Ph-An-COF boronate ester 1864 1.24 2.9 61
TPE-Ph-COF boronate ester 962 0.5 1.3/1.6 117
BLP-2(H) borazine 1178 0.59 0.64 215
MC-COF-TP-E1

1E7
2 boronate ester 1892 3.2 11

MC-COF-TP-E1
2E7

1 boronate ester 1534 2.9 11
MC-COF-TP-E1E3E7 boronate ester 1887 2.9 11
MC-COF-NiPc-E1E7 boronate ester 672 2.6 11
Py-DBA-COF 1 boronate ester 1392 1.21 3.6 40
Py-MV-DBA-COF boronate ester 1134 1.06 4.1 40
Py-DBA-COF 2 boronate ester 1354 1.21 4.3 40
FLT-COF-1 boronate ester 1180 3.7 468
FLT-COF-2 boronate ester 555 1.0 468
FLT-COF-3 boronate ester 515 2.0 468
TpBD-Me2 COF imine 3109 1.4 469
COF-366 imine 735 0.32 1.76 106
COF-366-Co imine 1470 2.4 33
COF-300 imine 1360 0.72 0.72 50
IISERP-COF2 imine 557 1.9/2.1 249
DmaTph imine 431 1.8 98
DhaTph imine 1305 0.809 2 98
TpPa-1 imine 535 1.3 63
TpPa (microwave) imine 725 1.3 196
TpPa-2 imine 339 1.4 63
TpBD imine 537 1.7 63
TpPa-NO2 imine 129 1.4 63
TpPa-F4 imine 438 1.4 63
TpBD-(NO2)2 imine 295 1.7 63
TpBDMe2 imine 468 1.4 63
TpBD-(OMe2)2 imine 330 1.4 63
COF-DhaTab imine 1480 3.7 81
Tp-Azo imine 1328 1.6−2.5 62
Tp-Stb imine 422 1.6−2.5 62
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Table 6. continued

COFs linkage SBET (m2 g−1) pore volume (cm3 g−1) pore width (nm) ref

TpPa-SO3H imine 215 0.431 1.45 442
TpPa-(SO3H-Py) imine 235 0.273 1.45 442
TpPa-Py imine 370 0.281 1.48 442
TpBpy imine 1667 2.1 442
Co-TpBpy imine 450 2.1 470
COF-LZU1 imine 410 1.8 65
N-COF imine 1700 0.84 1.1 235
ILCOF-1 imine 2723 1.21 2.3 110
TAPB-TFP imine 567 2.6 471
iPrTAPB-TFP imine 756 3.4 471
TAPB-TFPB imine 229 4.0 471
iPrTAPB-TFPB imine 391 5.0 471
TRITER-1 imine 716 0.32 1.7 472
RT-COF-1 imine 329 0.22 1.2 210
3D-Py-COF imine 1290 0.72 0.59/0.89/1.05 57
HAT-COF imine 486 0.708 1.13/1.52 35
dual-pore COF imine 1771 3.189 0.73/2.52 36
DAB-TFP COF imine 365 69
DAAQ-TFP COF imine 435 2.0 69
EB-COF:Br imine 774 1.66 68
EB-COF:F imine 1002 1.84 68
EB-COF:Cl imine 954 1.73 68
EB-COF:I imine 616 1.56 68
4PE-2P COF imine 2070 1.53 3.8 38
4PE-3P COF imine 1000 0.844 4.5 38
4PE-TT COF imine 1990 1.24 3.2 38
COF-BPDA imine 477.76 0.47 1.27/3.18 39
SIOC-COF-1 imine 478.41 0.10 0.73/1.18/3.06 39
SIOC-COF-2 imine 46.13 1.13/1.38/3.27 39
NUS-10(G) imine 69 0.84 67
Py-DHPh COF imine 1895 1.45 1.99 37
Py-2,3-DHPh COF imine 1932 1.51 1.95 37
Py-2,2′-BPyPh COF imine 2349 1.85 2.45 37
Py-3,3′-BPyPh COF imine 2200 1.49 2.52 37
CuP-PyTTPh COF imine 1127 0.82 1.8 107
NiP-PyTTPh COF imine 1070 0.76 1.8 107
ZnP-PyTTPh COF imine 1026 0.75 1.8 107
CuP-2,3-DHPh COF imine 1099 0.78 2.5 107
NiP-2,3-DHPh COF imine 854 0.60 2.5 107
ZnP-2,3-DHPh COF imine 1064 0.77 2.5 107
CuP-DHNAPh COF imine 1656 1.38 2.8 107
CuP-BPyPh COF imine 883 0.64 2.9 107
TPB-DMTP-COF imine 2105 1.28 3.26 80
[(S)-Py]0.17TPB-DMTP-COF imine 1970 1.13 3.07 80
[(S)-Py]0.34TPB-DMTP-COF imine 1802 1.04 2.95 80
[(S)-Py]0.50TPB-DMTP-COF imine 1612 0.83 2.86 80
TTF-Ph-COF imine 1014 1.22 2.2 238
TTF-Py-COF imine 817 0.76 1.3 238
Py-An-COF imine 1479 0.7 2.4 239
HPB-COF imine 965 0.79 1.2 12
HBC-COF imine 469 0.29 1.8 12
CuP-Ph COF imine 926 2.5 108
CuP-TFPh COF imine 979 2.5 108
CuP-Ph25 COF imine 1389 2.5 108
CuP-Ph50 COF imine 1287 1.11 2.5 108
CuP-Ph75 COF imine 1185 2.5 108
H2P-DHPh25 COF imine 186 0.1618 2.5 108
H2P-DHPh50 COF imine 361 0.2617 2.5 108
H2P-DHPh75 COF imine 843 0.5457 2.5 108
H2P-DHPh100 COF imine 916 0.6317 2.5 108
CuP-DHPh25 COF imine 365 0.2733 2.5 108
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Table 6. continued

COFs linkage SBET (m2 g−1) pore volume (cm3 g−1) pore width (nm) ref

CuP-DHPh50 COF imine 485 0.3037 2.5 108
CuP-DHPh75 COF imine 762 0.5696 2.5 108
CuP-DHPh100 COF imine 1094 0.7824 2.5 108
NiP-DHPh25 COF imine 337 0.2523 2.5 108
NiP-DHPh50 COF imine 681 0.4750 2.5 108
NiP-DHPh75 COF imine 861 0.6261 2.5 108
NiP-DHPh100 COF imine 951 0.6927 2.5 108
[HO]25%-H2P-COF imine 1054 0.89 2.5 246
[HO]50%-H2P-COF imine 1089 0.91 2.5 246
[HO]75%-H2P-COF imine 1153 0.96 2.5 246
[HO]100%-H2P-COF imine 1284 1.02 2.5 246
[HO2C]25%-H2P-COF imine 786 0.78 2.2 246
[HO2C]50%-H2P-COF imine 673 0.66 1.9 246
[HO2C]75%-H2P-COF imine 482 0.54 1.7 246
[HO2C]100%-H2P-COF imine 364 0.43 1.4 246
[HCC]0-H2P-COF imine 1474 2.5 247
[HCC]25-H2P-COF imine 1431 2.3 247
[HCC]50-H2P-COF imine 962 2.1 247
[HCC]75-H2P-COF imine 683 1.9 247
[HCC]100-H2P-COF imine 426 1.6 247
[Et]25-H2P-COF imine 1326 2.2 247
[Et]50-H2P-COF imine 821 1.9 247
[Et]75-H2P-COF imine 485 1.6 247
[Et]100-H2P-COF imine 187 1.5 247
[MeOAc]25-H2P-COF imine 1238 2.1 247
[MeOAc]50-H2P-COF imine 754 1.8 247
[MeOAc]75-H2P-COF imine 472 1.5 247
[MeOAc]100-H2P-COF imine 156 1.1 247
[AcOH]25-H2P-COF imine 1252 2.2 247
[AcOH]50-H2P-COF imine 866 1.8 247
[AcOH]75-H2P-COF imine 402 1.5 247
[AcOH]100-H2P-COF imine 186 1.3 247
[EtOH]25-H2P-COF imine 1248 2.2 247
[EtOH]50-H2P-COF imine 784 1.9 247
[EtOH]75-H2P-COF imine 486 1.6 247
[EtOH]100-H2P-COF imine 214 1.4 247
[EtNH2]25-H2P-COF imine 1402 2.2 247
[EtNH2]50-H2P-COF imine 1044 1.9 247
[EtNH2]75-H2P-COF imine 568 1.6 247
[EtNH2]100-H2P-COF imine 382 1.3 247
[Pyr]25-H2P-COF imine 960 1.9 167
[Pyr]50-H2P-COF imine 675 1.6 167
[Pyr]75-H2P-COF imine 86 1.4 167
[Pyr]100-H2P-COF imine 63 1.4 167
NiP-COF imine 1447 2.06 248
[HCC]50%-NiP-COF imine 1219 1.88 248
[HCC]100%-NiP-COF imine 975 1.63 248
[TEMPO]50%-NiP-COF imine 264 1.6 248
[TEMPO]100%-NiP-COF imine 5.2 1.4 248
[NN]25%-TAPH-COF imine 702 0.72 1.7 473
[NN]50%-TAPH-COF imine 560 0.64 1.4 473
[NN]75%-TAPH-COF imine 320 0.59 1.3 473
[NN]100%-TAPH-COFs imine 250 0.54 1.2 473
[CC]25%-TAPH-COF imine 680 0.70 1.7 473
[C C]50%-TAPH-COF imine 460 0.66 1.6 473
[CC]75%-TAPH-COF imine 390 0.55 1.3 473
[CC]100%-TAPH-COF imine 310 0.51 1.2 473
[HO]0%-Py-COF imine 1697 1.51 2.2 112
[HO]25%-Py-COF imine 1977 2.16 2.2 112
[HO]50%-Py-COF imine 2153 2.29 2.2 112
[HO]75%-Py-COF imine 2250 2.35 2.2 112
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Table 6. continued

COFs linkage SBET (m2 g−1) pore volume (cm3 g−1) pore width (nm) ref

[HO]100%-Py-COF imine 2362 2.72 2.2 112
[Et4NBr]25%-Py-COF imine 919 1.05 2.0 112
[Et4NBr]50%-Py-COF imine 700 0.99 1.6 112
PyTTA-BFBIm-iCOF imine 1532 0.7 2.3 241
TPB-DMTP-COF imine 1927 1.28 3.3 234
TTA-TTB-COF imine 1733 1.01 2.2 234
TAPT-DHTA-COF imine 2170 1.08 3.1 474
Py-a4TMe-COF imine 1000 3.1 475
BND-TFB COF imine 2618 2.4 287
FS-COF imine 1288 2.76 58
S-COF imine 985 2.28 58
TP-COF imine 919 2.90 58
CuP-SQ COF squaraine 539 0.6410 2.1 216
CS-COF phenazine 776 0.34 1.6 158
COF-42 hydrazone 710 0.31 2.3 71
COF-43 hydrazone 620 0.36 3.8 71
NUS-3 hydrazone 757 1.8 476
COF-LZU8 hydrazone 454 0.36 1.3 254
TFPT-COF hydrazone 1603 1.03 3.4 83
TFPPy-DETHz-COF hydrazone 1090 0.54 2.1 244
ACOF-1 azine 1176 0.91 0.94 73
HEX-COF1 azine 1214 0.62 1.1 124
COF-JLU2 azine 415 0.56 0.96 74
HP-COF-1 azine 1197 0.8 1.06/1.96 42
HP-COF-2 azine 804 1.07 1.26/1.89 42
Py-azine COF azine 1210 0.72 1.76 111
N0-COF azine 702 2.4 85
N1-COF azine 326 2.4 85
N2-COF azine 1046 2.4 85
N3-COF azine 1537 2.4 85
PI-COF-1 imide 1027 0.53 2.9 49
PI-COF-2 imide 1297 0.67 3.3 49
PI-COF-3 imide 2346 1.34 5.1 49
PI-COF-4 imide 2403 1.3 54
PI-COF-5 imide 1876 1.0 54
3PD 505 0.36 1.27 274
3BD 478 1.33 274
3′PD 258 3.19, 4.52 274
2TPA 252 9.70 274
COF-316 dioxin 557 1.2 94
COF-318 dioxin 576 1.5 94
sp2c-COF CC 692 0.30 1.88 114, 115
sp2c-COF-2 CC 322 0.14 2.38 115

sp2c-COF-3 CC 737 0.32 2.69 115
2D-CAP C−C 539 0.35 0.6 275
PTM-H-COF C−C 80 1.6 276
PTM-CORF C−C 43 5.1 276
NTU-COF-2 imine/boronate ester 1619 0.86 2.5 88
HHTP-FPBA-TATTA imine/boronate ester 1975 1.17 3.24 87
TATTA-FPBA imine/boroxine 1015 0.54 2.34 87
CuPc-FPBA-ETTA imine/boronate ester 557 0.28 1.53 87
CuPc-FPBA-PyTTA imine/boronate ester 1541 0.85 2.03 87
CuPc-FPBA-TABPy imine/boronate ester 667 0.67 2.21 87
CuPc-FPBA-ZnP imine/boronate ester 642 0.41 2.01 87
CuPc-FPBA-TMBDA imine/boronate ester 1141 0.70 3.11 87
CuPc-FPBA-DETHz hydrazone/boronate ester 738 0.72 3.55 87
HHTP-FFPBA-TATTA imine/boronate ester 1748 1.03 3.17 87
HHTP-DFFPBA-TATTA imine/boronate ester 1697 1.02 3.17 87
TATTA-FFPBA imine/boroxine 1582 0.78 2.32 87
TATTA-DFFPBA imine/boroxine 1489 0.81 2.23 87
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reach 9200 m2 g−1.110,465 These results indicate that COFs are
highly porous materials whose surface area and pore volume are
comparable to those other porous solids.466 Table 6 summarizes
the porosity of the main COFs reported. However, from these
data, it is still difficult to elucidate a general trend to show a
direct correlation between the structure and the porosity, even
for COFs with the same linkage.
11.2. Pore-Surface Engineering

Besides the pore shape and size, the pore environment, that is,
the pore surface on the pore walls, is crucial for triggering
interactions between pores and guest ions and molecules, as the
surfaces constitutes the interface that communicates with guests.
How to create a special surface on the pore walls is of
fundamental importance in developing pore chemistry for
structural design and functional exploration. A general strategy
has been established for designing tailor-made pore surfaces
based on pore-surface engineering.133,247 This strategy has four
distinctive features: (1) It is widely applicable to various
linkages, different topologies, and pore sizes; (2) it enables the
integration of various functional units, including alkyl chains,
polyelectrolyte chains, alcohols, esters, ethers, acid, base,
photofunctional units, redox-active groups, catalytic sites, and
so on; (3) it controls the composition and density of the
functional groups; and (4) it develops the interface and
simultaneously changes the porosity. By using a pore-surface
engineering strategy, various pore interfaces can be designed and
constructed; this greatly enhances our capability of designing
pores to meet the specific requirements of interactions and
functions. Owing to the availability of functional groups, this
strategy offers a powerful tool to broaden the diversity and
increase the complexity of porous structures of COFs. For
example, pore-surface engineering allows for a systematic tuning
of the pore surface by integrating various functional groups at
desired contents on the pore walls, thus enabling the screening
of impact of different groups on a specific function and
property.133 The hexagonal COF-5 and the tetragonal NiPc-
COF with quantitative contents (5, 10, 25, 50, 75, and 100%) of
the azide units appended at the 2,5-positions of BDBA edges
have been designed and synthesized (Figure 14A,B). The azide
groups can react with ethynyl groups via a click reaction to

introduce various functional groups onto the pore walls. By
using this method, a series of COFs with discrete contents of
functional groups on the pore walls have been prepared,
including a variety of alkyl chains and various aromatic units.
The surface area of the hexagonal COF-5 family can be varied
from 2160 to 36 m2 g−1, whereas the surface areas of the
tetragonal NiPc-COF series are between 624 and 675 m2 g−1.

12. ADSORPTION AND SEPARATION

COFs enable the designed synthesis of porous structures
through the topology diagram and pore-surface engineering,
offering a unique porous platform for exploring molecular
adsorption and separation. The adsorption and separation are
highly dependent on the porous structures of COFs, that is, the
pore size, pore shape, and pore environment. Over the past
decade, great progress has been made along this aspect and has
demonstrated the great potential of COFs in designing specific
materials that can target specific molecules in terms of
adsorption and separation.
Owing to their structural designability and diversity, COFs

have been developed for various target molecules, from
hydrogen to carbon dioxide, iodine, organic compounds,
metal ions, and so on, offering a chemical tool to tackle
environmental and energy issues.

