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Pre-designed structures and tailor-made functions make covalent organic frameworks (COFs) quickly
become promising reticular platforms for multidisciplinary fields. Despite the overarching success,
controllable and large-scale synthesis of COFs is still a huge challenge. Moreover, the relationship
between the structure and performance of COFs in various fields has not been well understood,
seriously limiting their practical applications. In this review, we provide an insightful and
fundamental understanding of COFs from structural perspectives, and correlate them with eventual
performance in practical applications. By summarizing both the top-down and bottom-up approaches,
we address how typical issues, such as the size, morphology, dispersity and stability of COFs, are
resolved, which should be crucial for their function-oriented and large-scale production. Structural and
physicochemical properties, such as pores, ligands, stacking, linkages, functional group, morphology,
crystallinity, dimensionality and wetting, are also discussed in relation to various functions. In
addition, in-depth discussions regarding the correlations between structural characteristics of COFs
and their performance in catalysis, energy storage, gas/liquid adsorption andmembrane separation are
presented. Finally, perspectives for the future direction of this field are proposed, to provide useful
guidance for the function-oriented design and scalable production of COFs to meet the practical
requirements of applications.
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Introduction
Porous materials are increasingly important in technology and
applications. Although the quantity of novel and advanced por-
ous functional materials has been exploded in recent years, con-
structing persistent porous structures connected by covalent
bonds is still a formidable task [1–3]. The multifunctionality of
the framework chemistry can achieve interesting properties, such
⇑ Corresponding authors.

E-mail addresses: Wang, H. (wangh@hnu.edu.cn), Yuan, X. (yxz@hnu.edu.cn), Zhao, Y.
(zhaoyanli@ntu.edu.sg).

106
1

as utilizing the internal space by contrivable and various skele-
ton, as well as controlling molecular level substances to decorate
pore environments in the framework [4,5]. Covalent organic
frameworks (COFs) are two-dimensional (2D) or three-
dimensional (3D) crystalline porous organic polymers, con-
structed by connecting structural units via covalent bonds
[6,7]. Different from amorphous porous organic polymer, COFs
possess many favorable features, such as pre-designable structure,
tailorable functionality, structural diversity, periodic ordered
domain, adjustable crystal structure, low density, good thermal
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stability, high surface area, and permanent porosity [8–11]. Espe-
cially, the ordered structures in crystalline COFs possess favor-
able conjugation length, which is beneficial for the alignment
of the p system and charge transport. It also endows COF mate-
rials with large surface area, higher porosity and more exposed
active sites, while amorphous porous organic polymers often
have relatively shorter conjugation length and lower surface area
[12–25].

Pore diameter of COFs’ channels is usually between several
angstroms [26,27] and a few nanometers [28,29], which can be
precisely adjusted at an atomic level by changing the size of
the precursors. The shape of the pores can also be controlled
by choosing the desired symmetry [30,31]. The growth of poly-
mer backbone and geometry matching between the monomers
are achieved via the guidance of topology design [32,33].
Intramolecular hydrogen bond can further induce conforma-
tional switching of molecular linkages, which can effectively reg-
ulate the topology of COFs further [34]. Properties in layered
COFs, including chemical stability, crystallinity and porosity,
are largely influenced by the way adjacent sheets are stacked
[35]. Reactivity of COF materials is due to either the network
topology and physical–chemical functions of organic framework,
or the restriction of spatial environment in channel and inter-
layer. In particular, the framework space and interface generated
by pores can interact with ions, molecules, photons, or holes,
leading to superior structural and functional properties [36,37].
Typically, introducing neutral, polar, and cationic sites as well
as Lewis base into the pore wall of 2D COF is beneficial for pro-
ton conductivity. The proton conductivity of a COF named
PA@EB-COF41 was greatly improved to 2.77 � 10�2 S cm�1

[38]. Aligned ethidium-biphosphate ion-pairs, formed in the
cationic channel, reduce the proton dissociation energy and
simultaneously serve as proton transfer sites to enhance proton
conductivity. Thus, COFs have attracted considerable interests
in the fields of catalysis [39–42], energy storage [43–46], adsorp-
tion [47–49] and membrane separation [50–52], since their dis-
covery (Fig. 1).

The diversity of COFs is enriched with different compositions
and geometries (Fig. 2). Up till now, COFs with multidimensions
(1-dimension, 2-dimension, 3-dimension, etc.), multitudinous
linkages (imine, ethylene, ketoenamine, etc.), diverse shapes
(spherical, tubular, nanosheets, nanoparticles, etc.), distinct
topologies (hcb, hxl, mta, tth, dia, ctn, ffc, ceq, etc.) [53] and differ-
ent structures (crystallinity, p-conjugated scaffold, defects, etc.)
were developed. Furthermore, different building units of COFs
enables different properties and applications [54]. The valency
in COFs can also be enriched through the development of large
COF single crystals composed of cube (valency 8) and rod units
(valency “infinity”) [55]. Within the above context, the term
“structure-performance” was coined to describe artificial molecu-
lar framework that alter reactive performance through reticular
chemistry. Therefore, understanding fields-focused structure-
performance correlations diversify the processability and avail-
ability of COFs in the fields of catalysis, energy storage, adsorp-
tion and membrane separation.

Especially, it is much more challenging for COFs to be utilized
for biomedical application, due to their large size and irregular
morphology. At the same time, it is difficult to process insoluble
bulk COFs powders, which further inhibits progress in this
research direction. However, recent progresses in synthetic
methodologies manage to address such shortfalls, with the man-
ufacture of COFs nanoparticles and nanoflakes, utilizing bottom-
up and top-down strategies. Notably, the high-quality COF films
(< 75 nm) prepared through bottom-up strategy had excellent
thermal conductivity (1 W m�1 K�1) and low dielectric constant
(k = 1.6) [56]. Bottom-up methods mainly involve solvothermal
technique, ionothermal synthesis, in-situ surface conversion,
topology-templated synthesis and interfacial preparation while
top-down methods include liquid phase exfoliation and
mechanical delamination. At the same time, large-scale synthetic
methodologies were also developed, allowing for the exploration
of processable COFs and related devices.