12.1. Gas and Vapor Adsorption

12.1.1. Hydrogen Adsorption. Hydrogen adsorption
using porous materials is an important subject related to green
energy resources and fuel supply. COFs, with their low density
and high surface area, show a potential for hydrogen capture
with capacities of 0.3 7.2 wt % at 77 K, which are compatible to
those of MOFs (the best one around 7.6 wt %),477 porous
polymers such as porous polymer networks (PPNs) (the best
around 8.4 wt %),478 polymers of intrinsic microporosity
(PIMs) (the best around 4 wt %),479 and hyper-cross-linked
polymers (HCPs) (the best around 3 wt %).480

Owing to a larger surface area and pore volume, the H2 uptake
capacities of 3D COFs at 77 K are predicted to be 2.5 to 3 times
higher than those of 2D COFs.481 For example, 3D COF-102
(Figure 15A) with the BET surface area of 3620 m2 g−1 and pore

Figure 80. Schematics of (A) CTC-COF and (B) TDCOF-5.
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size of 1.2 nm exhibits the highest H2 uptake capacity of 72.4 mg
g−1 (7.24 wt %) at 77 K and 25 bar (saturation adsorption). In
contrast, 2DCOF-10 (Figure 73, SBET = 1760m

2 g−1, pore size =
3.2 nm) exhibits a H2 adsorption capacity of 39.2 mg g−1 (3.92
wt %) under otherwise identical conditions. Theoretical studies
reveal that tetra-pyridine-bridged porphyrin-COF can reach a
high gravimetric and volumetric uptake of 5 wt % and 20 gH2/L
due to its increased interlayer spacing and accessible volume for
loading H2.

482

Interestingly, the bowl-shaped cyclotricatechylene (CTC) has
been developed as knots to prepare 2DCTC-COF (Figure 80A)
for low-pressure H2 uptake.119 The CTC-COF has a BET
surface area of 1710 m2 g−1 and a pore size of 2.26 nm. The H2

uptake at 800 mmHg and 77 K is 1.12 wt %, which is higher than
that of COF-10 and comparable to those of COF-102 and COF-
103. The enhanced H2 uptake capacity of CTC-COF is
attributed to the additional adsorption in the bowl-shaped
CTC cavity. Remarkably, a triptycene-knotted 2D TDCOF-5
(Figure 80B) with a BET surface area of 2497 m2 g−1 and a pore
size of 2.6 nm achieves a capacity of 1.6 wt % at 1 bar and 77 K,
which is similar to that of COF-JLU2 and is the highest capacity
among 2D and 3D COFs under this condition.74,483 Clearly,
how to increase the porosity and pore volume for exceptional H2

uptake at 77 K is still a difficult task for the field of COFs. In
particular, how to develop chemistry that enables the confine-

ment of H2 in the nanospace of COFs at a relatively high
temperature deserves our further attention.

12.1.2. Methane Adsorption. Similar to the case of H2

adsorption, methane adsorption requires a large pore volume
and surface area. It is still a challenging subject for COFs to be
designed with these features. At 298 K, the best uptake
performance of amorphous porous polymer is 45 wt %,484 as
observed for PCN-68, whereas the best performance of MOFs is
realized byMOF-210, which achieves a methane uptake of 48 wt
%.485

3D COFs are superior to 2D COFs with respect to the CH4

adsorption. The 3D COF-102 (Figure 15A) with a pore volume
of 1.55 cm3 g−1 and COF-103 (Figure 81A) with a pore volume
of 1.54 cm3 g−1 exhibit remarkable high-pressure CH4 uptake
capacities of 187 (18.7 wt %) and 175 mg g−1 (17.5 wt %),
respectively, at 35 bar and 298 K, which are the highest among
COFs.256 On the contrary, 2D COF-5 with a pore volume of
1.07 cm3 g−1 shows a CH4 uptake capacity of 89 mg g−1 (8.9 wt
%) under otherwise identical conditions, which is the highest
among 2DCOFs. At a low pressure, such as 1 bar, 2DCOFswith
small pores including ILCOF-1 (Figure 9A), ACOF-1 (Figure
7E), and COF-JLU2 (Figure 81B) achieve a considerable uptake
capacity of 0.9, 1.15, and 3.8 wt %, respectively, at 273 K.73,74,110

On the basis of grand-canonical Monte Carlo simulations, a
COF with carbon−carbon-bonded triazine linkers in the tbd

Figure 81. Schematics of (A) COF-103 and (B) COF-JLU2.

Figure 82. Schematics of [MOOC]17-COF.
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Table 7. Typical Examples of COFs for CO2 Capture
a

CO2 uptake
(mg g−1)

COFs linkage
SBET

(m2 g−1)
pore width

(nm)
pore volume
(cm3 g−1) 273 K 298 K

selectivity
CO2/N2

Qst
(kJ mol−1) ref

COF-1 boroxine 750 0.9 0.3 102 230b 481
COF-5 boronate ester 1670 2.7 1.07 62 870b 481
COF-6 boronate ester 750 0.9 0.32 170 310b 481
COF-8 boronate ester 1350 1.6 0.69 66 630b 481
COF-10 boronate ester 1760 3.2 1.44 54 1010b 481
COF-102 boroxine 3620 1.2 1.55 68 1200b 481
COF-103 boroxine 3530 1.2 1.54 76 1190b 481
APTES-COF-1 boroxine 490 46 335
ILCOF-1 imine 2723 2.3 1.21 62 35 110
TpPa-1 imine 535 1.3 160 64
TpPa-2 imine 339 1.4 126 64
TpPa-NO2 imine 129 1.4 146 63
TpPa-F4 imine 438 1.4 70 63
TpBD imine 537 1.7 80 63
TpBD-Me2 imine 468 1.4 74 63
TpBD-(OMe)2 imine 330 1.4 54 63
TpBD-(NO2)2 imine 195 1.7 104 63
TpPa-COF (Microwave) imine 725 1.3 1.1 218 87 32 34.1 196
TAPB-TFPB imine 229 4.4 40 259
iPrTAPB-TFPB imine 390.6 5.0 31 259
TAPB-TFP imine 567 2.6 180 259
iPrTAPB-TFP imine 756 3.4 105 259
N-COF imine 1700 1.1 0.84 122.4 64.8 253
TH-COF-1 imine 684 1.1 0.74 128 97 19 31 255
TRITER-1 imine 716 1.7 0.32 589b 137c 472
3D-Py-COF imine 1290 0.59 0.72 156 22.2 17.4 57
[HO]25%-H2P-COF imine 1054 2.5 0.89 54 31 32.2 246
[HO]50%-H2P-COF imine 1089 2.5 0.91 46 34 29.4 246
[HO]75%-H2P-COF imine 1153 2.5 0.96 52 32 31.5 246
[HO]100%-H2P-COF imine 1284 2.5 1.02 63 35 8 36.4 246
[HO2C]25%-H2P-COF imine 786 2.2 0.78 96 58 38.2 246
[HO2C]50%-H2P-COF imine 673 1.9 0.66 134 67 39.6 246
[HO2C]75%-H2P-COF imine 482 1.7 0.54 157 72 41.2 246
[HO2C]100%-H2P-COF imine 364 1.4 0.43 174 76 77 43.5 246
[HCC]0-H2P-COF imine 1474 2.5 72 38 17.2 247
[HCC]25-H2P-COF imine 1431 2.3 54 29 16.8 247
[HCC]50-H2P-COF imine 962 2.1 48 26 16.5 247
[HCC]75-H2P-COF imine 683 1.9 43 24 15.7 247
[HCC]100-H2P-COF imine 426 1.6 39 20 15.3 247
[Et]25-H2P-COF imine 1326 2.2 55 29 15.5 247
[Et]50-H2P-COF imine 821 1.9 46 25 15.3 247
[Et]75-H2P-COF imine 485 1.6 41 23 15.6 247
[Et]100-H2P-COF imine 187 1.5 38 21 15.3 247
[MeOAc]25-H2P-COF imine 1238 2.1 84 42 16.4 247
[MeOAc]50-H2P-COF imine 754 1.8 88 47 17.1 247
[MeOAc]75-H2P-COF imine 472 1.5 82 42 16.7 247
[MeOAc]100-H2P-COF imine 156 1.1 65 34 17.8 247
[AcOH]25-H2P-COF imine 1252 2.2 94 50 17.7 247
[AcOH]50-H2P-COF imine 866 1.8 117 64 17.8 247
[AcOH]75-H2P-COF imine 402 1.5 109 58 18.3 247
[AcOH]100-H2P-COF imine 186 1.3 96 50 18.8 247
[EtOH]25-H2P-COF imine 1248 2.2 92 50 18.2 247
[EtOH]50-H2P-COF imine 784 1.9 124 71 19.7 247
[EtOH]75-H2P-COF imine 486 1.6 117 63 19.2 247
[EtOH]100-H2P-COF imine 214 1.4 84 44 19.3 247
[EtNH2]25-H2P-COF imine 1402 2.2 116 60 20.4 247
[EtNH2]50-H2P-COF imine 1044 1.9 157 82 20.9 247
[EtNH2]75-H2P-COF imine 568 1.6 133 67 20.8 247
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topology is predicted to have the highest 65-bar deliverable
capacity of 216 v STP/v, which can direct the structural design
of COFs for CH4 adsorption.

486

12.1.3. Ammonia Adsorption. The boronate-ester-linked
COFs are highly active for the storage of ammonia due to the
strong Lewis acid−base interactions between the boron pz open
orbital and the nitrogen lone pair of ammonia.487 For example,
the boronate-ester-linked COF-10 (Figure 73) has the highest
capacity of 15 mol kg−1 for ammonia capture at 298 K and 1
bar.372 Notably, ammonia can be released by pumping and
heating, and COF-10 can be reused three times in a reversible
manner without a significant drop in capacity. The structural
integrity of COF-10 is maintained after each cycle. These results
suggest that the integration of specific interaction sites onto the
pore walls of COFs is important in ammonia gas adsorption.
Moreover, combining active groups, such as −N−H, CO,
and carboxyl groups, and a metal site (e.g., Sr2+), [MOOC]17-
COF (Figure 82) reaches an ammonia adsorption capacity of
14.3 and 19.8 mmol g−1 at 298 and 283 K, respectively, and the
heat of adsorption (Qst) is 91.2 kJ mol−1.488 The adsorption
capacity is higher than those of many other sorbent materials
such as 13X zeolite (9.0 mmol g−1),489 but it is still lower than
the highest capacity of 19.79 mmol g−1, as observed for
Cu2Cl2BBTA.

490

12.1.4. Carbon Dioxide Adsorption. Carbon dioxide
(CO2) is themain gas of the greenhouse effect, and its content in

the atmosphere has continued to increase to reach 415 ppm at
the present. How to reduce the carbon emission andmitigate the
greenhouse effect is a subject of public concern. Different from
other gases, CO2 has no dipole moment but exhibits a high
quadrupole moment. Using this basic feature of CO2 in
designing a porous structure to enhance interactions with CO2
is necessary to increase the uptake capacity and selectivity.
Owing to the combined features of the precise structural design
and chemical stability, COFs offer a new platform for designing
porous structures to store and separate CO2; Table 7
summarizes the typical COFs developed for CO2 capture and
separation (Table 7).491−494 In particular, total control over the
surface area, pore size, and pore volume is critical in enhancing
the capacity and selectivity. More importantly, incorporating
functional groups that enhance interactions with CO2 to the
pore walls of COFs is an efficient way to facilitate CO2
capture.235,246,255,360,472,495,496 COFs are superior to most
porous polymers (<60 mg g−1)497 in CO2 capture and are
compatible with the best performing MOFs, such as
Mg2(dodbc) (360 mg g−1 at 298 K and 1 bar).498

12.1.4.1. Skeleton Design. To illustrate how the skeleton
affects the CO2 capture, a series of COFs with different skeletons
but similar pore sizes and pore volumes have been designed. For
this purpose, triphenylamine, triphenyl benzene, and triphenyl
triazine units that are capable of interaction with CO2 at different
strengths have been developed as knots for the synthesis of

Table 7. continued

CO2 uptake
(mg g−1)

COFs linkage
SBET

(m2 g−1)
pore width

(nm)
pore volume
(cm3 g−1) 273 K 298 K

selectivity
CO2/N2

Qst
(kJ mol−1) ref

[EtNH2]100-H2P-COF imine 382 1.3 97 52 20.9 247
[HO]25%-TAPH-COF imine 927 2.0 0.75 58 32 15 30.9 473
[HO]50%-TAPH-COF imine 930 2.0 0.89 56 37 13 28.2 473
[HO]75%-TAPH-COF imine 944 2.0 0.99 61 38 14 28.3 473
[HO]100%-TAPH-COF imine 1056 2.0 1.02 62 38 16 31.1 473
[NN]25%-TAPH-COF imine 702 1.7 0.72 207 115 78 43.4 473
[NN]50%-TAPH-COF imine 560 1.4 0.64 112 67 49 36 473
[NN]75%-TAPH-COF imine 320 1.3 0.59 77 44 48 31 473
[NN]100%-TAPH-COFs imine 250 1.2 0.54 60 39 57 30.7 473
[CC]25%-TAPH-COF imine 680 1.7 0.70 61 40 18 30.3 473
[CC]50%-TAPH-COF imine 460 1.6 0.66 63 41 16 29 473
[CC]75%-TAPH-COF imine 390 1.3 0.55 55 34 22 28.7 473
[CC]100%-TAPH-COF imine 310 1.2 0.51 51 34 27 28.5 473
[HO]25%-Py-COF imine 1977 2.2 2.16 91.7 72.4 16.9 112
[HO]50%-Py-COF imine 2153 2.2 2.72 114.2 68.6 17.3 112
[Et4NBr]25%-Py-COF imine 1014 2.0 1.05 119.6 80.9 22.9 112
[Et4NBr]25%-Py-COF imine 879 1.6 0.99 164.6 87.3 28.7 112
TFPA−TAPB-COF imine 540 1.72 0.25 61 33 13 21.1 233
BTMA−TAPA-COF imine 630 1.59 0.32 84 45 16.8 24.6 233
TFPA−TAPA-COF imine 660 1.59 0.32 105 52 21 28.4 233
TPE-COF-I imine 1535 1.18 1.65 68.6 37.8 233
TPE-COF-II imine 2168 1.19 2.14 118.8 60.5 233
ACOF-1 azine 1176 0.94 0.91 177 90 40 27.6 73
COF-JLU2 azine 410 0.96 0.56 217 165 77 31 74
HEX-COF1 azine 1214 1.1 0.62 200 120 42 124
Acac-CTF-5-400 azine 1131 2.5 0.90 126 83 38 23.0 499
Acac-CTF-10-400 azine 1150 2.5 0.95 135 86 20 25.5 499
Acac-CTF-5−500 azine 1556 2.5 1.20 145 87 45 28.6 499
Acac-CTF-10-500 azine 1626 2.5 1.60 139 84 21 23.6 499
NTU-COF-2 imine/boronate ester 1619 2.5 0.86 104 27.0 88

aCO2 uptake at 1 bar unless marked otherwise. bCO2 uptake at 55 bar. cCO2 uptake at 5 bar.
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hexagonal microporous COFs. The CO2 uptake capacity
increases monotonically with the triarylamine content in
COFs. Compared with the TFPB−TAPB−COF (Figure 83A)
without any triarylamine units in the backbone, TFPA-TAPA-
COF (Figure 83B) bearing six triarylamine units in the hexagon
exhibits CO2 uptakes of 52 and 105 mg g−1 at 298 and 273 K,
respectively, which are more than four and five times higher than
those of TFPB-TAPB-COF.233 These comparative studies
reveal that although a single triphenylamine unit has a limited
interaction with CO2, upon integration into the skeleton of
COFs, the effect is amplified to an unexpected level that leads to
a greatly enhanced uptake capacity. These results also indicate
the importance of selecting suitable building blocks for
designing COFs to store CO2.
Besides building blocks, the design of the linkage is also key to

the CO2 adsorption. Azine-linked hexagonal microporous
ACOF-1 (Figure 7E, pore size = 0.94−0.96 nm), COF-JLU2
(Figure 81B), COF-JLU3 (Figure 51), and COF-JLU4 (Figure
83C) have been designed and synthesized for CO2 capture with
excellent selectivity.73,74 The BET surface areas of ACOF-1 and
COF-JLU2 are 1176 and 415 m2 g−1, respectively. ACOF-1 and
COF-JLU2 exhibit a CO2 uptake capacity of 177 and 217 mg
g−1, respectively, at 273 K and 1 bar. The CO2/N2 selectivity is
as high as 40 for ACOF-1 and 77 for COF-JLU2, respectively.
Interestingly, the CO2 capture capacity can be further enhanced
by using the trigonal COF. A triangular HEX-COF1 (Figure
83D) with a surface area of 1200 m2 g−1 and pore size of 1 nm
exhibits a CO2 uptake capacity of 200 mg g−1 at 273 K and 1 bar.
The high uptake capacity for the azine-linked COFs originates

from its small pore size and the presence of CO2-philic nitrogen
atoms as well as the quadrupole interactions with CO2 triggered
by nitrogen lone pairs in the azine linkages of COFs.124

12.1.4.2. Pore-Surface Engineering. Because CO2 adsorp-
tion occurs on the pore walls, the chemical environment of pore
walls is key to the capacity and selectivity. In this context, pore-
surface engineering offers a versatile approach to integrate
desirable functional groups onto the pore walls at designated
contents for designing tailor-made interface for CO2 capture.
For example, the click reaction between the ethynyl groups on
the pore walls and the functionalized azide compounds anchors
various functional groups on the pore walls of the imine-linked
porphyrin COFs (Figure 14C, [HCC]x-H2P, x = 25, 50, 75,
and 100%).247 Consequently, a series of [R]x-H2P COFs (R =
Et, MeOAc, EtOH, AcOH, and EtNH2) with different
functional groups ranging from hydrophobic to hydrophilic
and from basic to acidic, have been prepared in a predesigned
manner. Among various functional groups, the amino unit is the
best one in improving the CO2 adsorption capacity. For
example, [EtNH2]50%-H2P-COF with ethylamine groups on the
pore walls exhibits an adsorption capacity of 157mg g−1 at 273 K
and 1 bar, which is three times greater than those of [Et]50%-
H2P-COF and [HCC]50%-H2P-COF under otherwise iden-
tical conditions. These results suggest that pore-surface
engineering provides a useful tool to design specific pore
interfaces and to facilitate the CO2 adsorption of COFs.
COFs with positively charged pore walls can improve the CO2

adsorption. For example, an ionic-liquid-immobilized
[Et4NBr]50%-Py-COF (Figure 84A) exhibits an impressive

Figure 83. Schematics of (A) TFPB-TAPB-COF, (B) TFPA-TAPA-COF, (C) COF-JLU4, and (D) HEX-COF1 designed for CO2 capture.
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CO2 uptake capacity of 164.6 mg g−1 at 273 K and 1 bar.112 On
the contrary, functionalization with carboxylic acid groups is also
effective to improve the CO2 adsorption.

246 For example, the
imine-linked porphyrin COFs (Figure 84B, [HO2C]x-H2P-
COFs, x = 25, 50, 75, and 100%) with carboxylic acid units on
the pore walls exhibit a high CO2 uptake capacity. These COFs
are synthesized via channel-wall functionalization through a
quantitative ring-opening reaction between the phenolic −OH
units of [OH]x-H2P-COFs and succinic anhydride. A general
tendency is that the CO2 capture capacity of [HO2C]x-H2P-
COFs and the Qst values increase with the increment of the
carboxylic acid content. The [HO2C]100%-H2P-COF reaches a
capacity of 174 mg g−1 at 273 K and 1 bar. Moreover, these
COFs exhibit excellent cycle stability. Ideal adsorbed solution
theory (IAST) calculations for [HO2C]100%-H2P-COF suggest
that the breakthrough time is much longer than that of its

precursor. A longer breakthrough time is desirable and
important for efficient CO2 capture and separation.
Azo units owing to the presence of nitrogen atoms can

improve the CO2 adsorption. For example, the azo-function-
alized [R]x-TAPH-COFs (Figure 76B, R = PhAzo or “N=N”, x =
25, 50, 75, and 100%) improve the CO2 uptake capacity owing
to the CO2-philicity and N2-phobicity of the 4-phenyl-
azobenzoyl (PhAzo) groups on the pore walls.473 Among the
series, [NN]25%-TAPH-COF exhibits a remarkable CO2
uptake capacity as high as 207 mg g−1 at 273 K. A further
increment of the azo content causes a decrease in the capacity
owing to a decreased surface area, indicating the importance of a
balance between enough porosity and functionalization.
In short, these typical examples demonstrate that the

introduction of amine, azo, ionic liquid, and carboxylic acid
units onto the pore walls of COFs promotes the electrostatic

Figure 84. Schematics of pore-wall functionalization of (A) Py-COFs and (B) porphyrin-based COFs for efficient CO2 capture.
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hydrogen-bonding and quadrupole interactions with CO2,
which serve as a key driving force in facilitating CO2 uptake.

12.2. Gas Separation

Gas separation technology by using porous membranes is a
kinetics-based process that relies on differences in the diffusion
rates of gas molecules across the membrane materials, which
offers an energy-saving process for replacing the traditional
distillation method. COFs are usually obtained as insoluble and
unprocessable microcrystalline powders and are difficult process
into well-definedmembranes. A simple route to introduce COFs
materials into membrane-based applications is to incorporate
COFs into a processable polymer matrix to make hybrid
membranes. The feature of this strategy is that it combines film
processability with separation selectivity. Distinct from other
porous solids, COFs have two advantages. One is that COFs can
be rationally designed using different structures and composi-
tions to achieve stability. Another is that the broad diversity of
building blocks and linkages provides an attractive platform for
pore-wall surface engineering, which could create tailor-made
interfaces to manage the interactions with the gas molecules for
separation.
12.2.1. COF-Based Membranes. The azine-linked NUS-2

(= COF-JLU-2; Figure 81B) and hydrazone-linked NUS-3 (=
COF-JLU-4; Figure 83C) have different pore sizes of 0.9 (SBET =
415 m2 g−1) and 2.1 nm (SBET = 757 m2 g−1), respectively.476

Both COFs can be exfoliated into nanosheets and form
membranes upon mixture with commercially available poly-
(ether imide) (Ultem) or polybenzimidazole (PBI), forming
homogeneous textures due to the compatibility between COFs
and polymer matrices. The CO2 uptake capacity of both COFs is
much higher than those of other gases such as CH4 andH2 under
otherwise identical conditions. On the basis of single gas
sorption isotherms, IAST calculations suggest that NUS-2 for a
mixture of equimolar binary gases exhibits a CO2/CH4
selectivity of 58.8 and a CO2/H2 selectivity of 116.8,
respectively, at 273 K and 1 bar, whereas those of NUS-3 are
only 29.3 and 22.0, respectively. Notably, the gas permeability
(P) can be described as P = S × D, where S is the solubility of
specific gas molecules in the polymer matrix and D is the
diffusivity of the gas. Adding COFs into the polymer matrix

greatly enhances the D value because the free volume of
membranes is dramatically increased. Membranes with different
thicknesses of 50−100 μm, such as NUS-2@Ultem, NUS-3@
Ultem, NUS-2@PBI, and NUS-3@PBI, have been demon-
strated for CO2/CH4 and CO2/H2 separations. At low loading
levels of COFs in Ultem, such as 10 and 20 wt %, the solubility
and diffusivity of CO2 increase as the loading content is
increased. The further increment to a COF content of 30 wt % in
NUS-2@Ultem enhances the CO2 permeability to 7.98 ± 0.01
but reduces the CO2/CH4 selectivity to 16.7 under 5 bar,
whereas both the permeability and selectivity are decreased to
8.38 ± 0.04 and 8.64 for NUS-3@Ultem under 5 bar. The
decreased selectivity can be attributed to the fact that a high-
content loading prohibits the formation of homogeneous
membranes and leaves more defects in the membranes. NUS-
2/NUS-3@PBI at a 20 wt % loading content achieves a high H2
permeability of 4.08 ± 0.03 and a H2/CO2 selectivity of 31.4
under 5 bar, which surpasses the 2008 Robeson upper bound.
A series of TpPa-1@PBI-BuI (TpPa-1, Figure 62A) and

TpBD@PBI-BuI hybrid COF (TpBD, Figure 85A) flexible
membranes have been prepared by using substituted PBI (PBI-
BuI) as a matrix.467 The gas permeance (H2, N2, CH4, and CO2)
of COFs(n)@PBI-BuI (n = 20, 40, and 50%, thickness = 47−80
μm) has been tested at 308 K and 20 atm upstream pressure.
Interestingly, the H2 and CO2 permeabilities of these hybrid
membranes increase almost linearly with the increased COF
loading content. The H2 permeability increased from 6.2 (for
pristine PBI-BUI) to 18.8 barrer for the TpPa-1(40)@PBI-BuI
hybridmembrane. These results correspond to an enhancedH2/
CH4 selectivity from 155 to 165.5 and an improved H2/N2
selectivity from 69 to 79.
Theoretically, after the computational screening of 298 COFs

membranes, including 41 3D COFs with ctn, bor, dia, or pts
topology, as well as 268 2D COFs with triangular, square,
hexagonal, octagonal, heteromorphic, or hybrid pores, three
types of structural features of COFs are analyzed and
summarized for high-performance CO2/CH4 separation.500

COFs with extremely small pores (3.3 Å < pore-limiting
diameter (PLD) < 3.8 Å), staggered stacking 2D-COFs, and
interpenetrated 3D-COFs as well as skeletons of COFs with
CO2-favorable interaction sites are predicted to achieve CO2/

Figure 85. Schematics of (A) TpBD, (B) COF-6, and (C) CTF-1_No7.
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CH4 separation over Robeson’s upper bound. Specifically, COF-
6 (Figure 85B) displays the lowest CO2/CH4 membrane
selectivity of 3.88, whereas the −Cl-functionalized CTF-1_No7
membrane (Figure 85C) exhibits the highest CO2/CH4
selectivity of 187.87 with the largest Qst value of 18.9 kJ/mol
among all of the investigated COF samples.
12.2.2. COF−COF Composite Membranes. The COF-

LZU1-ACOF-1 (COF-LZU1, Figure 21A; ACOF-1, Figure 7E)
bilayer membrane displays desirable hydrogen selectivity.
Owing to the formation of interlaced pore networks, the
mixed gas selectivities of the COF-LZU1-ACOF-1 for
equimolar H2/CO2, H2/N2, and H2/CH4 gas pairs are 24.2,
83.9, and 100.2, respectively, which are much higher than those
of two pure COF membranes (6.1, 8.6, and 9.7 for COF-LZU1
membrane as well as 14.1, 21.6, and 24.7 for ACOF-1
membrane).329

12.2.3. COF−MOF Composite Membranes.COF−MOF
composite membranes have been fabricated bymixing COF-300
(Figure 15D) with Zn2(bdc)2(dabco) and ZIF-8, respec-
tively.330 The [COF-300]-[Zn2(bdc)2(dabco)] composite
membrane for the separation of a binary gas mixture of H2/
CO2 (1/1 vol) at room temperature and 1 bar exhibits aH2/CO2
selectivity of 12.6, which is higher than those of COF-300 (6.0)
and Zn2(bdc)2(dabco) (7.0) membranes. Similarly, the [COF-
300]-[ZIF-8] composite membrane exhibits an enhanced H2/
CO2 selectivity of 13.5, which is higher than that of the COF-300
membrane (6.0) and the ZIF-8 membrane (9.1). The superior
gas separation performance of the [COF-300]-[ZIF-8]
composite membrane is attributed to the formation of chemical
bonds between different components (support, COF, MOF) in
the membranes. The interlayer in the composite membrane
between COF-300 and ZIF-8 is built up from COF-300
nanocrystallite and amorphous MOF material in which MOF
fills up the space between the COF-300 nanocrystallites.

12.3. Iodine Adsorption

To show the potential of 1D channels of 2D COFs for molecular
adsorption, 2D COFs with various building blocks, topologies,
and pore sizes have been designed and synthesized for the
adsorption of iodine. Surprisingly, with the 1D open channels
that are free of pore jams and path blockings, COFs exhibit an
exceptional high capacity and speedy capture of iodine, whose
isotopes 127I and 129I are radioactive pollutants as a byproduct of
nuclear plants.234,501−503 “Soft” 3D COF-DL229 (= COF-300,

Figure 15D) can trigger structural fitting to iodine while keeping
the covalent connectivity and degree of interpenetration,
achieving an uptake capacity of 8.24 g g−1,503 which outperforms
other porous materials such as PAF-24 (7.3 g g−1)504 and ZIF-8
(5.56 g g−1).505

2DCOFs withmesoporous 1D channels are fully accessible to
iodine, leading to exceptional uptake capacity.234 After being
exposed to iodine vapor at 350 K under ambient pressure, TPB-
DMTP-COF (Figures 16O and 21B) with a size of 3.3 nm and a
pore volume of 1.28 cm3 g−1 can reach its adsorption saturation
in 48 h, achieving an exceptional capacity of 6.26 g g−1, which is
>99% of its theoretical maximum (6.3 g g−1) and is the highest
value reported for porous materials. Notably, TPB-DMTP-COF
can retain its >97% pore accessibility after five cycles upon
recycling through a methanol rinse of the iodine-captured COF
samples. Detailed studies using hexagonal mesoporous TTA-
TTB-COF (Figure 21C) with a pore size of 2.2. nm and a pore
volume of 1.01 cm3 g−1 reveal that the 1D channels can be fully
occupied by iodine to reach a capacity of 5.0 g g−1. To investigate
if the microporous 1D channels show the same features, a
hexagonal TTA-TFBCOF (=N3-COF, Figure 70D) with a pore
size of 1.6 nm and a pore volume of 0.55 cm3 g−1 and a tetragonal
TFBCz-PDACOF (= Cz-COF1, Figure 64B) with a pore size of
1.5 nm and a pore volume of 0.74 cm3 g−1 have been synthesized.
Notably, the TTA-TFB COF and TFBCz-PDA COF achieve
capacities of 2.78 and 3.7 g g−1, respectively. Moreover, a dual-
pore kagome-type ETTA-TPA COF (= 4PE-1P COF, Figure
10C) with pore sizes of 1.4 and 2.7 nm and a pore volume of 0.95
cm3 g−1 exhibits an iodine capture capacity of 4.7 g g−1. All of
these values are close to the theoretical uptake maxima based on
their pore volumes of corresponding COFs, indicating that 1D
channels are fully accessible to guest molecules. These results
suggest a general strategy for designing COFs for molecular
uptake, that is, to enhance the pore volume, as it determines the
maximum uptake capacity.

12.4. Organic Compound Adsorption and Separation

Contributing to the high density of heteroatoms in the pore
walls, imide-linked mesoporous TS-COF-1 (Figure 86A) with a
pore volume of 0.90 cm3 g−1 exhibits a high capacity of 1691 mg
g−1 for the adsorption of cationic methylene blue dye.506 The
TpPa-2-COF/polysulfone mixed membrane (Figure 86B,
TpPa-2-COF) shows a retention of organic foulants of
>90%.507 The self-standing ketoenamine COF-TpBD mem-

Figure 86. Schematics of (A) TS-COF-1, (B) TpPa-2, and (C) PyTTA-BFBIm-iCOF.
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brane (Figure 85A) can remove organic dyes from water. It
rejects anionic Rose Bengal (RB) to the extent of 99%, whereas
for anionic Congo Red (CR) and methylene blue (MB), the
rejection values are 96 and 94% respectively.508

COFs with positively charged walls, that is, PyTTA-BFBIm-
iCOF (Figure 86C), have been designed. Owing to the charged
walls, PyTTA-BFBIm-iCOF powder can remove anionic methyl
orange with a capacity as high as 553 mg g−1 at room
temperature to reach >99.9% removal efficiency.241 In contrast,
PyTTA-BFBIm-iCOF does not uptake neutral or cationic
organic dyes, showing a great selectivity based on electrostatic
interactions. Moreover, PyTTA-BFBIm-iCOF exhibits a high
adsorption efficiency (pseudo-second-order k = 5.32 × 10−2 g
mg−1 min−1). This value is two orders of magnitude greater
those of other porous materials such as MOF-235 (k = 7.67 ×
10−4 g mg−1 min−1).509

Because of the weak dipole interaction between aprotic
solvents and the charged interface aligned on the channel walls,
the cationic EB-COF:Br (= EB-TFP iCOF, Figure 60A)
membrane exhibits excellent permeance toward protic solvents
and organic aprotic solvents, including deionized water (546 L
m−2 h−1 bar−1), ethanol (564 L m−2 h−1 bar−1), acetone (2640 L
m−2 h−1 bar−1), THF (1532 Lm−2 h−1 bar−1), andDMAc (565 L
m−2 h−1 bar−1).510 The EB-COF:Br membrane has an excellent
selective sieving performance for different dye molecules/ions,
which is mainly attributed to their positively charged sites on the
walls as well as small pores. To be specific, it can reject anionic
dyes MO, fluorescein sodium salt (FSS), and potassium
permanganate (PP) up to 99.6, 99.2, and 98.1%, respectively.
The rejection values of cationic dyes RB, MB, and N,N-
dimethyl-p-phenylenediamine dihydrochloride (DMPD) are
91.2, 87.2, and 84.9%, respectively, whereas for the neutral dyes
of calcein (CA), Nile Red (NR), and p-nitroaniline (NA), the
rejection values are 74.4, 22.3, and 15.7%, respectively.
Compared with other reported membranes for nanofiltration,
the EB-COF:Br membrane exhibits a high rejection of 99.6%
toward small molecules such as MO (0.52 × 1.46 nm2), whereas

other porous materials are used for large molecules. For
example, ZIF-8/PES rejects Rose Bengal (1.2 × 1.54 nm2) at
98.95%,511 and ZIF-8/PA 99.98% rejects Congo Red (0.7 × 1.9
nm2);512 these molecules are larger than MO.
The above separation of organic dyes/compounds is

dominated by electrostatic interactions between guests and
charged pore walls. How to develop the porous space of COFs
for precise molecular separation, especially size-exclusive
separation, remains a challenge. Recently, the 1D channels of
COFs have been developed for size-exclusive molecular
separation.125 A trigonal COF, that is, HFPTP-BPDA-COF
(Figure 11D), has been engineered to possess a superlattice of
1D channels with a persistent triangular shape and a discrete
pore size that enable accurate size recognition. HFPTP-BPDA-
COF is synthesized by the topology-directed polycondensation
of theC3-symmetric HFPTP and theC2-symmetric BPDA under
solvothermal conditions. HFPTP-BPDA-COF exhibits a BET
surface area of 1024 m2 g−1 and possesses trigonal 1D channels.
HFPTP-BPDA-COF enables the size recognition of nanosized
organic compounds, including NR, coumarin 6 (C6), and 7-
(diethylamino)-3-phenylcoumarin (DAPC); these compounds
are similar in the π-backbone, are bulky enough to contain more
than 40 atoms, and have a difference of only one atom between
NR and C6.
Notably, HFPTP-BPDA-COF allows the uptake of NR

molecules while excluding C6 and DAPC completely; this size
sieving is based on the slight difference in their molecular sizes.
The uptake of NR by HFPTP-BPDA-COF is a very rapid
process that completes within 2 min. Remarkably, HFPTP-
BPDA-COF uptakes NR, even in the mixtures with C6 or
DAPC, leading to the selective separation of these nanosized
organic compounds. Interestingly, open columns of HFPTP-
BPDA-COF allow an instant separation of mixtures to flush out
C6 or DAPC in 2min and yield 100% purity of each fraction and
infinite selectivity. Porosity measurements confirm that the 1.5
nm sized 1D channels are occupied by NR molecules. Control
experiments using the hexagonal and tetragonal COFs reveal