Although many reviews focused on the respective design, syn-
thesis and application for COFs [57–62], little discussion about
the field-focused structure-performance correlations and large-
scale and/or rapid synthesis is available. This review updated typ-
ical strategies of COFs synthesis and summarized various meth-
ods for large-scale and/or rapid preparation. Through a variety
of different features and mechanisms, the structure-
performance correlations for catalysis, energy storage, gas/liquid
adsorption and membrane separation were systematically dis-
cussed. Future opportunities and challenges were also high-
lighted from the perspective of chemistry, materials, and
industrial application.
Influence of synthetic strategies on structures and
functions
COFs are constructed via strong dynamic covalent bonds from
simple building units. Dynamic processes are mainly affected
by polymerization conditions, including reaction time, tempera-
ture, pressure, pH, solvent, catalyst, monomer concentration and
monomers feed rate. These made the chain crystallization and
propagation process very complex. Essentially, COFs undergo a
nucleation-elongation process [63,64]. The key to manufacturing
high-quality COFs crystals is the precise control of nucleation
and growth rates, which are involved in second-order and first-
order reaction dynamics, depending on monomer concentra-
tions [65,66]. Reducing the steady-state monomer concentration
can inhibit nucleation and facilitate the growth of crystallites for
micron-level size [67]. Notably, defects are caused by i) covalent
bonding during the growth process, ii) secondary new complex
(mainly involving pentagonal defects of [C4 + C4] and
[C4 + C2], heptagonal defects of [C3 + C3] and [C3 + C2]) [68],
and iii) robust bonding energies rendering undue nucleation rate
and growth. These factors hinder the crystallization when mono-
mers polymerize, and frequently bring about amorphous films
featuring small crystal domains or polycrystalline powders
[69,70]. Several strategies are adopted to decrease defects, such
as coupling building block design and growth dynamics control
[70], reducing the activity and binding energy of reversible reac-
tions [71], and realizing growth via adding monomers to a single
nucleus [68]. Conventional synthetic methods in a sealed vessel
under solvothermal conditions are the most useful to optimize
the crystallites via the screening procedures due to the sensitivity
of COF quality. Subsequently, other methods including
107
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FIGURE 1

A timeline for the major advances of COFs and their promising developments. Reproduced with permission [7,13–25]. Copyright 2008 and 2016, John Wiley
and Sons; Copyright 2014, Royal Society of Chemistry; Copyright 2009, 2011, 2013, 2015, and 2016, American Chemical Society; Copyright 2005, 2007, 2011,
2015, and 2018, American Association for the Advancement of Science.
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mechanochemical synthesis, interfacial synthesis, ionothermal
synthesis, in situ on-surface conversion have been developed
and demonstrated [61]. Two main strategies including bottom-
up fabrication and top-down approach have been explored for
the preparation of nano/microstructural COFs (Fig. 3).

Bottom-up approach
Bottom-up strategy involves designing ordered structures linked
by covalent bonds through reversible and irreversible reactions
between organic blocks. This strategy can easily control the
diameter, shape, and functionality of COFs [72–75]. Bottom-up
strategies consist of solvothermal synthesis, ionothermal synthe-
sis, interfacial synthesis, in situ on-surface conversion and some
new strategies, such as coordination and dynamic covalent syn-
thesis, 2D to 3D reversible conversion of COFs and topology-
templated synthesis.
108
Solvothermal synthesis
Solvothermal synthesis is most prominent and frequently
adopted strategy for COF synthesis, where reaction mixture is
heated and condensed in a closed device to form crystallized
COFs [13]. Solvothermal synthesis is typically time consuming
(usually 5–7 days), uses high energy, requires complicated opera-
tional steps and produces volatile organic compound. Several
attempts at addressing these shortfalls are demonstrated. To
shorten the reaction time of imine-linked COFs, 1,2,4-
triazolium poly(ionic liquid)s (PILs) were utilized as additives
[76]. Single-crystal COFs with 5 lm size were generated within
10 min. This is largely attributed to the catalytic effect of active
C5-protons within poly(1,2,4-triazolium)s on forming imine
linkages. Supercritically solvothermal polymerization was devel-
oped to prepare 0.2 mm single-crystal COFs within 2 to 5 min
[77]. This ultrafast single-crystal polymerization benefits from



FIGURE 2

(a) Illustrative examples of different structural COFs; (b) Research progress of COFs with typical covalent linkages.
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the low surface tension, low viscosity, and high diffusion coeffi-
cient of supercritical fluids. To reduce synthetic costs, vinylene-
linked COF-701 was synthesized using cheap acetonitrile as sol-
vent through two consecutive reactions involving cyclotrimer-
ization of nitriles and aldol condensation [78]. Using water as
the solvent and a limited amount of acetic acid as the catalyst
additive at low temperatures, the incubatory process of imine-
linked COFs can avoid harmful organic solvents and high tem-
peratures [79]. Remarkably, by using microwave heating, reac-
tion time at 35 �C for the generation of imine-linked COFs was
significantly reduced from 5 d to 5 h, as compared to conven-
tional heating at 80 �C. This green synthetic strategy is promising
109



FIGURE 3

Different routes used to prepare high-quality nano/microsized COFs.
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for the large-scale sustainable synthesis of imine-based COFs in
water.

Ionothermal synthesis
Ionothermal synthesis is the most widely used method in the
synthesis of covalent triazine frameworks (CTFs) through the
trimerization of nitriles in molten metal salt [80]. To reduce envi-
ronmentally harmful solvents, reaction temperature (400 �C)
and reaction time (40 h), an ionothermal synthesis methodology
for the synthesis of polyimide-linked COFs in pure ZnCl2 or
eutectic salt mixtures (NaCl/KCl/ZnCl2) was developed [81].
TAPB-PTCDA-COF and TAPB-PMDA-COF were fabricated within
10 hours at 300 �C in the presence of anhydrous ZnCl2, with the
yields of 78% and 88% respectively. The formation of intermedi-
ates (the crystalline adducts composed of ZnCl2 and the corre-
sponding precursors), which activate the anhydride and imide
rings, reduces the overall barrier of activation, enhancing the
reversibility of COFs formation. Compared with solvothermal
synthesis, this straightforward method does not require addi-
tional toxic solvents, base catalysts, as well as soluble precursors.
However, final products usually have poor crystallinity and may
cause partial carbonization due to high reaction temperature and
long reaction time.