Figure 87. Schematics of the size recognition and nanoconfinement process by HFPTP-BPDA-COF: reconstructed structure of (A) top and (B) side
views of three NR molecules in a 15.5 Å triangular channel over five layers and with 1.8 nm length. (C) Cubic HFPTP-BPDA-COF crystallite with
dimensions of 500× 500× 500 nm3 confines over 7 500 000 NRmolecules. Inset: a reconstructed triangular channel structure in 50 layers over 18 nm
length for the confinement of 30 NR molecules into three single-file molecular chains at its nanogrooves.
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that the COF topology is key to this molecular separation;
hexagonal and tetragonal COFs cannot separate these
molecules.
A possible scenario of the molecular recognition is elucidated

by molecular dynamics simulations at femtosecond precision
based on a global minimum energy protocol. When approaching
HFPTP-BPDA-COF, the guest molecules likely adopt an
orientation with their π-backbones parallel to the π-surface of
the COF to minimize the potential energy. If the size of guest
molecules such as DARP and C6 is larger than the pore window,
then the triangular aperture rejects their entry and leaves them in
solution. After NR passes the window, it rotates in the 1D
channels to assume a diving posture so that its π-backbone is
parallel to the long axis of the 1D channels (Figure 87A,B). The
NR molecules are then confined at the corner nanogrooves to
form single-file molecular chains in the channel. These four
successive processes are very quick and complete in 10 ps.
Because each 15.5 Å sized 1D channel possesses three
nanogrooves and can dock three single-file molecular chains,
an 18 nm long 1D channel confines 30 NR molecules at three
nanogrooves (Figure 87C). Indeed, a cubic HFPTP-BPDA-
COF crystallite with dimensions of only 500 × 500 × 500 nm3

can accommodate 7 500 000 NR molecules (Figure 87C, inset).
This extraordinary uptake originates from the full accessibility of
all channel corners. In this case, one NR molecule is locked by 9
C−H···π interactions with the C−H units and London
dispersion forces from two neighboring walls. These multipoint
interactions harvest a binding energy of 41.1 kcal mol−1. On the

contrary, virtually inserting C6 into the 1D channel results in a
binding energy of 40.6 kcal mol−1, which is the same level as that
of NR. This result excludes the possibility of C6 entering the 1D
channels.

12.5. Chiral Compound Separation

Recently, chiral 3D COFs have been developed as a stationary
phase for liquid chromatography to enable enantioselective
separation. (R,R)-CCOF-5 (Figure 88) has been synthesized via
condensation of the tetrahedral TAPM with a tetraaldehyde
derived from the chiral tetraaryl-1,3-dioxolane-4,5-dimethanols
(TADDOLs).52 It is further oxidized into amide-linked (R,R)-
CCOF-6 (Figure 88). Racemic 1-phenyl-2-propanol can be
successfully separated on a 3D-CCOF-5/silicon column with a
good selectivity α of 1.19 and a chromatographic resolution Rs of
1.52 in 40 min. CCOF-6 exhibits an improved resolution
compared with CCOF-5. It can baseline-resolve all racemates of
1-phenyl-2-propanol, 1-phenyl-1-pentanol, 1-phenyl-1-propa-
nol, and 1-(4-bromophenyl)ethanol, affording α/Rs = 1.29/
1.78, 1.21/1.58, 1.33/2.47, and 1.24/1.54, respectively. CCOF-
5 and CCOF-6 are similar to other chiral stationary phases
(CSPs) for high-performance liquid chromatography (HPLC).
For example, g-CD MOF achieves α = 2.43 and Rs = 1.55.513

Both CCOF-5 and CCOF-6 are more chemically stable than
MOF-based CSPs in application.
Covalently immobilizing a series of biomolecules into achiral

COFs is another efficient way to induce chirality into COFs.
Through the coupling reaction between the amino units of

Figure 88. Schematics of (R,R)-CCOF-5 and (R,R)-CCOF-6.

Figure 89. 2D COFs with different sites for mercury removal: (A) TPB-DMTTP-COF, (B) COF-S-SH, and (C) TPB-DMTP-COF-SH.
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biomolecules and carboxylic acid groups of COFs, biomolecules,
including lysozyme, tripeptide Lys-Val-Phe, and L-lysine, have
been covalently linked to COFs to form biomolecules⊂COFs,
and the leakages of peptide and L-lysine are only 6 and 7%.514

The resulting biomolecules⊂COFs show a great potential for
chiral separation. For example, lysozyme⊂COF 1 exhibits the
highest separation efficiency for all tested racemates and
separates benzoin to achieve excellent α and Rs values of 1.57
and 3.71, respectively.

12.6. Metal-Ion Adsorption

Developing novel materials that can remove heavy metal ions
completely and efficiently is highly desirable nowadays. In
relation to the aforementioned Hg(II) sensing, TPB-DMTTP-
COF, COF-S-SH, and TPB-DMTP-COF-SH have been
developed by integrating methyl sulfide and thiol units on the
pore walls.231,251,515 The TPB-DMTTP-COF (Figure 89A)
exhibits an outstanding mercury removal capacity of 734 mg
g−1.231 Owing to the resonance effect, it is extremely stable in
aqueous solutions over a wide pH range, and it retains 92%
capture efficiency after six cycles. This COF shows a highly
selective removal of heavymetal ions, such as Hg(II) and Pb(II),
whereas it is not active for other metals such as Zn(II), Fe(III),
Mg(II), Ca(II), and K(I). In contrast, COF-S-SH (Figure 89B)
exhibits a better Hg(II) removal capacity as high as 1350 mg g−1

and high Hg(0) uptake capacities of 863 mg g−1.411 COF-S-SH
exhibits a high distribution coefficient Kd value of 2.3 × 109 mL
g−1, which allows it to rapidly reduce the Hg(II) concentration
from 5 ppm to <0.1 ppb, even in the presence of a high
concentration of background metal ions such as Ca(II), Zn(II),
Mg(II), and Na(I). Integrating triazole and thiol groups via
pore-wall surface engineering to the channel walls, TPB-DMTP-
COF-SH (Figure 89C) exhibited the highest recorded
saturation Hg(II) uptake capacity of 4395 mg g−1 with an
exceptional distribution coefficient value Kd of 3.23 × 109, in
which the triazole moiety contributes greatly to its outstanding
sorbent efficiency.515 Notably, TPB-DMTP-COF-SH exhibits
high mercury removal capacity, even in the presence of other
metal ions, including Na(I), Ca(II), Cu(III), Mg(II), or Zn(II).
This COF functions well even in seawater to removeHg(II). In a
mixture of typical heavy metal ions, TPB-DMTP-COF-SH
exhibits a high removal capacity for Hg(II) (98%) and Sn(II)
(97%), a medium capacity for Pb(II) (49%), and a low capacity
for Cd(II) (21%) and As(III) (19%). Moreover, TPB-DMTP-
COF-SH has a higher uptake capacity than other sorbents
functionalized with thio groups, such as PAF-1-SH (1014 mg
g−1)516 and MOS2 nanosheets (2506 mg g−1).517 These COFs

open a new avenue for the design of COFs for coping with
environmental metal-ion pollutions. Similarly, N-rich THAT-
TFPTA-COF (THAT = 2,4,6-tris(hydrazino)-1,3,5-triazine,
TFPTA = tri-(4-formacylphenoxy)-1,3,5-triazine) (Figure
90A) exhibits excellent performance in Cd(II) removal with a
high capacity of 396 mg g−1.518 Ketoenamine ACOF (= COF-
JLU2, Figure 81B) exhibits high uptake capacities of 169 mg g−1

for U(VI) and of 175 mg g−1 for Hg(II).519 ACOF with the C
O units enables strong coordination with metal ions. The
selectivity of U(VI) increases as the pH is decreased and reaches
96.2% when the pH value is 1.5.
Other than Hg(II) removal, the selective extraction of

lanthanide ions has been explored with carboxy-functionalized
3D-COOH-COF (Figure 90B).520 Through a postsynthetic
modification of a hydroxyl-functionalized 3D-OH-COF with
carboxylic acid, the resulting 3D-COOH-COF exhibits an
uptake capacity of 0.71 mmol g−1 for Nd(III), 0.72 mmol g−1 for
Sr(II), and 4.86 mmol g−1 for Fe(III). The Nd(III) ion exhibits
the highest affinity among these ions to yield Langmuir
parameters of 15.87, 0.85, and 0.08 mm−1 for Nd(III), Sr(II),
and Fe(III), respectively. After amidoximated by treatment with
hydroxylamine in methanol, amidoxime-functionalized COF-
TpDb-AO (Figure 90C) serves as a selective solid-phase sorbent
for U(VI) capture.521 At an initial concentration range of 23.1−
265.2 ppm, COF-TpDb-AO reaches an adsorption capacity of
408 mg g−1, which is 1.15 times as high as that of amorphous
POP-TpDb-AO. Notably, COF-TpDb-AO exhibits a much
steeper adsorption profile for U(VI) ions to achieve a high Kd
value of 3.6 × 108 (0.14 ppb), which is more than an order of
magnitude higher than that of the amorphous one.

12.7. Other Molecular Adsorption and Separation

The field of molecular adsorption and separation has recently
attracted increasing attention. The predesignable pores of COFs
makes them suitable for the adsorption of a broad diversity of
molecules, including aromatic derivatives,311,522,523 bisphenol
chemicals,524−527 peptides,528,529 pharmaceutical pollu-
tants,526,530 arylene vinylene macrocycles,531 as well as per-
and polyfluorinated alkyl substances (PFASs).532 COF-LZU-1
(Figure 21A) and COF-5 (Figure 7B) have been modified into
fused silica and utilized as the stationary phase in electro-
chromatography.311,522 Strong π−π interactions between the
COF stationary phase and guest molecules facilitate the
separation of aromatic compounds, including alkyl benzenes,
polyaromatic hydrocarbons, aniline derivatives, naphthalene,
and 4-methylbiphenyl. Grafting COF-TpPa-1 (Figure 62A)
onto the surface-modified Fe3O4 nanoparticles endows the

Figure 90. 2D COFs with different sites for binding metal ions in (A) N-rich COF, (B) 3D-COOH-COF, and (C) COF-TpDb-AO.
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hybrid with a large specific surface area, high porosity, and
supermagnetism, making it an ideal sorbent to extract organic
compounds with a benzene unit and amino or hydroxyl groups
by using a magnetic field.523 Through magnetic solid-phase
extraction (MSPE), magnetic TpPa-1 can detect polycyclic
aromatic hydrocarbons (PAHs) in the range from 0.24 to 1.01
ng L−1.
The TpBD(NO2)2, TpBD(N2H)2, and TpBD(NHCOCH3)2

COFs (Figure 91) have been applied for lactic acid (2-
hydroxypropanoic acid) adsorption.533 These COFs have been
synthesized by sequential pore-wall modification (Figure 91).
The lactic acid adsorption abilities of COFs can bemonitored by
high-performance liquid chromatography from aqueous sol-

utions at their natural pH (pH 2.2 for an aqueous 0.1 M lactic
acid solution). The amino-functionalized TpBD(N2H)2 exhibits
the highest adsorption capacity of 6.6 wt % compared with
TpBD(NHCOCH3)2 (4.0 wt %) and TpBD(NO2)2 (2.5 wt %)
as a result of the better affinity with lactic acid. Because lactic
acid serves as both a hydrogen-bonding donor and acceptor, the
amino −NH2 groups in TpBD(N2H)2 or TpBD(NHCOCH3)2
that act as both hydrogen-bonding donors and acceptors
facilitate the adsorption of lactic acid, whereas TpBD(NO2)2
with only hydrogen-bonding accepting sites shows inferior
adsorption ability. These results indicate that supramolecular
interactions in the COF channels play a key role in the
adsorption of lactic acid.

Figure 91. Schematics of sequential pore-wall modification of 2D COFs for lactic acid adsorption.

Figure 92. Schematics of (A) β-CD-COF, (B) X%[NH2]-COFs, and (C) SA-COF.
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Magnetic core−shell Fe3O4@COF-TpBD (Figure 85A,
COF-TpBD) nanospheres have been developed for the removal
of bisphenol A (BPA) and bisphenol AF (BPAF) from aqueous
solution. The adsorption isotherms of BPA and BPAF on
Fe3O4@TpBD with typical Langmuir adsorption character
achieve a maximum capacity of 160.6 and 236.7 mg g−1,
respectively.524 β-CD-COF (Figure 92A), owing to the presence
of β-cyclodextrin units, facilitates molecular recognition toward
(S)-naproxen, 4-nonyl phenol, BPA, and rhodamine B. These
molecules contain carboxylic or phenolic functionalities and
phenyl or naphthyl moieties that can complex with the β-CD
cavity.526 In neutral water, β-CD-COF exhibits 78 and 98%
removal efficiencies for ibuprofen and naproxen in 10 min with
the kobs values of 1.4 and 25 g mg−1 min−1, respectively, whereas
the removal of neutral compounds of BPA and 4-nonyl phenol
reaches kobs values of 1.7−6.8 g mg−1 min−1. Moreover, TpBD-
COF-coated solid-phase microextraction (SPME) fiber coupled
to constant-flow desorption ionization mass spectrometry
exhibits limits of detection and qualification of 0.92 and 3.1 ng
L−1 for tetrabromobisphenol A (TBBPA) in aqueous media.527

TpPa-2-Ti4+ modified with Ti(IV) has been developed for
phosphopeptide enrichment and achieves a maximum adsorp-
tion capacity of 100 μg mg−1.529 Because of the strong van der
Waals and π−π stacking interactions between the phenyl groups
of the peptide and the COF shell, Fe3O4@TAPB-TPA-COF
(Figure 72D, TAPB-TPA-COF = TAPB-PDA-COF) selectively
removes 99% of peptide Phe-Gly-Phe-Gly-Phe (FGFGF, grand
average of hydropathy (GRAVY) = 1.52) with little loss of Gly-
Gly-Phe-Gly-Gly (GGFGG, GRAVY = 0.24, <5%).528

Imine-linked surface COFDB serves as a host template to
separate arylene vinylene macrocycles (AVM2) from their linear
byproducts, as AVM2 can be immobilized in the cavity of
COFDB owing to strong binding interactions between the AVM2
molecules (2.4 nm) and COFDB.

531 After reduction from azides
to amines, X%[NH2]-COFs (Figure 92B) exhibit a high affinity

for anionic PFAS.532 20%[NH2]-COF exhibits the highest
removal efficiency of 97% for GenX with the highest capacity of
240 mg g−1.
The salicylideneaniline-based COF (SA-COF) (Figure 92C)

can undergo reversible solvatochromism triggered by the
adsorption and desorption of water molecules, and the
tautomerization of SA-COF causes dynamic changes in the
ionic and chemical properties.534 On the basis of the size-
dependent separation, SA-COF can completely separate theMB
and CA mixture by reducing the concentration of MB by 99.9%.
Because the −OH and −NH moieties in SA-COF can be
deprotonated or protonated under basic or acidic conditions,
the AA (anthraflavic acid) and MBmixtures can be separated by
their charges, yielding a sharp decrease in the MB concentration
by 95.2%. Owing to the basic N−H moiety in the trans-
ketoenamine form, SA-COF selectively binds −OH over −NH2
groups under neutral conditions, yielding a high chemo-
selectivity. For example, treating a mixture of 1,4-dihydroxyan-
thraquinone (DHQ) and 1,4-diaminoanthraquinone (DAQ)
(1/1 mol) with the SA-COF powder enriches the DAQ
component to reach a 1:6 ratio of DHQ/DAQ in the filtrate
within 10 min because SA-COF selectively uptakes DHQ.

13. CATALYSIS

COFs possess well-defined skeletons and discrete pores in which
the skeletons, pores, and pore walls are the main domains that
are useful in accommodating the catalytic sites535 to design
which domain for loading catalytic sites is dependent on the
types of the targeted catalytic reactions. Because COFs are
insoluble in solvents, they offer a platform for designing
heterogeneous catalytic systems in which the open nanopores
of COFs provide a confined space to serve as nanoreactors.
Therefore, a significant feature is that the COF-based catalysts
allow for an easy separation of the catalyst from the reaction
mixture via filtration or centrifugation and can be reactivated for

Figure 93. Schematics of the controlled synthesis of porphyrin COFs with hydrogen-bonding edges and their effects on photocatalytic singlet oxygen
generation.
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cycle use. By virtue of a broad structural diversity, COFs enable
the integration of various catalytic systems or sites into the
structures and are tolerant to different types of catalytic
reactions.262 Asymmetric catalysis, photocatalysis, electro-
catalysis, metal-based catalysis, and other types of catalysis
have been developed and have shown the great potential of
COFs as a predesignable porous platform in exploring
heterogeneous catalytic systems.258

13.1. Photocatalysis

The development of photocatalysts is important in relation to
artificial photosynthesis and photoenergy conversion.536 In
nature photosynthetic systems, well-defined chlorophyll arrays
organized in a manner of wheel-like assemblies are key to
efficient light harvesting and energy transfer to the reaction
center. This design principle has inspired synthetic chemists to
design artificial light-harvesting antennae and photocatalytic
systems by organizing chromophores into well-ordered
extended structures. COFs are versatile in integrating various
π-units into extended ordered structures and are promising as a
superb platform for designing photocatalysts.
Porphyrin is a typical visible-light absorption pigment with a

similar structure to that of chlorophyll. By virtue of its excellent
light-harvesting performance in the visible region, porphyrin-
based COFs serve as a photocatalyst for the singlet oxygen
generation. In this case, a triplet state of the photocatalyst is
demanded for the transformation of the triplet molecular oxygen
into the singlet oxygen, which can barely be satisfied by the
conventional porphyrin derivatives. Importantly, the ordered
COF architecture plays a key role in controlling photogenerated

excited states for the steady conversion of molecular oxygen into
singlet oxygen.

13.1.1. Singlet Oxygen Generation Reactions. A
squaraine-linked CuP-SQ COF (Figure 27C) has been
synthesized by the condensation of SQ and TAP-CuP and
serves as a photocatalyst for singlet oxygen generation.216 The
CuP-SQ COF consists of a zigzag conformation that protects
the layered structure from sideslip, provides an extended π-
conjugation over 2D networks, and has high chemical stability.
Owing to the intralayer conjugation and well-defined interlayer
π-stacking structure, the CuP-SQCOF exhibits a broadened and
red-shifted Soret band as all well as an enhanced Q-band, which
doubles the light-absorbing capability of the COF compared
with the monomeric TAP-CuP unit. Indeed, the CuP-SQ COF
exhibits an outstanding singlet oxygen generation, as demon-
strated by the time-dependent electronic absorption spectral
change of 1,3-diphenylisobenzofuran (DPBF, 50 μM) that
serves as a tag to indicate the production of singlet oxygen in the
presence of only 1 mg of COF (in 2.3 mL of oxygen-saturated
DMF) upon 500 nm light excitation. By virtue of its controlled
triplet state generation, high crystallinity, and broad absorption
capability, the CuP-SQ COF is superior to the TAP-CuP
monomer in single oxygen production.
Similarly, a series of imine-linked porphyrin COFs (CuP-

DHPh, NiP-DHPh, and H2P-DHPh, Figure 93) have been
investigated for photocatalytic singlet oxygen generation.100 The
hydrogen-bonding interactions can suppress the torsion of the
edge units and lock the tetragonal 2D sheets in a planar
conformation, which enhances the interlayer interactions and
allows extended π-conjugation over the 2D sheets. Compared

Figure 94. Schematics of COFs as a catalyst for singlet oxygen generation: (A) M1TPP-M2Pc-COF (M1 = H2, Zn, Cu; M2 = Ni, Cu), (B) M1DPP-
M2Pc-COF (M1 = H2, Zn, Cu; M2 = Ni, Cu), (C) LZU-190, (D) LZU-191, and (E) LZU-192.
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with counterpart COFs without hydrogen bonds, the hydrogen-
bonding COFs benefit from the planarization effects and achieve
higher crystallinity and porosity, better light-harvesting
capability, and a narrower band gap. As a result, the
photocatalytic singlet oxygen generation is highly dependent
on the content of intralayer hydrogen-bonding interaction sites.
In fact, the CuP-DHPh COF with the 100% hydrogen-bonding
sites on the edges achieves a 10−20-fold enhanced activity
compared with those of other amorphous CuP derivatives.
Interestingly, the free-base H2P-DHPh COF exhibits better
photocatalytic activity compared with the NiP-DHPh COF and
the CuP-DHPh COF, indicating a facilitated electron-transfer
process. The photocatalytic systems of singlet oxygen generation
may find applications in photodynamic therapy.
Likewise, the incorporation of phthalocyanine units allows the

preparation of M1TPP-M2Pc-COF (Figure 94A, M1 = H2, Zn,
Cu; M2 = Ni, Cu) and M1DPP-M2Pc-COF (Figure 94B, M1 =
H2, Zn, Cu; M2 = Ni, Cu) with heterobimetallic sites.109 Owing
to the near-infrared absorbance of phthalocyanine, the resulting
COFs produce singlet oxygen even with low-energy photons.
Other than porphyrin-based COFs, π-conjugated benzoxazole-
based frameworks have also been explored as robust organo-
photocatalysts. The benzoxazole-linked COFs LZU-190 (Figure
94C), LZU-191 (Figure 94D), and LZU-192 (Figure 94E) have
been synthesized through the polycondensation of 2,5-diamino-
1,4-benzenediol dihydrochloride with TFB, 2,4,6-tris(4-formyl-
phenyl)-1,3,5-triazine, and TFPPy, respectively, in the mixture
of NMP/mesitylene (1:1 vol) and an excess of benzimidazole
(4.5 equiv).537 Those COFs absorb light in the ultraviolet and

visible regions with optical band gaps of 2.02, 2.38, and 2.10 eV,
respectively. LZU-190 efficiently catalyzes the transformation of
4-carboxyphenylboronic acid to 4-hydroxybenzoic acid in 99%
yield, whereas the amorphous analogue reaches only 78% yield
and imine-linked COF-LZU1 (Figure 21A) is decomposed
under the same conditions. LZU-190 even presents excellent
and unchanged activity after 20 runs in the visible-light-driven
oxidative hydroxylation of 4-carboxyphenylboronic acid. These
works also demonstrate that metalloporphyrins without noble
metals such as palladium and platinum could also exhibit
remarkable activities for singlet oxygen generation.

13.1.2. Hydrogen Evolution Reactions. Photocatalytic
water splitting to produce H2 is an important chemical process
for the generation of clean energy resources.236,538,539 The
designability of skeletons and the tunability of band structures
are two key factors to be considered in developing photo-
catalysts for water splitting.540 COFs serve as a photosensitizer
to trigger photocatalytic H2 evolution from water in conjunction
with platinum (Pt) nanoparticles as electron relay stations. The
hydrazone-linked TFPT-COF (Figure 38A) consisting of 1,3,5-
tris(4-formyl-phenyl)triazine (TFPT) at the vertices and DETH
at the edges functions as a photosensitizer for exciton generation
and achieves continuous and constant H2 production at a rate of
1970 mmol h−1 g−1, corresponding to a quantum efficiency of
2.2%, in the presence of Pt nanoparticles as a proton reduction
catalyst and aqueous TEOA as a sacrificial electron donor.83

Similarly, a series of azine-linked Nx-COFs (x = 0, 1, 2, and 3)
have been designed for the photocatalytic hydrogen evaluation,
and the number of nitrogen atoms at the central aryl rings of the

Figure 95. Schematics of (A) TPB-BT-COF, (B) TP-BDDACOF, (C) TP-EDDACOF, (D) A-TEXPY-COF, and (E) FS-COF for photocatalytic H2
evolution.
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vertices is tunable between 0 and 3 (Figure 23C).85 The Nx-
COF/Pt (x = 0, 1, 2 and 3) systems achieve continuous H2
production at a rate of 23, 90, 438, and 1703 mmol h−1 g−1 for
N0-COF, N1-COF, N2-COF, and N3-COF, respectively. The
superior activity of N3-COF originates from the electron-
deficient character of the central triazine knots, which stabilize
the negative charges on the COF and facilitate the transfer of
electrons to the proximate Pt sites. It is higher than those of Pt-
modified amorphousmelon (720 μmol h−1 g−1),541 g-C3N4 (840
μmol h−1 g−1),542 and crystalline poly(triazine imide) (864 μmol
h−1 g−1)541 under the same conditions.
Through introducing BTDA as acceptor sites into Nx-COFs,

TPB-BT-COF (Figure 95A) achieves high activity for the
photoreduction of Cr(VI) with >99% efficiency without any
sacrificial agent or pH regulation.543 Besides, azine-linked N2-
COF (Figure 23C) with chloro(pyridine)cobaloxime cocatalyst
(Co-1) in the presence of TEOA as a sacrificial electron donor in
a water/acetonitrile mixture can also achieve a H2 evolution rate
of 782 μmol h−1 g−1 and TON (turnover number) of 54.4 in the
water/acetonitrile mixture.544 This work demonstrates that the
platinum cocatalyst is not a requirement for photocatalytic
hydrogen generation.
The acetylene-functionalized β-ketoenamine COF TP-

BDDA (Figure 95B) bearing diacetylene (−CC−CC−)
moieties is an efficient and recyclable heterogeneous photo-
catalyst.545 Compared with the COF TP-EDDA (Figure 95C)
with an acetylene skeleton, the COF TP-BDDA with a band gap

of 2.31 eV exhibits an enhanced catalyst performance, an average
H2 evolution rate of 324 ± 10 μmol h−1 g−1 over 10 h, and an
apparent quantum efficiency (AQE) of 1.8% under 520 nm light.
A-TEX-COF (Figure 95D) can further extend both the planarity
and the π-conjugation by integrating alkyne moieties into the
frameworks.546 This is the first COF without any triazine or
heptazine units that exhibits good photocatalytic activities. A-
TEXPY-COF steadily produces H2 for at least 24 h, whereas A-
TEBPY-COF with the lowest nitrogen content produces H2 at
the highest rate of 98 μmol h−1 g−1. Its current density (6 μA
cm−2) at the reversible hydrogen electrode (RHE) potential is
approximately four times as high as that of A-TENPY-COF (1.5
μA cm−2).
The nanopores of the TpPa-2 COF (Figure 86B) have been

utilized to confine photoactive CdS nanoparticles by manipulat-
ing the energy level, stabilizing the nanoparticles, and
suppressing the recombination of the photogenerated holes
and electrons.547 In the CdS-TpPa-2 hybrid, the H2 production
is significantly promoted from a rate of 124 to 3678 mmol h−1

g−1 by increasing the COF content from 0 to 10 wt %. This
strategy is interesting because it opens a way to explore the local
chemical environment for developing the potential of inorganic
semiconducting catalysts.
FS-COF (Figure 95E) based on a benzo-bis(benzothiophene

sulfone) moiety exhibits excellent activity for photochemical H2
evolution, which is much higher than that of its amorphous or
semicrystalline counterparts.548 FS-COF constructed with 3,9-

Figure 96. Schematics of stable 2D sp2 carbon-conjugated COFs for H2 production from water.

Figure 97. Schematics of (A) the sp2 CC-linked Por-sp2-COF and (B) perylene CTF for photocatalytic organic reactions.
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diamino-benzo[1,2-b:4,5-b′]bis[1]benzothiophene sulfone
(FSA) exhibits H2 evolution rates of 10.1 mmol g−1 h−1 with
an external quantum efficiency of 3.2%. Upon dye sensitization
with the near-infrared absorbing WS5F, FS-COF produces H2
up to 16.3 mmol g−1 h−1. Currently, this is the highest
photocatalytic hydrogen efficiency of COFs.
Modified with a monofunctional electron-deficient terminal

group of 3-ethylrhodanine (ERDN), the fully conjugated sp2c-
COFERDN (Figure 96) exhibits a hydrogen evolution rate of 2120
μmol h−1 g−1 in an aqueous solution in the presence of in-situ-
generated Pt nanoparticles (3 wt %, 1−3 nm) and TEOA (10 vol
%) under a 300 W xenon light source (λ ⩾ 420 nm).549 The
effect of ERDN terminals is prominent for its excellent
photocatalytic efficiency. It can further enhance the π-
conjugation through an electron donor−acceptor push−pull
effect, decrease the band gap from 1.90 V of sp2c-COF to 1.85
eV of sp2c-COFERDN, and thus enable the near-infrared light
harvesting to 800 nm and lower the reduction and oxidation
potentials. This is the first time that the sp2 carbon COFs have
been explored for photocatalytic hydrogen evolution.
13.1.3. Organic Reactions. COFs exhibit prominent

results in photocatalyzing organic transformations. An sp2 C
C-linked COF, that is, Por-sp2-COF (Figure 97A) exhibits
strong absorbance in the visible region and catalyzes the aerobic
oxidation of amine to imines.34 Upon irradiation with a 3W
white LED, the reaction proceeds almost quantitatively in 30
min and retains activity after five cycles. This outperforms many
heterogeneous photocatalysts such as MOF 6 (83% yield in 1
h)550 and PCN-222 (100% yield in 1 h).551

By drop-casting on a polyimide sheet, perylene-containing
CTF films (Figure 97B) have been fabricated. The CTF film
upon coupling to a rhodium complex and formate dehydrogen-
ase facilitates the oxidation of NADH to NAD+. Because of the
large surface area for light harvesting and the photoactivity of
CTF, the catalytic system allows the reduction of CO2 to
HCOOH at a rate of 881.3 × 106 nmol g−1 h−1. This film-based
catalytic system features a high stability and good reusability.552

13.2. Electrocatalysis

Electrocatalysis is a chemical process directly associated with
energy conversions, including the conversion of electricity to
chemical energy and the reverse conversion that transforms
chemical energy into electricity. As an electrocatalyst, its electric
conductivity is a key factor that determines the kinetics and
efficiency of the systems. COFs are usually insulators without
electric conductivity. To enhance the conductivity, pyrolysis is a
useful way to covert COFs into carbons. However, in most cases,
the resulting carbons lose the original features of the COFs. How
to retain the structural features including the dimensionality and
the porosity remains a challenge.

13.2.1. Oxygen Reduction Reactions. To replace the
platinum catalyst for O2 reduction reaction (ORR) in fuel cells,
several porous carbons from a diversity of COFs precursors have
been developed. For example, a cobalt porphyrin COF (Co-
COF) (Figure 98A) has been utilized as a precursor for the
pyrolysis preparation of a nanocomposite of well-distributed
Co(0) nanoparticles and graphitized carbon structures.553 In an
aqueous solution of KOH (0.1 M), both the potential and

Figure 98. Schematics of (A) Co-COF, (B) TM-COFs, (C) FeCo-COF, and (D) TAPT-DHTA-COF for the electrocatalytic O2 reduction reaction.
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current responses obtained from pyrolyzed Co-COF-900 are
comparable to those of the commercial 20% Pt/C catalyst. On
the basis of the rotating ring disk electrode (RRDE) experi-
ments, there are 3.85 electrons involved in the ORR,
demonstrating that the O2 reduction catalyzed by pyrolyzed
Co-COF-900 involves a four-electron process. This work also
demonstrates that cobalt-based materials have the potential to
replace noble metals such as platinum in ORR.554

Among porphyrin-containing TM-COFs with 3d transition
metals (Figure 98B), Fe-COFs with the minimum over-
potentials of 0.482 V for ORR are predicted to be ideal in the
four-electron transfer regime, whereas in the two-electron
transfer regime, Ca-COF and Sr-COF are identified to be
more efficient for the direct synthesis of H2O2 via an
electrochemical approach.555 Current research has also
combined both Fe and Co alloy nanoparticles into Tp-Bpy-
COF.556 The obtained bimetallic FeCo-COF (Figure 98C)
displays the overpotential of 1.59 eV in the catalysis of the
oxygen evolution reaction (OER) at a current density of 10 mA
cm−2.
It is ideal to combine the skeleton design of 2D COFs and the

template guidance of the pyrolysis for the generation of well-
defined carbons. Converting conventional COFs into high-
performance 2D carbons based on template carbonization can
yield 2D graphitic carbon sheets with high conductivity,
hierarchical micropores and mesopores, and abundant N- and
P-doped heteroatom catalytic edges, which is ideal not only for
energy storage but also for the carbon catalyst of the ORR.474,557

Upon loading phytic acid (PA) into TAPT-DHTA-COF
(Figure 98D), the resulting PA@TAPT-DHTA-COF is
pyrolyzed at 1000 °Cunder N2 to yield nitrogen and phosphorus
codoped PA@TAPT-DHTA-COF1000, which is further pyro-
lyzed in an ammonia atmosphere at 900 °C to produce PA@
TAPT-DHTA-COF1000NH3

. With an improved pore volume and

maintained layer structure, PA@TAPT-DHTA-COF1000NH3

exhibits a more positive reduction peak at −0.18 V, a more
positive E0 by 30 mV, a higher E1/2 by 50 mV, a greatly enhanced
jlimit by 1.2 mA cm−2, and a much smaller Tafel slope of 110 mV
decade−1 compared with those of PA@TAPT-DHTA-COF1000
and Pt/C, which indicates a superior ORR activity. It also
outperforms many carbon catalysts such as N-doped carbon
nanotube frameworks (NCNTFs) (onset potential = 0.97 V,
half-wave potential = 0.87 V, jlimit < 6 mA cm−2)558 andN-doped
graphene mesh (NGM) (onset potential = 0.89 V, half-wave
potential = 0.77 V, jlimit = 6.41 mA cm−2).559