Interfacial synthesis
There are three types of interfaces, namely liquid–air interface,
liquid–liquid interface and solid–vapor interface, where reaction
between monomers occurs. Restricted by the limited interfacial
area, COFs usually grow into thin film for these cases. The liq-
uid/air interface was favorable to the formation of COFs films
caused by the easily controlled nucleation and thicknesses [82].
For instance, simple aromatic triamines and dialdehyde struc-
110
tural units can be assembled to form COF monolayers at the
air/water interface [83]. N-Hexyl hydrophobic groups on the aro-
matic triamine monomers were directed perpendicular to the
coating surface while all benzene rings were anchored on the
interface by hydrophilic amino groups. Triamine and dialdehyde
units were assembled to form strain-free imine bonds. Precursors
undergo self-correction, due to the reversibility of these bonds, to
form smooth and ordered 2D COF thin sheets with uniform
thickness.

For completing the ordered arrangement of pores after initial
polymerization, COFs films need beforehand ordered domain,
which is a time-consuming procedure. During liquid–liquid
interfacial polymerization (IP), film formation (24 h) usually
occurs before crystallization (72 h) [84]. Reaction temperature
can be raised to reduce the time taken, which could result in
cracked or defective films as the fragile liquid–liquid interface
was disturbed. A dilemma situation is that the longer-time reac-
tion would induce a thicker film with large polymeric particles
as diffusion becomes more extensive across the liquid–liquid
interface. A fine balance is needed to obtain a suitable thin film
product [85]. Remarkably, solid–vapor interfacial polymerization
is an effective way to increase the reaction temperature to
improve the reaction rate without disturbing with the interface
significantly, thus improving the time mismatch between poly-
merization and crystallization during COF synthesis. It also con-
fines the interfacial reaction, since the monomer is in a static
solid phase, which lowers the thickness of the film. For example,
choosing p-phenylenediamine (PDA) as the vapor-phase mono-
mer and 1,3,5-triformylphloroglucinol (TFP) as the solid-phase
monomer, a single-layer COF film with thickness of 120 nm
was manufactured at 150 �C in 9 h [86]. Sufficient kinetic energy
from the vapor phase monomers gave rise to favorable vapor
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pressure and diffusion rate to accelerate the polymerization reac-
tion and nucleation speed at the interface, which shortens the
reaction time.
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In situ on-surface conversion
Dynamic covalent chemistry (DCC) in COFs crystallization is
affected by external stimuli such as temperature [87], light [88],
protons [89] and metal ions [90]. Post-synthetic modification
of the initially formed crystalline COFs generates new COFs, also
known as COF-to-COF conversions [91–93]. In the course of
unclear conversion, switching the dynamic network to single-
layered COFs (sCOF) on the surface can reduce the dimensional-
ity of the problem [94]. The in-situ COF linkage conversion has
been visually observed from boroxine-linkage to boronate ester-
linkage by triggering the catalytic reaction between tris(4-
FIGURE 4

(a) Left: EEF-mediated network switching between sCOFs-1 and sCOFs-2; Righ
process. Reproduced with permission [95]. Copyright 2020, American Chemical S
PET on Au(111). Reproduced with permission [96]. Copyright 2020, John Wiley
biphenylboronic acid)benzene and hexahydroxytriphenylene,
using an oriented external electric field which can promote bond
cleavage and formation, on a highly oriented pyrolytic graphite
(HOPG) surface (Fig. 4a) [95]. Monitoring constitutional varia-
tion process is beneficial to gain insight into the synthesis pro-
cess of COFs. Well-defined graphene-like single-layer COFs
with triazine rings (t-COFs) have also been manufactured on
Au(111) [96]. By triggering different stepwise on-surface reac-
tions, such as cyclotrimerization of alkynyl, cleavage of C–O
bond, and activation of C–H bond, t-COF was fabricated via ther-
mal excitation at different stages (Fig. 4b). Also, Au(111) sub-
strate acts as a catalyst to promote these reactions by reducing
their respective reaction energy barrier. Furthermore, investigat-
ing chirality within on-surface syntheses also improves the fabri-
cation technique of chiral covalent material with atomic
t: sequential STM images exhibiting the time-dependent network switch
ociety. (b) On-surface synthesis of t-COFs through stepwise reactions of Ph-
& Sons, Inc.
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precision [97,98]. Designing prochiral precursors with distinct
side chains allows for the steric hindrance to surface synthesis.

New synthesis strategies
Compared with the limitations of conventional synthesis strate-
gies in energy consumption, toxic organic solvents, and low
yields, developing new synthesis methods is necessary to
increase the structures’ stability and diversity, as well as enrich
the topology.

(1) Coordination and dynamic covalent synthesis. Combining
DCC and coordination chemistry is a convenient strategy
to assemble complicated compounds using simple building
blocks. Several COFs with captivating topologies were syn-
thesized by virtue of this protocol [99]. There is still a lack
of efficient chemical methods to integrate covalently
linked structures into crystal skeletons. Different chemical
pathways were proposed for assembling 3D woven COFs
(WCOF-cu, diamondoid topologies with 3-fold interpene-
tration) or 1D metallo-COFs (mCOFs-cu) via using CuI

phenanthroline complexes as the starting units, in the
presence/absence of ligand exchange [100]. Tuning the
coordination forms of metal node was capable of affecting
ligand exchange. Different starting units have a competi-
tive relationship with CuI. It rendered the composite struc-
tures with a character of dynamic equilibrium. Metal
coordination and dynamic covalent bond formation were
shown to have a synergistic effect during the preparation
of COFs. The use of ligand exchange can control the direc-
tion of COFs growth, resulting in either 1D or 3D products.