13.2.2. Oxygen Evolution Reactions. The development
of an efficient OER catalyst for oxidizing water molecules is a
challenging issue due to the poor reaction kinetics under neutral
pH conditions. The bipyridine-containing TpBpyCOF has been
developed as an OER catalyst by coordinating Co(II) ions to the
bipyridine edges (Figure 99).470 The electrochemical property
of the Co-TpBpy COF (12% Co) is studied by CV and linear
sweep voltammetry (LSV) with Co-TpBpy-COF-coated glassy
carbon as a working electrode in an aqueous phosphate buffer
(0.1 M) at pH 7. The CV profile shows the onset potential at
1.63 V and an overpotential of 400 mV at a current density of 1
mA cm−2. The Co-TpBpy COF retains similar LSV patterns and
roughness factors (1.46) even after 1000 scans and achieves 94%
retention in the OER current. The inductively coupled plasma
(ICP) analysis of the electrolyte reveals that no cobalt ion leaked
from the Co-TpBpy COF electrode. The SEM and XPS analyses
also confirm the intact structure of the Co-TpBpy COF after the

OER process. These performances are compatible with other
cobalt-containing OER catalysts.560−562

COFs can affect the electronic properties of the metal-based
catalysts and thus have a chance to facilitate the OER process.
For example, using an sp3-nitrogen-rich COF (Figure 38B,
IISERP-COF2) as a matrix to isolate the nickel metal
nanoparticles can enhance the catalytic performance.249 This
method is further developed by a hybrid composite based on a
benzimidazole COF (Figure 38D, IISERP-COF3); a hybrid
system with the Ni3N nanoparticles has been prepared by
heating a mixture of IISERP-COF3, nickel acetate, and urea to
350 °C for 6 h.327 The Ni3N nanoparticles are distributed
between the COF layers and confined inside the COF channels,
as evidenced by the FE-SEM and HR-TEM measurements. For
the electrochemical performance in an aqueous KOH solution
(1 M) saturated with H2, the hybrid catalyst achieves an onset
potential at 1.43 V and an overpotential of 230 mV at a current
density of 10 mA cm−2. A Faradaic efficiency of 98% at a current
density of 1 mA cm−2 is confirmed by the RRDE experiments.
TheO2 evolution rate is as high as 230mmol h−1 g−1 with a TOF
value of 0.52 s−1 at an over potential of 300mV, which is superior
to those of other catalysts reported under similar conditions.
The spatial confinement of the Ni3N nanoparticles between the
ordered nitrogen-rich COF layers accounts for the high
performance. This proves to enhance the OER performance
(lower overpotential) compared with other non-noble-metal-

Figure 99. Schematics of the synthesis of the Co-TpBpy COF via the
ligation of Co(II) to the bipyridine edge units as the O2 evolution
reaction catalyst.
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basedOER catalysts such as LiCo0.8Fe0.2O2 (overpotential = 340
mV, Tafel slope = 50 mV dec−1)563 and IrOx (overpotential =
320 mV).564

13.2.3. Carbon Dioxide Reduction Reactions. The
reduction of CO2 into useful chemicals is an important subject
that is relevant to carbon emission and energy resources. Various
efforts have been made over the past decades to develop an
efficient strategy for converting CO2 to CO, MeOH, EtOH,
CH4, and so on. Exploring the electrochemical and photo-
chemical properties of COFs to reduce CO2 into CO and other
chemicals has attracted great attention and has generated
different catalytic systems.
A porphyrin-based COF has been developed for the

electrochemical reduction of CO2 to carbon monoxide. The
imine-linked COF-366-Co and COF-367-Co (Figures 16Q and
100) consisting of cobalt porphyrin units at the vertices and

BDA and BPDA at the edges, respectively, serve as electro-
catalysts for the reduction of CO2 to CO.33 COF-366-Co
(Figure 100) exhibits 10% enhanced catalytic performance
compared with themolecular cobalt porphyrin unit and achieves
a TON of 1352 (TON per electroactive cobalt, TONEA =
34 000) and an initial turnover frequency (TOF) of 98 h−1

(TOF per electroactive cobalt, TOFEA = 2500). The Faradaic
efficiency for CO (FECO) is as high as 90%. By contrast, the
large-pore COF-367-Co promotes the CO evolution with a
TON of 3901 (TONEA = 48 000) during 24 h and affords a high
selectivity of competing proton reduction (FECO = 91%).

A multivariate strategy to dilute the cobalt component by
introducing copper porphyrin units has been developed, and the
TOFEA for these multivariate Co/Cu COF-367 catalysts shows
substantial improvement with each 10-fold dilution of cobalt
loading. The hybrid COF (COF-367-Co(1%)) with optimum
active content achieves excellent performance with a very high
TONEA of 296 000 (TON > 24 000) and an initial TOF of 9400
h−1.
Introducing different electron-donating or -withdrawing

groups into the reticular structure, the electronic character of
porphyrin active sites in COF-366-Co can be further improved.
After growing COFs on HOPG to enhance the interaction with
electrode surface, oriented COF-366-Co thin films exhibit
significantly improved catalytic performance on a per-cobalt
basis to achieve a current density of 45 mA mg−1 cobalt for the
formation of CO and a Faradaic efficiency of 87%. Moreover,
through covalently modifying the skeleton of COFs, the current
density for CO formation will increase from 46 mA mg−1 for
COF-366-(OMe)2-Co to 65 mA mg−1 for COF-366-F-Co
(Figure 101A).315 Amine-linked COF-300-AR (Figure 101C),
which is postsynthesized through imine-linked 3D COF-300
using NaBH4, facilitates the electrochemical reduction of CO2 to
CO on the silver electrode via a carbamate intermediate. The
reaction proceeds with a high selectivity and achieves a Faradaic
efficiency of 80% at−0.85 V versus the RHE.278 Benefiting from
the superior light-harvesting and photocatalytic properties of
rhenium complexes as well as the high electron conduction of
the conjugated framework, as-synthesized Re-COF (Figure
101B) also displays a remarkable 98% selectivity in the reduction
of CO2 to CO.565

CTF derivatives show high selectivity in the electroreduction
of CO2. Perfluorinated FN-CTF-400 (Figure 101D) with a
tetrafluoroterephthalonitrile building block can be obtained
through the ionothermal synthesis in molten ZnCl2 at
400 °C.566 With the Faradaic efficiencies of 78.7% for CH4
production and <15% for H2 evolution at a potential range
between −0.4 and −0.6 V, FN-CTF-400 serves as a highly
selective catalyst for the electroreduction of CO2 into CH4, with
a dominant competitive advantage over H2 evolution reaction,
and the Faradaic efficiency for CH4 production can reach 99.3%
in the potential range of −0.7 to −0.9 V. Moreover, FN-CTF-
400maintains a Faradaic efficiency for CH4 production of 91.7%
after a 5 h continuous conversion at −0.8 V, showing excellent
stability in electrocatalysis. Recently, Co-CTF and Ni-CTF
materials (Figure 101E) with metal ions coordinated to nitrogen
sites have been developed to show an effective reduction of CO2
to CO from −0.5 V versus the RHE, and the Faradaic efficiency
of Ni-CTF for CO formation reaches 90% at −0.8 V (vs
RHE).567

13.3. Chiral Catalysis

Asymmetric catalysis is of great importance among chemical
transformations because it offers a straightforward way to
synthesize many chiral intermediates, chemicals, and medi-
cines.568 To perform asymmetric transformation, a chiral
catalytic system is essential that enables the selective formation
of only one enantiomer. Heterogeneous asymmetric catalysts
have the merits of easy separation from the reaction systems and
cycle use, which are important from the viewpoint of the
chemical process. The tunable skeletons and large pore sizes of
COFs are rarely available for other porous materials. In this
context, COFs offer a unique platform in designing heteroge-
neous asymmetric catalytic systems.

Figure 100. Schematics of synthesis of porphyrin COFs for the
reduction of CO2 to CO.
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CCOFs can be developed by anchoring chiral units onto the
pore walls of achiral COFs through pore-surface engineering.
This method enables the introduction of chiral sites to the
predetermined positions on the pore walls at a desirable density.
More importantly, pore-surface engineering allows for the
introduction of chiral units at a relatively low temperature that is
critical in retaining the chirality; the direct polymerization of
chiral building units into the COF skeletons usually requires a
long reaction period and a high temperature, which carry the risk
of causing undesired thermal racemization and decreasing the
enantioselectivity of the resulting catalysts. This lowered
selectivity will directly deteriorate the catalytic performance in
terms of the enantiomeric excess (ee) value.
13.3.1. Skeleton Design. Direct polymerization of

enantiopure TADDOL with 4,4-diaminodiphenylmethane
(4,4-DADPM) generates chiral CCOF-1 (Figure 102A) and
CCOF-2 (Figure 102B), respectively.260 These two COFs serve
as the Lewis-acid catalyst in the asymmetric addition of
diethylzinc (Et2Zn) to the aromatic aldehydes and produce
secondary alcohols (Figure 102, scheme a). Chelating the chiral
dihydroxy-functionalized TADDOL units of CCOFs with
Ti(OiPr)4 results in a composite catalyst that achieves 99%
conversion with 95% ee value. Moreover, this catalyst tolerates a
range of electron-donating and withdrawing groups such as
methyl and chloro units. It can be reused up to four cycles
without significant loss of catalytic activity and enantioselectiv-
ity. Notably, this is much superior to those of Cd-Binol-MOF
and Cu-Binol-MOF (up to 99% conversion, 83% ee).569,570

Similarly, direct condensation of aC2-symmetric chiral edge unit
(S)-4,4′-(2-(pyrrolidin-2-yl)-1H-benzo[d]imidazole-4,7-diyl)-
dianiline and C3-symmetric knots of TFB and TFP yields two
CCOFs, that is, LZU-72 (Figure 102C) and LZU-76 (Figure
102D), respectively.227 The β-ketoenamine linked LZU-76 is
much more stable compared with the imine-linked LZU-72 and
serves as a catalyst for the asymmetric aldol condensation
reaction between aryl aldehyde and acetone (Figure 102,
Scheme b), achieving a yield of 84%, with an ee value of 88%. It
can be reused three times without the loss of enantioselectivity.
Polycondensation of a C3-symmetric chiral knot unit TPBn

with a C2-symmetric edge DMTP produces several chiral
DMTA-TPB1/n’ COFs (n = 2−5) (Figure 102E).571 The
straight 1D channels within the 2D-CCOFs provide efficient
access to uniformly distributed organocatalytic sites and
facilitate the transport of reactants and products. This series of
CCOFs catalyze a broad range of asymmetric reactions, such as
the α-aminooxylation reactions between aldehydes and nitro-
sobenzene (Figure 102, Scheme c), Aldol reaction between aryl
aldehyde sand cyclohexanone (Figure 102, scheme d) as well as
the Diels−Alder reaction between substituted cinnamaldehydes
and cyclopentadiene (Figure 102, Scheme e). Across the
reactions screened, 70% yield and 92% ee have been achieved,
which are better than those of MOF-based catalysts.572−575

Upon ligating with various metal ions, salen-based CCOFs
(Figure 102F) have been developed as recyclable heterogeneous
chiral catalysts for asymmetric cyanation of aldehydes, Diels−
Alder reaction, alkene epoxidation, epoxide ring-opening and

Figure 101. Schematics of (A) COF-366-F-Co, (B) Re-COF, (C) COF-300-AR, (D) FN-CTF-400, and (E) M-CTF for electrocatalytic CO2
reduction.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00550
Chem. Rev. 2020, 120, 8814−8933

8905

https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig101&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig101&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig101&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig101&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00550?ref=pdf


related sequential reactions (Figure 102, Schemes f−j) with up
to 88% yield and 97% ee value.576 Salen-based CCOFs is more
efficient than other salen-based heterogeneous catalysts such as
MOFs.577−579 A series of CCOFs, that is, TpPa-1, TpBD,
TpBD-Me2 and TpTab upon postsynthetic modification of the
enaminone groups with Cu(II) ions (Figure 102G) catalyze the
asymmetric Henry reaction of nitroalkane with aldehydes
(Figure 102, scheme k), albeit a 10% conversion and 35% ee
value.389

13.3.2. Pore-Surface Engineering. By using the pore-
surface engineering approach, an imine-linked achiral porphyrin
COF with a pore size of 2.1 nm has been synthesized. The
appended ethynyl groups can be predesigned in desired density
onto the pore walls, which can be further functionalized via click
reaction at room temperature to anchor chiral pyrrolidine units
in a quantitative manner (Figure 103A).167 Because the chiral
pyrrolidine units serve as an asymmetric organocatalyst, the
resulting [Py]x-H2P-COFs (x = 25, 50, 75, and 100%) promote
Michael addition reactions with 100% conversion and 51% ee
value (Figure 103, Scheme l).
To develop a robust catalytic system, the chemical stability of

COFs is critical. As for the imine-linked COFs, the introduction
of methoxy groups to the phenyl linker of the imine bonds

triggers resonance effects that soften the polarization of the C
N bonds and reduce the charge repulsions between the layers.
The resulting mesoporous TPB-DMTP-COF with a pore size of
3.26 nm has a high porosity (SBET = 2105 m2 g−1) and is
extremely stable in organic solvents and strong acids and bases.
For example, the crystallinity and porosity are retained upon a 1
week treatment even in concentrated HCl, aqueous NaOH
solution (14 M), and boiling water. On the basis of this stable
skeleton structure, pore-surface engineering enables the
integration of chiral pyrrolidine units onto the pore walls in a
quantitative manner to generate a series of chiral [(S)-Py]x-
TPB-DMTP-COFs (Figure 103B, x = 0.17, 0.34, and 0.50).80

After the chiral catalytic sites are introduced, the resulting [(S)-
Pyr]x-TPB-DMTP-COFs retain their crystallinity, porosity, and
chemical stability, which endow the CCOFs with exceptional
activity in the heterogeneous catalysis of asymmetric Michael
addition reactions (Figure 103, Scheme m). The [(S)-Py]0.17-
TPB-DMTP-COF achieves 100% conversion in 12 h and an ee
value of 92% in water at room temperature. Owing to the
concentration effect of the nanopores, this [(S)-Py]0.17-TPB-
DMTP-COF is much more active compared with the molecular
catalysts with the same catalytic structure. As the density of
catalytic sites on the pore walls is increased, the catalytic activity

Figure 102. Schematics of the chiral catalysis of (A) CCOF-1, (B) CCOF-2, (C) LZU-72, (D) LZU-76, (E) DMTA-TPB, (F) CCOF-4-M, and (G)
CCOF-TpTab-Cu and their corresponding reaction schemes.
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shows a decreasing tendency owing to the limited space in the
pores. Remarkably, the [(S)-Py]0.17-TPB-DMTP-COF catalyst
can be reused at least five cycles while retaining structural
integrity and catalytic performance. The catalyst exhibits better
recycling performance than other porous chiral polymers such as
H-CPP (yield decreased from 96 to 39% after four cycles)580

and chiral proline MOF MIL-101 (yield decreased from 66 to
48% after three cycles).573

The above systems demonstrate that COFs are promising in
designing various catalysts for promoting asymmetric organic
transformations; in particular, the use of large pore COFs offers
a high freedom in developing various chiral catalysts with
exceptional catalytic activity.

13.4. Metal-Based Catalysis

COFs offer a confined space to coordinate metal species that can
be further developed as catalysts for organic transformation. For
example, Pd(II) ions can coordinate to the imine bonds in the
imine-linked COF-LZU1 (Figure 104A) to produce a catalyst
for Suzuki−Miyaura coupling reaction (Figure 104, Scheme
n).65

Remarkably, the bimetallically docked BPy-COFs with Pd(II)
and Rh(I) catalytic sites (Figure 104B) enable a one-pot

addition−oxidation cascade reaction (Figure 104, Scheme o).240

The selective coordination of the two nitrogen ligands, that is,
the imine linkages and bipyridine units with two different metal
species, chloro(1,5-cyclooctadiene)rhodium(I) (Rh(COD)Cl)
and Pd(OAc)2, respectively, can be realized by using a successive
docking method. The large and rigid Rh(COD)Cl predom-
inantly coordinates with the bipyridine moieties, whereas the
small and flexible Pd(OAc)2 occupies the imine sites between
the adjacent COF layers. The bimetallic Rh(I)/Pd(II)-based
COF exhibits an excellent conversion of 90% in a one-pot
addition−oxidation cascade reaction to yield an aromatic ketone
(Figure 104, Scheme o). Notably, the individual single-metal-
loaded COF composite did not show catalytic activity.
Moreover, the Mn(II)/Pd(II) bimetallic-docked COFs can be
fabricated via a similar programmed synthetic procedure and
achieve a high catalytic activity in a Heck−epoxidation tandem
reaction with a conversion up to 99%.581

Similarly, 2D porphyrin H2P-Bph-COF (Figure 105A) and a
3D COF-300 (Figure 105B) are effective for the Suzuki, Heck,
and Sonogashira cross-coupling reactions (Figure 105, Schemes
p−t).256,582 Their performances are superior to those of MOF-
based583 and SiO2-based

584 heterogeneous catalysts. Interest-
ingly, a series of 2,2′-bipyridine (BPy) COFs (Figures 105C)

Figure 103. Schematics of the pore-surface engineering strategy to integrate chiral catalytic sites into (A) 2D H2P-COFs and (B) TPB-DMTP-COFs
as well as their catalytic reaction schemes.
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with controlled contents of the Bpy edge units for Pd
coordination have shown a high catalytic activity in the Heck
coupling reaction (Figure 105, Scheme u).252

Vanadium-decorated TAPT-2,3-DHTA-COF (Figure 105D)
and V@acac-CTF (Figure 105E) have been demonstrated to
serve as efficient heterogeneous catalysts for a series of
transformations, including the Prins reaction, sulfide oxidation
and the Mannich reaction (Figure 105, Schemes v−x),499,585
outperforming those of MIL-100 (Cr) (63% yield)586 and
MCM-41 (62% yield).587 These results indicate the high
capability of COF skeletons to discriminate different metal
docking sites. This strategy opens a way to a novel type of
catalytic cascade reaction. Moreover, immobilized with
phosphomolybdic acid (PMA) and iron ions, Fe/PMA@CIN-
1 (Figure 105F) acts as an efficient heterogeneous catalyst for
the epoxidation of cyclooctene (Figure 105, Scheme y).588 In
addition to the docking of noble-metal complexes, a copper-
infused imide-linked COF, that is, Cu@PI-COF (Figure 105G),
promotes the Chan−Lam reaction between aryl boronic acids
and amines (Figure 105, Scheme z), giving yields of up to 93%
with good recyclability.589

13.5. Metal-Nanoparticle-Based Catalysis

The high porosity and large pore size of COFs in conjunction
with the multiple chelating sites allow the accommodation of
various metal nanoparticles to promote various organic
transformations. For example, Pd nanoparticles can be anchored
to the TpPa-1 COF to yield the Pd@TpPa-1 COF (Figure

106A). The Pd@TpPa-1 COF catalyzes Sonogashira coupling
and Heck coupling reactions. Further studies show that it can
catalyze a one-pot sequential Heck−Sonogashira reaction to
achieve an 85% yield (Figure 106, Schemes aa−ac).590 Similarly,
loading Pd nanoparticles into the TpBpy COF (Figure 99)
yields Pd@TpBpy, which serves as a reusable heterogeneous
catalyst for the tandem Sonogashira coupling between 2-
bromophenol and phenyl acetylene derivatives, producing
benzo[b]furans at 70% yield.591 In another study, Pd nano-
particles upon deposition on a CTF afford Pd@CTF (Figure
106B), which catalyzes the reduction of a wide range of
nitroarenes to aryl amines with a yields of up to 99% and a high
chemoselectivity of up to 99% in 2.5 h (Figure 106, Scheme
ad).592 This is better in terms of reaction time and temperature
than Fe2O3/NGr@C (120 °C, 20−24 h)593 and Fe-MMIO (70
°C, 0.67 to 1 h).594

Metal catalysts in conjunction with CCOFs has been
developed for promoting asymmetric reactions by confining
Pd nanoparticles into the channels of CCOFs. Starting from S-
(+)-2-methylpiperazine and cyanuric chloride, Pd nanoparticles
can be embedded into homochiral CCOF-MPC (Figure 106C).
Pd@CCOF-MPC serves as a chiral catalyst for the asymmetric
Henry reaction between aryl aldehydes and nitromethane
(Figure 106, Scheme ae), providing an excellent yield of 99%
and a 97% ee value. This catalyst is also active for the asymmetric
Heck reaction between aryl bromides and 2-cyclohexen-1-one
to achieve an excellent yield of 99% and a 97% ee value. For both
reactions, the catalyst is tolerant for different functional groups
and has excellent recyclability.326 Remarkably, this catalyst is
compatible with some recently reported catalysts for asymmetric
Henry reactions, such as per-6-ABCD (98% yield, 90% ee)595

and silica-supported (SBA-15) copper complex (97% yield, 97%
ee).596

Confining metal nanoparticles into the 1D channels of COFs,
that is, Thio-COF (Figure 106D), has also been explored by
introducing thioether units to the pore walls that can coordinate
with nanoparticles. Thio-COF shows strong binding with Pt
nanoparticles to yield PtNPs@COF, which achieves a high
catalytic activity in the reduction of 4-nitrophenol to 4-
aminophenol (Figure 106, Scheme af) and reaches a full
conversion in only 8 min. PdNPs@COF with 0.1 mol % loading
of Pd nanoparticles catalyzes the Suzuki−Miyaura coupling
between various aryl halides and phenylboronic acid (Figure
106, Scheme ag) up to a quantitative yield in only 3 h. Most
importantly, in all cases, the catalyst achieves good recyclability
for six cycles.597

13.6. Enzyme-Based Catalysis

The nanosized open channels of COFs offer a unique space to
confine the enzyme in a spatially separated fashion. A
mesoporous hollow spherical DhaTab COF has shown the
possibility for the immobilization of a trypsin that is a serine
protease to hydrolyze proteins.81 The DhaTab COF (Figure
107A) has a BET surface area of 1480 m2 g−1 and a pore size of
3.7 nm, and it is stable in water, an aqueous HCl solution (3 M),
and the phosphate buffer (pH 7.4). By stirring the DhaTab COF
in a trypsin buffer solution, trypsin can be successfully
immobilized into the mesopores of the COF at a content of
15.5 μmol g−1, as confirmed by PXRD, N2 sorption, HR-TEM,
and the confocal laser scanning microscopy (CLSM). Notably,
this confinement enables the dispersion of the enzyme into the
channels in a spatially separated way without causing any
conformational change or blocking active sites, which, however,

Figure 104. Schematics of catalytic binding sites of (A) Pd-loaded
COF-LZU1 and (B) bimetallically docked BPy-COF and their catalytic
reaction schemes.
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Figure 105. Schematics of catalytic binding sites of (A) H2P-Bph-COF, (B) COF-300, (C) BPy-COFs (25% BPy COF, 50% BPy COF, 75% BPy
COF, 100% BPy COF), (D) VO-TAPT-2,3-DHTA COF, (E) V@acac-CTF, (F) CIN-1, and (G) Cu@PI-COF as well as their catalytic reaction
schemes.

Figure 106. Schematics of (A) Pd@TpPa-COF, (B) Pd@CTF, (C) Pd@CCOF-MPC, and (D) M@Thio-COF for metal-nanoparticle-based
catalysis.
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usually happens in enzyme encapsulation and impairs the
enzyme activity. The enzyme activity of the trypsin-loaded COF
is evaluated by treating withN-benzoyl-L-arginine 4-nitroanilide
(2 mM) in Tris buffer (pH 8) for 30 min (Figure 107, Scheme
ah). A clear color change from colorless to yellow suggests the
hydrolysis of N-benzoyl-L-arginine 4-nitroanilide, and the
activity of the trypsin-loaded COF is 56.5 mmol g−1 min−1,
corresponding to 60% of the free enzyme activity. The DhaTab
COF also exhibits higher trypsin loading and higher catalytic
activity than SBA-15 (0.09 μmol g−1, 44 μmol g−1 min−1)598 and
poly(epoxy-acrylamide) cryogel (2.8 μmol g−1, 14.3 μmol g−1

min−1) supported trypsin.599

Driven by favorable intermolecular interactions (hydrogen
bonding, van der Waals forces, hydrophobic interactions) with
the pore walls, the pores of COF-OMe (= TPB-DMTP-COF,
Figure 107B) serve as a host for Amano lipase PS. The resulting
host−guest system can be used for the kinetic resolution of
racemic 1-phenylethanol with vinyl acetate (Figure 107, Scheme
ai), which achieves a 49% conversion within 30 min, which is

much higher than that of the free enzyme (3% conversion). It is
suggested that binding enzymes to the COF initiates a
conformational change that gives access to the catalytic site,
thereby activating the enzyme to a more efficient status. Further
studies reveal that the catalyst has a remarkable stability at high
temperatures such as 120 °C, displays excellent recyclability, and
is applicable to various alcohols.600 Most importantly, this
outperforms most enzyme-loaded mesoporous silica (50%
conversion in 6 h)601 and poly(vinyl alcohol) (42% conversion
in 2 h).602

13.7. Polymerization

COFs are capable of in situ polymerization of the monomer to
produce ionic linear polymers within the channels. This is
interesting because it offers a secured approach to integrate ionic
chains into the 1D channels. The condensation of 1,3,5-
triformylphloroglucinaol (TP) and 5,5′-diamino-2,2′-bipyridine
(Bpy) yields a chemically stable COF-TpBpy that possesses 2.1
nm sized pores and consists of open and accessible bipyridine
sites that are ready for metal-ion coordination. In the presence of

Figure 107. Schematics of (A) DhaTab COF and (B) COF-OMe for enzyme-based catalysis.

Figure 108. Schematic of the synthesis of PPS⊂COF-TpBpy and its catalytic reaction scheme.
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COF-TpBpy, the polymerization of ethyldiphenyl(4-
vinylphenyl)phosphonium bromide at 80 °C using azobis-
(isobutyronitrile) (AIBN) as an initiator for 3 days yields
PPS⊂COF-TpBpy (Figure 108), in which the polymeric
phosphonium salts (PPSs) are confined within the nanopores
of COF-TpBpy. Interestingly, the PPS chains in PPS⊂COF-
TpBpy are flexible and movable, as evidenced by solid-state
NMR measurements, indicating that COFs offer a quasi-
homogeneous catalytic environment in the nanopores.
The bipyridine units on the pore walls of PPS⊂COF-TpBpy

are active for coordination with Cu(II), yielding Cu(II)-ligated
PPS⊂COF-TpBpy-Cu with a Cu loading content of 4.6 wt %.
Notably, PPS⊂COF-TpBpy-Cu is still a porous material with a
BET surface area of 496 m2 g−1, which enables the cooperation
between the Lewis acids (Cu sites) on the pore walls of COFs
and the bromide anions along the PPS chains for catalyzing the
cycloaddition of epoxides with CO2 to form cyclic carbonates
(Figure 108, Scheme aj). Notably, the yield for carbonates
reaches 95%, which is far superior to those of PPS (12%) and
COF-TpBpy-Cu (5%). This PPS⊂COF-TpBpy-Cu catalyst is
highly active for a variety of different epoxides and achieves
impressive yields (93−98%) of corresponding carbonates. The
confined nanospace in 2D COFs is fascinating because it can be
designed to trigger cooperation between spatially uncorrelated
Cu(II) sites and Br anions.603

13.8. Other Catalysis

The spatial confinement of reactants within the nanopores can
induce specific interactions with the COF skeletons so that it
promotes the catalytic reactions. For example, two 3D imine-
linked microporous base-functionalized COFs, BF-COF-1 and
BF-COF-2 (Figure 109A), have been synthesized via the
condensation of tetrahedral TAA with TFB and TFP,
respectively.135 Because 1-adamatanamine is an alkyl amine
and has a stronger basicity than aromatic amines, the resulting
COFs have a stronger basicity than those of COFs made from
aromatic amines. These two COFs serve as a base to catalyze the
Knoevenagel condensation reaction (Figure 109, Scheme ak)
and achieve excellent activity with a conversion >96%. Notably,
BF-COF-1 with a pore size of 7.8 Å and a rectangular window of
7.8 × 11.3 Å2 and BF-COF-2 with a cavity size of 7.7 Å and a
rectangular window of 7.7 × 10.5 Å2 are capable of size-selective
catalysis.
The imine-linked porphyrin COFs, that is, 2,3-DhaTph and

2,3-DmaTph (Figure 109B), have been developed for one-pot
acid−base-catalyzed cascade transformations of acetal into
aldehyde and then malononitrile via Knoevenagel condensation
(Figure 109, Scheme al).97 The 2,3-DhaTph COF achieves a
96% conversion within 90 min, which makes a sharp contrast
with the 2,3-DmaTphCOFwith only 52% conversion due to the
absence of acidic −OH groups in the COF skeletons that are

Figure 109. Schematics of other catalytic COFs of (A) BF-COF-1 and BF-COF-2, (B) 2,3-DhaTph and 2,3-DmaTph, and (C) DL-COFs.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00550
Chem. Rev. 2020, 120, 8814−8933

8911

https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig109&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig109&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig109&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig109&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00550?ref=pdf


required to catalyze in the first-step deacetalization reaction. The
2,3-DhaTph COF can be cycled five times. Similarly, double-
linkage 3D COFs, including DL-COF-1 and DL-COF-2 (Figure
109C), have been developed for the acid−base-catalyzed one-
pot cascade reaction with high yield up to 98% (Figure 109,
Scheme am).277

Integrating anthracene units to the edges of an imine-linked
2D Py-An COF (Figure 110A) generates π-channels with

anthracene C−H groups extruding from the pore walls.

Remarkably, these extruded C−H units form C−H···π
interactions with the reactants and promote Diels−Alder
reactions in water to achieve 91% yield at room temperature

in 48 h (Figure 110, Scheme an).239 This environmentally

benign condition for the Diels−Alder reaction is promising for

the implementation of COF catalysts. Compared with MOF-1,

Figure 110. Schematics of (A) Py-An COF with anthracene edge units, (B) COF-JLU7, (C) CTF-CSU, and (D) CCTF-350.

Figure 111. Schematics of (A) iCONs, (B) TpASH, and (C) APTES-COF-1.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00550
Chem. Rev. 2020, 120, 8814−8933

8912

https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig110&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig110&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig110&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig110&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig111&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig111&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig111&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00550?fig=fig111&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00550?ref=pdf


which requires heating,604 The Py-An COF represents a more
energy-efficient route for the Diels−Alder reaction.
Owing to the superior CO2-philic properties of triazine

moieties, triazine-based COF-JLU7 (Figure 110B), CTF-CSU
(Figure 110C), and CCTF-350 (Figure 110D) are highly active
in catalyzing the cycloaddition of CO2 and epoxides to form
cyclic carbamates, achieving almost quantitative yields under
some conditions (Figure 110, Schemes ao−aq).605−607

14. BIO-RELATED FUNCTIONS AND APPLICATIONS
Combining outstanding thermal and chemical stabilities,
structural designability, and inherent porosity in one material,
COFs have shown their potential in biorelated applications.
Currently, focus has been devoted to exploring COFs for
antibacterial activity and drug delivery. The basic concept is that
the skeletons have been developed for docking specific
functional sites to trigger interplay with cells that cause
antibacterial activity or target cancer cells, and the pores can
be designed to load specific drugs for delivery into cells.
14.1. Antibacterial Activities

By appending charged species to the skeletons, a guanidinium-
based ionic COF has shown antimicrobial function.608 The
guanidinium-based ionic covalent organic nanosheets (iCONs),
that is, TpTGCl, TpTGBr, and TpTGI (Figure 111A), have been
synthesized via a condensation reaction between TFP and
amines (TGX) (X = Cl, Br, and I). The iCONs exhibit
outstanding stability in water, common organic solvents, and an
aqueous HCl solution (3 M). TpTGCl, TpTGBr, and TpTGI
exhibit antibacterial activity by showing a dramatic drop of
colony forming units for both Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) bacteria. FE-SEM
studies reveal that both Gram-positive and Gram-negative
bacteria lose their uniform morphology in the presence of
iCONs and change into a ruptured, shrunken, and twisted
morphology. These morphology changes are related to the
collapse of the bacteria cell membrane, which is a negatively
charged phospholipid bilayer; the interactions with iCONs
eventually cause cellular content leaching and lead to the death
of bacteria. The interplay is mainly an electrostatic interaction
between the positively charged guanidinium units of iCONs and
the negatively charged phospholipid bilayers of the cells.
Inspired by the antibacterial property and strong stability of
iCONs, a TpTGCl@PSF membrane of polysulfone (PSF) and
TpTGCl on a porous nonwoven supported fabric has been
prepared. The shrinking and rupture morphology of the bacteria
on the TpTGCl@PSF membrane confirms the antibacterial
nature of the membrane. Usually, guanidinium-based anti-
bacterial agents are highly soluble and difficult to be cyclically
used. The integration of guanidinium units to the COF skeletons
offers a heterogeneous platform for constructing antibacterial
materials with high stability and cycle capability.
14.2. Drug Delivery