(2) 2D to 3D reversible conversion. Cross-linking polymers
converts linear or slightly branched macromolecules into
3D network structures, thereby affecting the stability,
mechanical strength, electronic and optical properties of
the resulting products [101,102]. A typical case of an
ordered and reversible conversion from 2D to 3D COFs
was that poly(arylenevinylene) COFs (P2PV and P2NV
COFs) can be converted into 3D cyclobutane COFs
(P3PcB and P3NcB COFs) under irradiation in non-polar
solvent while maintaining their crystallinity [102]. Because
[2 + 2] cycloaddition reaction occurred due to light irradia-
tion, allowing P2PV and P2NV COF sheets to cross-link.
This process brought about changes in the structures,
mechanical properties, and electrical characteristics of the
materials due to the change of crystal lattices, surface areas,
pore size and shape, p-electron conjugations and energy
gap.

(3) Topology-templated synthesis. Through topology-guided
polymerization, the growths of ordered 2D or 3D chains
can be triggered via monomers with matching geometries
to promote nucleation and subsequent formation of crys-
talline COFs [103,104]. It is necessary to screen for reaction
conditions to initiate nucleation, as well as to balance the
extent of crystallization and polymerization. Very recently,
imine-linked skeletons with different topologies, including
tetragonal, hexagonal, and kagome, were selected as tem-
plates to synthesize crystalline sp2c-COF [105]. The build-
ing blocks were directed by templates via p interactions,
112
triggering C@C bonds formation. sp2 carbon chains grew
along the (001) facets of templates, resulting in nucleation
and the fabrication of sp2c-COF. It is worth noting that
monomer geometries need to match the template topol-
ogy. Also, similar channel sizes between template and tar-
get COFs are required, for enhanced p interactions. Overall,
topology-templated synthesis renders COFs with tailor-
made topologies and apertures. It is a general method to
obtain COFs that cannot be synthesized directly but suffers
from long preparation time and requires an additional
template removal step.

Notably, the bottom-up approach is a good way to synthesize
special morphology of COFs, such as hollow, core–shell, and
fiber morphology [106–108]. However, fast reaction rate and dif-
fusion lead to rapid self-coagulation of initial framework prod-
ucts, which inhibits growth on the surface of inoculating seeds,
resulting in irregular morphology [109]. The mechanism explo-
ration of the synthesis process is relatively complicated. Espe-
cially, hollow multishelled COFs have not been synthesized so
far, and a versatile method for synthesizing COFs with hollow
multishelled structures is expected to be developed.

Top-down approach
Weak interactions involving hydrogen bonding, van der Waals
forces, p-p interaction, etc. between the layers of bulk COFs make
exfoliation into nanosheets possible without specific interface or
substrate [110,111]. Generally, using external or internal forces
enable the production of single/multilayered sheets. In this sec-
tion, we summarized two methods including liquid phase exfoli-
ations and mechanical exfoliations.

Liquid phase exfoliation
(1) Organic solvent-assisted exfoliation. Using external

mechanical forces (e.g., ultrasound and ultrasonic bom-
bardment), the layered bulk COFs can be exfoliated into
ultrathin 2D nanosheets in the liquid phase [112]. The
use of sonication introduces microbubbles into solution.
When these microbubbles burst, micro-jet and shock
waves with strong tensile stress are generated, exfoliating
bulk material into a few layered COF sheets. Solvent choice
significantly affects the exfoliation process. An appropriate
solvent system for a particular type of framework can not
only promote the exfoliated capacity, but also prevent
the aggregation of exfoliated nanosheets [113]. After exfo-
liating the hydrazone-linked COF-43 nanosheet [114], the
crystallinity decreased when COF-43 powder was sub-
merged in dioxane, H2O or dimethylformamide (DMF)
compared to tetrahydrofuran (THF), CHCl3 or MeOH.
The introduction of flexible building units weakens the
interlayer p-p interactions and makes them easier to exfoli-
ate into nanosheets. By using two non-planar building
units with C3v macromolecular symmetry as building
blocks, a layered [3+3] imine-linked TPA-COF was obtained
and successfully peeled into ultrathin nanosheets with
ordered pore channels [112]. Recently, Burke et al. pro-
posed the preparation of crystalline COF films with tun-



R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume 53 d March 2022 RESEARCH
able thickness of ranging from 50 nm to 20 lm through
acid exfoliation [115]. This approach mainly includes: (i)
protonating 2D imine-linked BND-TFB COF by adding
excess trifluoroacetic acid; (ii) exfoliating bulk BND-TFB
COF into thin sheets due to electrostatic repulsion between
adjacent COF layers; (iii) depositing crystalline COF films
on the silicon wafer; and (iv) utilizing reagent alcohol to
deprotonate for obtaining neutral imine-linked COF films.
Notably, the films could be separated from the substrate to
form robust and freestanding COF films. This strategy pro-
vides strong inspiration for large-scale production.

(2) Aqueous exfoliation. To avoid re-stacking and aggregation,
surface tensions of water are reduced by the addition of
polymer or water-soluble surfactant, to render stable COFs
thin sheets [116,117]. APTES-COF-1 was assembled with
monofunctional curcumin derivative modified by poly-
ethylene glycol [118]. The quasi-micelle structure (surfac-
tant and oil phase for PEGCCM and APTES-COF-1,
respectively) increased the repulsive force between the lay-
ers, thereby promoting the exfoliation. It was also found
that the interlaminar force of imine-linked TAPB-PDA-
COF can be tuned by changing the solution pH, resulting
in the production of a large amount of exfoliated few/
single-layer TAPB-PDA-COF [119]. The C@N linkages are
polarized to produce negatively charged nitrogen and pos-
itively charged carbon [120], which cause interlayer charge
repulsion. In pH < 2.5, the stronger turbostratic effect was
exhibited, causing the exfoliation of 2D structure with
favorable dispersion.

(3) Reversible exfoliation and re-stacking. Reversibility of
interlayer shifting process was determined by interlayer
strengths of COFs [121]. Exfoliation is uncontrollable dur-
ing the manufacturing of 2D COF nanosheets. COFs with
weaker interlayer interactions, due to larger pore sizes,
unsubstituted linear blocks and lower p-conjugation, are
likely to undergo irreversible structural destruction because
of solvation effects. Conversely, COFs with smaller pore
sizes, containing structural substituents and larger p-
conjugation possessed stronger p-p interactions and Lon-
don dispersion forces, rendering excellent crystallinity as
well as reversibility of COFs during the interlayer shifting
process [121]. An equally important factor is the reversibil-
ity of the available surface charge on COFs, making con-
trolled exfoliation, reversible stripping, and re-stacking
difficult to achieve. COFs with inherent ionic charge
(iCOFs) were automatically exfoliated into few layered
ionic covalent organic nanosheets (iCONs), and which
can be readily restacked using double-stranded DNA
[122]. The host–guest interaction is driven by molecular
recognition to achieve reversible exfoliation and re-
stacking via control of the available surface area and
charges. COFs with ionic side chains may promote self-
exfoliation, and restack by recombination with cucurbit
[7]uril (CB[7]) [123,124]. Propidium iodide (PI)-based
iCOFs (PI-TFP) can self-exfoliates to form an ultra-thin
2D PI-TFP-iCONs [125]. Dispersible iCONs formed PI-TFP-
iCONs � CB[7] inclusion complexes in the presence of
CB[7], which effectively masked surface charges, thus
allowing PI-TFP-iCONs � CB was come close to each other
and restacked into crystalline hybrids. The presence of
competitive guest 1-adamantyl-amine hydrochloride (AD)
could replace CB[7] in iCON to generate a more stable
AD � CB[7] inclusion complex. iCON can then restore
the ionic head group and increase the repulsive surface
charge, which leads to the exfoliation of PI-TFP-iCON,
thereby regenerating ultra-thin 2D PI-TFP-iCONs (Fig. 5a).

(4) Precise exfoliation of mono- and bi-layer COFs. Mechani-
cally interlocked molecular architecture (e.g., pseudorotax-
ane) was used to exfoliate layered COFs (RCOF) [126]. The
number of layers of the exfoliated COFs can be controlled
precisely due to interactions on the molecular scale. Two
materials, containing crown ether macrocycles (CyHz1
and CyHz0) served as COF building blocks to give two dif-
ferent pseudorotaxane-based COFs, namely RCOF-1 and
RCOF-0 [126]. Methyl viologen hexafluorophosphate
(MVPF6) interacts with the crown ether rings of RCOFs
to form pseudorotaxane complexes. The insertion of violo-
gen molecules induced charge transfer, which greatly
decreased the molecular dipole between COF layers. At
the same time, steric hindrance and electrostatic repulsion
weakened p-p stacking between layers, promoting COF
exfoliation. The exfoliated RCOF-0 exhibited thickness of
monolayer unit cell (2 nm thick), due to their asymmetric
tortuous surface, which eliminated the molecular dipole
effect for minimizing the interlayer interaction. In RCOF-
1, there were still anti-parallel stacked molecular dipoles
between each layer of the unit cells, giving an exfoliated
thickness corresponding to a bilayer unit cell (4 nm thick)
(Fig. 5b). This crown ether macrocycle could provide extra
functional groups, but it would occupy the space of pore
channel in COFs, and hence impeding the accessibility of
the reactants.

(5) Selective decomposition of dual-pore COFs. Due to differ-
ences in chemical stability of bonds and pore structure of
heteropore COFs, organic nanotubes can be manufactured
by selective hydrolysis one of the linkages while keeping
the other untouched [127]. The shape and size of nan-
otubes resulted are thus precisely designed, predicted,
and controlled. A dual-pore COF containing hydrazone
and boroxine linkages was constructed via orthogonal
reactions [128]. Individual organic nanotubes with
hydrazone-linked macrocycles could be generated through
hydrolyzing boroxine linkages. It may induce fully/par-
tially disordered arrays and even affect the conductivity
of COF, making them difficult for understanding
structure-performance relationships. Nanotube array is
expected to solve the dilemma.

Mechanical exfoliation
Mechanically grinding of COFs using mortars or ball mills can
disrupt the interlayer interaction forces to produce CONs. This
method is simple, requires lesser preparation time, and can be
adapted for mass production. However, the thicknesses and
yields of the prepared nanosheets are not as ideal. Interestingly,
Banerjee et al. developed a simple energy-saving and environ-
mentally friendly mechanochemical grinding method to exfoli-
113



FIGURE 5

(a) Reverse exfoliation and re-stacking of PI-TFPiCONs. Reproduced with permission [125]. Copyright 2020, John Wiley & Sons, Inc. (b) Construction of 2D COFs
with targeted layer numbers via mechanical bonding. Reproduced with permission [126]. Copyright 2020, Nature Publishing Group.
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ate eight different kinds of COFs [129,130]. This method can be
carried out in a relatively mild condition without special require-
ments (e.g., inert atmospheres, dry solvents, and expensive sup-
ports). Compared to manual mortars and pestles, ball milling
endows mechanical exfoliation with automation, thus controlla-
bility. Grinding the anthraquinone-based COFs via ball milling
114
at 50 Hz, the DAAQ-ECOF was exfoliated with a thickness of
3–5 nm, which was tunable by controlling the vibration fre-
quency and time [131]. Relatively, the crystallinity of COF NSs
obtained by mechanical exfoliations is relatively poor.

In the process of preparing various 2D COF NSs, top-down
strategy including solvent-assisted exfoliation and mechanical
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exfoliation often resulted in uncontrollable thicknesses, sizes
and mechanical damages. Stacking layers undergo interlayer
shifting [121,132], changing COFs inherent properties and ren-
dering the structural analysis more difficult. Alternative options
should be considered to maintain a balance between exfoliating
and re-stacking.