The extensively explored nanoparticles, biocompatible poly-
meric materials, liposomes, and MOFs that are used as vectors
for drug delivery usually lack functionality and chemical stability,
and the tedious synthetic hurdles and unwanted toxic metal ions
leached from the carriers might lead to unsatisfactory drug
delivery performance.609 In relation to the adsorption and
encapsulation behaviors, the nanosized pores of COFs are useful
for loading and delivering drugs. The imide-linked 3D PI-COF 4
and PI-COF 5 have shown the capability of drug delivery.54 PI-
COF 4 (Figure 15E) bearing a noninterpenetrated diamond net

with a surface area of 2403 m2 g−1 and a pore size of 13 Å is
constructed by the condensation of PMDA and TAA. In
contrast, PI-COF 5 (Figure 15E) with a four-fold-inter-
penetrated diamond network structure is synthesized by the
condensation of PMDA and TAPM, which exhibits a BET
surface of 1876 m2 g−1 with a pore size of 10 Å. Ibuprofen (IBU)
is a nonsteroidal anti-inflammatory drug with molecular size of 5
Å × 10 Å. PI-COF 4 and PI-COF 5 are loaded with IBU by
stirring in a hexane solution of IBU for 2 h to achieve a loading
content of 24 and 20 wt%, respectively. The drug release process
is monitored by electronic absorption spectroscopy, and both
COFs release 95% of IBU in simulated body fluid within 6 days.
To show the generality of the drug release capability, another
two drugs, that is, captopril and caffeine, have been investigated
under similar conditions. The resulting COFs release these two
drugs in a way that is similar to that of IBU-loaded COFs.
The biocompatibility and cell permeability are essential for

drug delivery to the specific target. Imine-linked 2D PI-3-COF
(= N3-COF, Figure 70D) and PI-2-COF (= N2-COF, Figure
70C) have been synthesized by the condensation of TFB and
2,4,6-tris(4-aminophenyl)-s-triazine and by the condensation of
TFB and 4,4′-biphenyldiamine, respectively.70 PI-3-COF has a
BET surface area of 1000 m2 g−1 and a pore size of 1.1 nm,
whereas PI-2-COF has a BET surface area of 1700 m2 g−1 and a
pore size of 1.4 nm. PI-3-COF and PI-2-COF have a total pore
volume of 0.662 and 1.138 cm3 g−1, respectively. These two
COFs form spherical nanoparticles upon dispersion in a
phosphate-buffered saline (PBS, 0.02%). Drug-loaded COFs
are prepared by immersing COFs into a hexane solution of 5-
fluorouracil (5-FU) and stirring for 6 h; the loading amount was
20 and 30 wt % for PI-3-COF and PI-2-COF, respectively. By
using MCF-7 cells (Michigan Cancer Foundation-7, a breast
cancer cell line) as a typical example, the biocompatibility of
these COFs has been investigated. Notably, the cell viability
remains >80% upon a 24 h incubation in the presence of the bare
COFs at a high concentration of 200 μg mL−1, indicating the
good biocompatibility of the COFs. The viability of the cells in
the presence of 5-FU is only 20% after 24 h. As for the 5-FU-
loaded COFs, the cell viability is 40% after 24 h and 10% after 48
h. Electronic absorption spectroscopy reveals that 5-FU has
been released at a similar rate to reach 85% within 3 days.
Confocal laser scanning microscopy images confirm that the
COFs enter the cells via endocytosis. COFs loaded with
captopril and IBU exhibit a similar release behavior as that of the
5-FU-loaded COFs.
Postsynthetic modification is an efficient method to endow

COFs with drug delivery property. TpASHCON (Figure 111B)
upon transformation of hydroxyl groups to amine units can
anchor targeting ligands to trap specific cancers for the site-
specific drug delivery.610 The resulting TpASH-FA CON shows
a 12% loading efficiency of 5-FU and release 74% of 5-FU in 72 h
at pH = 5, which is the lysosomal pH value of cancer cells. This
result suggests that COFs have the possibility of delivering drugs
to cancers, which can minimize the side effects of nonspecific
targeting.
The self-assembly of polyethylene-glycol-modified mono-

functional curcumin derivatives (PEG-CCM) and amine-
functionalized COF-1 can produce water-dispersible poly-
mer−COF nanocomposites.611 The entire structure of PEG-
CCM@APTES-COF-1 can be regarded as a micelle with
APTES-COF-1 (Figure 111C) as the oil phase and PEG-CCM
as the surfactant. The surface modification of APTES-COF-1
with a pharmacokinetic modifier PEG-CCM enhances the
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biocompatibility of the nanocomposites and prolongs their
blood circulation time. For example, PEG2000-CCM@APTES-
COF-1 can load drug with a content of 9.71 ± 0.13 wt % and a
high encapsulation efficiency of 90.5 ± 4.1%, which is much
higher than those of bare APTES-COF-1. This loading efficiency
is among the highest values for the existing drug-loaded COF
systems and is comparable to the MOF carrier system as well. In
the case of a drug DOX, PEG-CCM@APTES-COF-1@DOX
displays higher penetration, longer retention, and better tumor
inhibition compared with APTES-COF-1@DOX system. On
the basis of the ex vivo fluorescence imaging of the drug
distribution, PEG2000-CCM@APTES-COF-1@DOX exhibits
the highest drug accumulation on the tumor as it shows the
highest fluorescence intensity. This result demonstrates an
efficient way to develop multifunctional platforms for in-vivo-
targeted drug delivery to specific cancers.

15. SUMMARY, PERSPECTIVES, AND OPPORTUNITIES

Over the past decade, great efforts have been invested in
developing the COF field. Unlike other porous materials
including zeolites, mesoporous silicas, metal−organic frame-
works, cage compounds, and amorphous porous organic
polymers, COFs are a unique class of polymers and extended
molecular frameworks. The uniqueness is that their structures
can be predesigned via the topological design of building blocks,
and the organization of extended structures is driven by either
reversible or irreversible chemical reactions to assume
crystallinity and structural integrity. Therefore, the chemistry
involved in COFs is basically organic chemistry and polymer
chemistry; this difference casts a sharp contrast with MOFs that
are based on inorganic coordination chemistry, although both
belong to the extended crystalline porous structures in addition
to two other families of zeolites and mesoporous silicas.
During the past decade, the chemistry of COFs has been

steadily developed, and this has lead to the rapid progress of the
field. The advancement of this emerging polymer field is
encouraging and is attracting increasing interest from different
fields. Consequently, a careful nomenclature of novel COFs is
necessary, and naming the same reported COFs differently
should be avoided, which, however, is currently observable for
certain COFs. Although a variety of different properties and
functions have been developed, as analyzed in this Review, many
key issues associated with the underlying chemical principles
and the physical nature remain unclear and deserve to be
disclosed. This means the potential of COFs is far from the levels
that have been fully explored. There are still many aspects to be
developed in relation to the chemistry, physics, materials
science, and implementations. Herein we clarified the future
directions of these aspects.

15.1. Chemistry

On the chemistry side of COFs, an important aspect is to make
single crystals of COFs that would elucidate unidentified
chemistry associated with the extended structures. The
development of a general method that enables us to create
single crystals of various COFs is highly desired. In relation to
this, the recent studies on controlling the framework growth
process are interesting and deserve a further extension to various
frameworks. This would undoubtedly contribute to a better
understanding of structure−function correlation and help to
design unique structures for meeting the requirements from the
materials side.

COFs are based on the topology design diagram using
different combinations of monomers with different geometries.
The development of new topology is of fundamental importance
to the field. In addition to the regular polygon structures, COFs
have an open chemistry that allows for the integration of ordered
yet irregular polygon structures. Efforts in this direction are still
limited but are promising to bring about a new chance for the
field of COFs. Another issue of the same importance is to
develop new reactions for the synthesis of COFs. New reactions
not only greatly broaden the diversity of COFs structures but
also enrich the chemistry, physics, and materials science of the
field. One critical issue is that such a reaction must be able to
create high crystallinity; some of the systems give rise to
materials with very weak or even no XRD peaks. Indeed,
materials with limited crystallinity may not be suitable to name
as or categorize into the COF family. The expansion of the pores
of COFs to a large size deserves further efforts, and developing
the pore size down to several angstroms, close to the size of small
molecules such as gases, is a subject of great interest for gas
adsorption and separation. The exploration of new building
blocks for COFs is a straightforward way to achieve new
skeletons, pores, and functions. COFs have shown outstanding
stabilities under acid and base conditions, and further advance-
ment should be directed to the establishment of COFs that can
meet the stability requirements for implementation.

15.2. Physics

COFs offer a predesignable platform for molecular architecture
and materials construction. The extended organic structure
based on the topological diagram renders COFs able to build up
primary and high-order hierarchical structures. In the 3D COFs,
the impact of multifold interpenetration and its control are
interesting subjects to be further explored. This aspect is key to
the development of efficient and specific space within the
frameworks. The confined nanospaces produced by 3D COFs
need to be further explored in terms of their diversity, tunability,
and controllability. In particular, the interplay with photons,
electrons, holes, charges, spins, ions, and molecules that is
triggered in the confined nanospace needs to be extensively
investigated and established. Considering the broad availability
of the building blocks, 3D COFs can be further developed upon
design and synthetic control to challengemore specific functions
beyond the present scope. Studies along these directions would
promote the structural and functional designs to a much
accurate and pinpointed level.
In the case of 2DCOFs, the unique dimensionality offers well-

ordered intraframework domains to explore and develop various
specific interplays over wide time and spatial spans. We envisage
that the structural domains can be considered at three different
zone aspects: (1) the skeletons associated with the π-arrays
including knot, linker, and edge parts, (2) the pore walls
including the orientation, distribution, density, and alignment of
side units extruded from the walls to the pores, and (3) the 1D
channels featured by the pore size, pore shape, and pore
environment. These different zones separately and collectively
work and enable us to trigger a variety of different interplays. At
different structural levels of primary and high-order structures,
these interplays are different in scale and strength and lead to
different effects. To disclose these hierarchy structure-depend-
ent differences and their origins is a must for the physics aspect
of the COF field.
At the structural level of the 2D monolayer and a few layers,

the interplay triggered by the skeletons is dependent on the local
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knot, linker, and edge structures and is perturbed by the global
extended 2D layer network, and the interactions between layers
are weakened. Properties including mechanical strengths,
electronic interactions, exciton diffusion, and the tunneling
effect become much more prominent. The interplay mediated
by the pore walls would decrease the collective effect and is more
specific and restricted to point-to-point or side-to-side
interactions. Thus to trigger effective interactions with pore
walls, strong interactive sites are much preferred. Moreover, the
interplay originating from the pores becomes more significantly
dependent on the pore dimensionalities such as the pore size,
pore shape, and pore depth. With the assistance of the specific
units on the pore walls, the elucidation of interplay in the pores
at this structural level might provide insights into the molecular
separation andmass transport through single-layer or a few-layer
COF membranes.
At the level of stacked structures of many layers and bulk

materials, the interplay on the skeletons dominates a variety of
phenomena such as exciton migration, charge-carrier transport,
conduction, and redox reaction. These interactions are
controlled by a collective effect of many layers and the extended
2D frameworks. In strong correlated cases, the frameworks can
be treated and considered as single nanosized mega macro-
molecules, in which intramolecular interactions are greatly
reinforced, so that some events even become coherent. The
elucidation of how the skeletons interact with photons, excitons,
phonons, spins, and charges is an interesting subject with a high
possibility of new findings. The pore walls are the major factors
that mediate the interplay with charges, ions, and molecules
once they enter the pores. The different interactions such as
hydrophobic interactions, the electrostatic effect,241 the dipolar
effect, C−H···π interactions, ligations, and electronic effects can
be triggered and controlled by the pore walls. The understanding
of how pore walls affect and control these interactions is
important but remains to be well established. Moreover, the 1D
nanopores of 2D COFs offer a discrete nanospace for each pore
that is structurally independent from the neighboring channels.
Such ordered channels are useful in molecular entrapment,
separation, discrimination, stabilization, and transportation. The
effects of pore size and pore shape aremajor factors to determine
these processes, and the pore walls also interfere with the guest
molecules, especially for the case of small pore size or the tight
contact of guest molecules with the pore walls. To unravel these
interactions would contribute to a deep understanding of the
nature of these ordered 1D nanochannel arrays.
Clearly, these interplays, depending on their nature, cover a

wide temporal span from femtosecond to picosecond, nano-
second, and further to minutes and even much longer times, and
spatially, these interplays initiate on the angstrom scale of atoms
and bonds, extended to nanometer scale of molecules and even
much larger bulk materials. The understanding of these
interplays is important and remains a challenge.
Therefore, in the aspect of physics, the clarification of the

structure−function correlation at different temporal-spatial
scales is essential for the field of COFs. In particular, the
mechanisms underlying the functions and properties can
provide feedback in regards to the structural design and can
help to make unique COFs in targeting various functions. This
helps in the innovative creation of COFs to a level of functional
design. In this sense, understanding the structure−function
relationships at the single-layer, few-layer, and bulk-materials
levels of COFs is an important subject that remains to be well
explored.

15.3. Materials

In relation to the materials science aspect, the potential of COFs
remains a major subject to be extensively explored. The
skeletons and pores are versatile for design and control; in this
sense, COFs are powerful for systematic structural program-
ming. The porous structures are key to a variety of functions,
including gas sorption, storage and separation, catalysis, ion
conduction, and energy storage. There aremany issues related to
the porosity that should be addressed in future. The synthesis of
COFs with a high BET surface area, large pore volume, and
suitable pore size should be taken into consideration on the
molecular design stage. For example, designing COFs for CO2
adsorption requires a total design of pore size, pore volume, and
pore-wall functionalities. In particular, COFs with a high CO2
uptake at low pressure (∼0.15 bar) are requested for real
applications. In this content, compared with 2D COFs, 3D
COFs with substantially large free volume, porosity, and surface
area are ideal for CO2 capture.
In sharp contrast with inorganic porous materials like zeolites

and clays that suffer from inherent low porosity, amorphous
porous organic polymers with an intricate structure−property
correlation, and most MOFs with low stability, stable COFs are
attractive materials to remove pollutants because their open
apertures and 1D channels free of chain entanglement and pore
interpenetration enable full access to the porous space.
Nevertheless, studies on the effective and rapid adsorption of
pollutants, especially organic and antibiotic pollutants, are still
limited and deserve further efforts.
COFs have shown their potentials for catalytic reactions;

however, exploring COFs to have much higher catalytic activity
and better recyclability is essential for heterogeneous catalysts.
In clear contrast with MOFs, COFs are produced via the
modular fashion synthetic strategy, which makes the straightfor-
ward incorporation of functional groups easy, thereby creating a
promising playground for exploring COFs as heterogeneous
catalysts, and the tunable pore environment of COFs is ideal for
replicating the selectivity and precision of enzymes.
The ordered structures of COFs have an advantage over the

small-molecule systems targeting for sensing in the terms of
signal amplification and rapid signal transduction. Compared
with MOFs, COFs have been proven to possess excellent
luminescence activity combined with the unique features of low
density and high chemical and thermal stability, which greatly
expands their sensing scope. Further structural engineering
toward the development of new fluorescent and phosphorescent
materials is essential to expand the scope to biosensors or
biomarkers, which is a promising future direction of the field. In
relation to this, developing COF-based active layers to fabricate
highly efficient LED diodes remains unexplored. An important
direction for the application is to address environmental issues.
Recent advancements have shown the great potential of COFs
for the removal of toxic metals such as mercury from aqueous
solutions. This direction should be further reinforced and
broadened to cope with various types of environmental
contamination in air, water, and soils.
A major advantage of COFs over MOFs is that COFs enable

the design and synthesis of organic semiconductors and
photoconductors that show inherent high mobility and achieve
high conductivity upon oxidation or reduction. Further
investigations of the fundamental electronic properties of
COFs over a broad structural range are necessary for screening
suitable candidates for such applications with the accompanying
trial and error. Meanwhile, the development of high-quality
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COFs thin films with controllable thickness and studies on their
device performance in field-effect transistors and solar cells will
shed light on this field.
Owing to their well-defined 1D channel structures, COFs

have been explored for proton conduction, which is paramount
for fuel cells. The innovative structural design of COFs would
open a new avenue to a high-rate proton-conducting membrane,
aiming to replace the high-cost Nafion with proton conductivity
of 10−1 S cm−1. Other proton-conducting polymers such as
polyelectrolytes lack synthetic control over the complex
structures. Block copolymers form a phase separation that
makes it difficult to yield well-defined and stable channel
structures. Most MOFs tend to decompose under energy-
conversion conditions such as strong acidic and basic media, and
certain metal species could be toxic and have environmental
concerns. In contrast, COFs offer a predesignable platform that
can solve these bottleneck issues, and the built-in highly ordered
1D channels offer an ideal proton-conducting pathway. In this
regard, the further development of functionalized COFs with
robust thermal and chemical stability under strong acidic
conditions will achieve the targets.
The accessibility of redox-active sites, the electrolyte diffusion,

and the electric conduction are important parameters required
for energy storage, and they directly affect the energy density,
power density, and cycle life of energy-storage devices. Atomic-
precision structural designability, building block diversity, and
high porosity endow the COFs with unique aspects such as an
increased accessibility of the redox-active site, facilitated
electrolyte diffusion, and enhanced cycle stability. However,
COFs are usually insulators and have limited electric
conductivity. A suitable method to enhance the conducting
property is the carbonization of COFs. However, a strategy that
can retain the COF structural features such as dimensionality
and porosity is necessary. The development of a general strategy
for the pyrolysis of COFs into carbons with retained structural
features of COFs will further accelerate the applications of COFs
in the field of energy storage and conversions.
As for the biorelated applications, rather than MOFs with

toxic metal species, COFs could provide a unique platform for
creating a predesigned nanospace with specifically sequenced
docking sites. Efforts along this direction will pave the way to the
selective encapsulation and separation of biomolecules in an
efficient manner. In the case of drug delivery, the biocompat-
ibility and toxicity of COFs need to be documented in detail, and
the design of skeletons without toxicity is a minimum
requirement.
Making COFs processable is crucial for exploring industrial

and commercial applications, but most COFs are currently
prepared as powders with limited processability. Microfluid and
gelation systems have opened a way to endow COFs with
remarkable processability while retaining crystallinity and
porosity. Combining the COF structure designability and the
processability is an attractive and important direction worth
further efforts.
The practical implementation is mainly based on further

achievements in the chemistry, physics, and materials science of
COFs. We envisage that the COF field in the next decade will
further grow in both deepness and broadness.
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Á.; Nagy, Z. K.; Koczka, B.; Szilaǵyi, A.; Marosi, G.; Poppe, L.
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