Large-scale and/or rapid synthesis
Large-scale and rapid fabrication of high-quality COFs is a pre-
requisite for practical applications. The COF preparation usually
utilizes low monomer concentrations at laboratory scale, which
needs to be translated to a large-scale fabrication. Large-scale
and rapid synthesis can effectively reduce cost and time, which
is essential for the industrial production of COFs. Several strate-
gies for large-scale and rapid preparations of COFs have been
investigated, which encouraged the exploration of COFs toward
industrial applications. Although some impressive results have
been obtained, large-scale synthesis is undeniably still in its
infancy.

Catalytic rapid synthesis
Developing novel catalysts to promote COFs synthesis effectively
lessen cost and duration. Although p-toluenesulfonic acid (PTSA)
catalysts possess many advantages for catalyzing solid-state reac-
tions in COF synthesis [133,134], large amount of PTSAs is
required for scaled production, which results in high costs and
tedious recycling steps. Imine-linked COFs can be rapidly synthe-
sized arising from the catalytic effects of metal triflates, notably
catalysts (Sc(OTf)3) containing costly rare-earth element, scan-
dium [135]. Transition metal nitrate catalysts (Fe(NO3)3�9H2O)
provide a cheaper alternatives to rapidly synthesize TAPB-Dma
COFs within 10 minutes at ambient conditions, and the reaction
process was not sensitive to oxygen or water [136]. Selected Fe-
NO catalyst is general to synthesize a series of COFs with differ-
ent stabilities containing varying linker lengths and functional
groups.

Electron beam rapid synthesis
Conditions required to synthesize COFs are harsh and tedious
(high temperature, high pressure and long reaction time) making
them difficult to be adapted for industrial production [120].
High-energy ionizing radiation (such as electron beams and c

rays) can be used to synthesize and modify a large number of
functional materials, including inorganic nanoparticles and
amorphous polymers [137,138]. Compared with traditional
solvothermal method, energy consumption of ultra-rapid syn-
thesis by electron beam irradiation may be reduced by two orders
of magnitude and the entire process occurs within a few minutes.
A high-energy electron beam of 1.5 MeV induced EB-COF-1 crys-
talline with the yield of 92% within a short time frame of 160 s
under ambient conditions (Fig. 6a) [139]. Strong and targeted
energies on the reactants overcame the activation barriers and
ionized the entire reaction system. The reaction between ben-
zaldehyde and radiation-produced imino radical (C6H5–NH�)
occurs rapidly with significantly reduced energy barrier (Ea) for
the rate-limiting step of C–N bond formation. As a result, the
production of COFs was close to quantitative yield. In addition,
a series of COFs, such as COF-SDU1 [140], TPT-BD COF [141],
COF-JLU7 [142] and COF-DhaTab [143], were successfully syn-
thesized in nearly quantitative yields under ambient conditions
using the same method. Therefore, this method endows great
potential for industrial mass production of COF crystals.

Dipole-induced antiparallel stacking
Self-correction processes can minimize errors in the course of
forming crystalline COFs. Growth errors stem from the hyper-
branching caused by molecular rotations of linkages within
building blocks, and random stacking of substrates with different
energy content. Anti-parallel stackings with intra- and inter-layer
hydrogen bonds restrict intramolecular bonds rotation, thus pro-
moting rapid COF growth. Under this guidance, gram-scale (up
to 1.4 grams) acylhydrazone COFs (Tf-DHzOAll and Tf-
DHzOPrY COFs) were produced within 30 minutes, which sup-
ported hydrazide ligands with different side chain functionalities
[144]. The forming intralayer hydrogen bonds (N-H� � �O) restrict
rotations of molecular bonds to form a rigid structure and allow
covalent framework to extend along the 2D plane. In-plane rigid-
ity enabled bonding dipole moment in the plane, promoting
anti-parallel stacking corresponding to the lowest total energy.
Furthermore, interlayer electrostatic interaction via charge repul-
sion was avoided.

Hierarchical-coassembly-enabled 3D-printing
The supramolecular Pluronic F127 and functional small mole-
cules can be co-assembled for the synthesis of 3D-printable
hydrogels, which show unique characteristics (e.g., shear thin-
ning and fast self-healing). After post-printing collaborative
assembly, covalent cross-linking, and the removal of printing
template, additive manufacturing, including inorganic, organic,
and inorganic/organic hybridized small molecules, was carried
out [145]. A 3D-printing hydrogel was formed by limited poly-
merization of imine polymers and subsequently, their co-
assembling with 3D printing template Pluronic F127 [146].
Additive-free 3D-TpPa-1, b-ketoamine-linked 3D-TpBD-Me2 and
imine-linked 3D-TPE-COF were obtained with complex
macrostructure, crystallinity and pore sizes ranging from a few
nanometers to submicrometer. This method can also be used to
combine multi-component COF into one substrate. Cross-
linking at COF/COF interface allows two distinct COF materials
to be covalently connected to each other, since the reversible
Schiff base exchange reaction typically occurs at the interface
regions (Fig. 6b). 3D-printing COFs not only had complex
macrostructures with high mechanical strengths, crystallinities
and surface areas, but also connects multi-component 3D-COFs
together at the molecular level. Therefore, 3D printing technol-
ogy is a versatile tool to extent COF materials for wider applica-
tion purposes. Processes for 3D-printed COF materials still rely
heavily on manual operation. The use of artificial intelligence
for large-scale fabrication of COFs is a promising direction that
renders further exploration.

To date, the methods for synthesizing COFs that have been
proposed are far from meeting the requirements of practical
applications in views of economic cost, time and yields. Addi-
tionally, the large-scale synthesis of single-crystal COFs is still
115
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FIGURE 6

(a) Left: COFs synthesized by electron beam irradiation; Right: energy profiles of the reaction pathway under irradiations. (b) Designing and synthesizing
imine- and b-ketoenamine-linked COFs/COF monoliths by the supramolecular templated co-assembly method. Reproduced with permission [139] and [146].
Copyright 2019, 2020, American Chemical Society.
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extremely challenging. Although a ventilation-vial protocol was
proposed to achieve gram-scale yield (2.0 g) of single-crystal
COF-300-V [147], the forming mechanisms and factor of ampli-
fication for high yields is recommended to be explored in depth.
116
Structure–performance correlation to guide the
applications of COFs
Having the continuous breakthroughs in synthesis processes,
such as stability, yield, and scalability, COFs with different struc-
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tures and properties have been manufactured and used in numer-
ous application fields [148]. However, in-depth understanding of
the correlation between structure and performance in various
fields is still lacking, which severely limits the practical applica-
tion of COFs. Therefore, a systematical discussion on the
structure-performance correlation is necessary to help in the
developing field of COFs.
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Correlation between COFs and catalytic performance
The diversity of skeletons and pores in COFs allow for construct-
ing multitudinous heterogeneous catalysts using different che-
mistries [149]. Expanded molecular framework can be tailored
for diverse functions central to accelerating the reactions of
bond-cleaving and forming [150]. Thus, structural advantages
of COFs make them promising candidates as stable catalyst with
excellent catalytic activity and selectivity [22,151].

COFs can be utilized for a wide variety of catalysis including
chemical catalysis, biocatalysis, electrocatalysis, photocatalysis,
depending on their properties, such as crystallinity, morphology,
light capture ability, charge separation and migration, proximity
of sacrificial electron donor (SED) and co-catalyst [152–157].
Interestingly, both twisting the angle (i.e., torsional angles of
the central aryl rings with the peripheral phenyl rings in linkers)
and donor–acceptor conjugation can directly affect the proper-
ties and activity of the resultant COF catalysts [158,159].
Dopants modify charge properties of COFs by forming
supramolecular charge-transfer complex, which flatten the
energy band and localize the electronic state [160]. Porosity
improves reactant accessibility and highly ordered domains
ensure suitable capacity for charge percolation and charge carri-
ers trapping at defective sites [150].
Predesigned functionality and composition
Tailor-made framework wall with predesigned functionality and
composition can improve catalytic selectivity [161,162]. Incor-
poration of electron-deficient units into layered 2D lattice
periphery has a profound impact on the border orbital, band
structure and heterojunction interface, effectively regulating
the electronic and photoelectric properties of COFs [163]. Many
functional groups, including aromatic units, acetyl, hydroxyl,
alkyl chains, chromophoric moieties and ester, have been intro-
duced to framework walls [164]. Halogen substitution in the
building blocks of COFs tuned the photoelectrical conversion
and charge carrier mobility. After the introduction of halogen
atoms (F and Cl) into COFs, photocatalytic performance of
HER for resulting Py-ClTP-BT-COF (177.50 lmol h�1) and Py-
FTP-BT-COF (57.50 lmol h�1) was 8.2 and 2.7 times higher than
that of non-halogenated Py-HTP-BT-COF (21.56 lmol h�1),
respectively [165]. And Py-ClTP-BT-COF exhibited high apparent
quantum efficiency (AQE) of 8.45% at 420 nm. Under the condi-
tions of visible light excitation, the introduction of halogen
atoms promoted the efficient separation of photogenerated elec-
trons and holes, resulting in the generation of more photogener-
ated carriers to participate in water splitting reaction.
Simultaneously, the a-carbon atom linked to the halogen atom
served as an active site for proton reduction to lower the energy
barriers for forming H* species in the reduction reaction.
The participation of multiple groups may have a better effect
than a single group. Three isostructural COFs were manufactured
via modifying by different functional groups (OMe-TPBP-COF
(containing methoxy), OMe-OH-TPBP-COF (containing meth-
oxy and hydroxy) and OH-TPBP-COF (containing hydroxyl)) to
form docking sites in their porous channels. The yields for CO2

cycloaddition with various epoxides were 91%, 89%, and 48%,
respectively [166]. The methoxy groups with greater steric hin-
drance limited the rotation of two benzene rings along the C–
C bond in the biphenyl moieties, resulting in better thermal sta-
bility for OMe-OH-TPBP-COF. The hydrogen atom of the hydro-
xyl groups and the oxygen atom of the epoxides form a
hydrogen bond, which facilitated the polarization of the C–O
bond for epoxides. OMe-OH-TPBP-COF possessed the best cat-
alytic performance due to enhanced stability, better crystallinity
and greater surface area.

Pore enrichment and sizes
The pore structure and the interior functional groups of porous
materials have a characteristic effect on the adsorption of small
gas molecules. Significantly increasing local gas molecule con-
centrations in the pores can promote their catalytic reaction
inside porous materials [167]. Pore size and pore distribution in
COFs are also important for the selective diffusion of reactants
or products through the aperture to give catalytic selectivity.
3D microporous BF-COF-2 with the rectangular aperture of 7.7
� 10.5 Å2 catalyzed benzaldehyde (6.1 � 8.7 Å2) into 2-
benzylidenemalononitrile with high conversion rate of 98%,
while the conversion rate of 4-phenylbenzaldehyde (6.1 � 13.3
Å2) was only 2–4% [168]. This was attributed to the size mis-
match between molecules and pore aperture, making it hard
for the substrates to enter the channels and for the products to
leave the pores.

COFs mainly possess microporosity, which might cause mass
transfer limitation and low utilization of active sites. Hierarchical
pores in COFs provide a viable solution for rapid mass transfer.
The larger pores facilitate guest molecules transport and the
inner small micropores provide enough surface area and active
sites for reaction to occur [169]. Zhao et al. prepared various crys-
talline b-ketoamine-based COFs with macropores and microp-
orosity, whose macroporous sizes range from 160 nm to
360 nm (Fig. 7a, b) [170]. The prepared highly crystalline
macro-TpBpy achieved rapid mass transports as well as openly
accessible reaction sites due to the different pore types. Remark-
ably, the electrocatalytic oxygen evolution reaction (OER) perfor-
mance of macro-TpBpy was much higher than that of pure
microporous TpBpy. This could arise from the improved guest
molecules diffusion due to the homogeneous and intercon-
nected hierarchical pore channels, making active Co2+-
bipyridine sites easy to access (Fig. 7c).

Crystallinity
Crystallinity of COFs has significant impact on its catalytic activ-
ity. Better crystallinity results in more ordered covalently bridged
framework, which is beneficial to the expansion and/or stacking
of p system, as well as the transverse and/or vertical transport of
charge carriers. Within larger ordered domains, excitons possess
much stronger degrees of diffusion freedom and lower surface
117
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traps per excitation density [171]. It has been proven that N2-
COF sample with lower crystallinity generally resulted in poor
porosity and a lower HER rate [149]. The lower crystallinity and
porosity likely lead to smaller p-systems extensions or/and stack-
ing defects, hindering the in-plane or/and vertical transport of
charge carriers within the COF photosensitizer, and also reduced
accessibility of co-catalyst, limiting interfacial charges transfer
from N2-COF to cobaloxime. Remarkably, good crystallinity is
also capable of improving the light absorption and promoting
the dissociation of photoinduced excitons. Crystalline Py-Td
COFs exhibited enhanced photocatalytic activity for alpha-
terpinene to ascaridole than that of amorphous counterparts,
Py-Td-POP [172]. This result was attributed to the improved light
absorbability and photogenerated electron and hole pair separa-
tion of crystalline Py-Td COFs.

Coordination environment
Well-tunable coordination environments (basic/acidic sites) in
the p-conjugated skeleton are usually impetus to the catalytically
active centers [159,173]. By increasing the density of active cen-
ters available, as well as the extent of framework conjugation,
catalytic performance can be greatly enhanced. According to
the principle of coordination chemistry, strong interactions (r
dative bonds) between ligands and metal ions can endow COFs
with specific catalytic activity, due to metal–ligand charge trans-
fer [174]. COFs containing phthalocyanines and pyrazine can
anchor transition-metal (TM) atoms firmly without migration
and aggregation [175,176]. To date, many other similar organic
sites (e.g., bicatechol and bipyridine components, porphyrin
units, phthalocyanines, pyrazine, and interlamellar nitrogen)
were thoroughly investigated [16,177–180]. Metal-ligand charge
transfer is also crucial for photocatalytic reactions [181–183]. It
was found that porphyrin-based COFs coordinated with Zn2+

exhibited superior photocatalytic terpinene conversion of 99%
[184], compared to DhaTph-2H (70%) and DhaTph-Ni (7%).
The higher selectivity was attributed to the more efficient 1O2

generation. Incorporation of Zn2+ into COFs was beneficial to
converse singlet to triplet excitons, resulting in the activation
of O2 to 1O2, while introducing Ni2+ promotes the dissociation
of excitons to hot carriers under photoexcitation, thereby acti-
vating O2 to O2

�� instead. Therefore, different activities and selec-
tivity were observed for the photocatalytic oxidation of
terpinene by DhaTph-M species.

However, metal coordination interaction may lower the crys-
tallinity and porosity of COFs [16,185]. Notably, our previous
research showed that stability and crystallinity of COFs (M/
COF-DB), formed via supramolecular intra- and inter-molecular
hydrogen bonds, along with electrostatic interactions in the
antiparallel stacking mode, can be improved after metal coordi-
nation compared with the parent COF–DB [186]. Different tran-
sition metal ions (M = Mn, Co, Ni, Cu, Zn, Pd, and Cd)
coordinated with appropriate nitrogen sites in COF-DB under
mild conditions result in M/COF-DB with extended p-
conjugations, enhanced crystallinities, increased stabilities and
extra functionalization. Additionally, spin states of transition
metal sites in COFs largely affect their photocatalytic perfor-
mance [187,188]. Spin states influence density-of-state coupling
of atomic orbitals between the metal in COFs and the target
118
molecules, thereby affecting the energy barrier of intermediate
step.

Intercalation of bimetallic active sites may break the restric-
tion of scaling relations (such as similar bond formation and
adsorption behavior) and significantly improve the electrocat-
alytic activities. Gong et al. proposed a class of bimetallic-atom
electrocatalysts (BACs) with bimetallic 3d transition metal active
sites within COFs channels, which were more efficient than
noble metals and single-atom electrocatalysts (SACs) for CO2

reduction reaction (CO2RR) [189]. It was found that the Fe/Cu-
and Ni/Zn-BAC-COFs act as excellent BAC-COF electrocatalysts
for CO2RR, with their low overpotential (�0.25 V) suppressing
HER side reactions (gH2 = 0.51 V). Synergistic effects of bimetallic
active centers allow the intermediates (*CO2, *COOH and *CO)
to reach an almost perfect adsorption/desorption state, thus
enhancing the catalytic CO2RR performance. However, further
investigation regarding the spatial locations (external or internal
attachment) and numbers of metal active sites in COFs is
required to further exploration to get a clearer picture of the full
mechanism at work.

Chemistry of ligands
Organic ligands in COFs differ in their catalytic activity. Gener-
ally, geometries of building blocks dominate the development
of rudimentary frameworks. Different ligands can easily tune
the various properties of COFs, including crystallinity, morphol-
ogy, porosity, hydrophilicity/hydrophobicity, p-conjugated
stacking, band gap, light absorption ability, optoelectronic prop-
erties, energy levels, etc [190]. The incorporation of electron-
deficient unit may facilitate energy absorption and electron
transfer [191]. Extended p-conjugated skeleton of COFs resulted
by the favorable ligands can exhibit the enhanced light-
harvesting ability [192]. Using different types and functional
domains present on COF ligands, one can anchor active sites
suitable for catalytic performance to improve catalytic efficiency.
Pentacyclic thiophene-sulfur building blocks in MFTS-COFs were
utilized as active center for oxygen reduction reactions (ORR)
[193]. Compared to thiophene-free COFs (PDA-TAPB-COF),
MFTS-COFs exhibited a higher catalytic efficiency due to their
higher electron transfer numbers, narrower band gaps and lower
overpotentials. Therefore, MFTS-COFs with higher thiophene
sulfur content shows better ORR performance.

Similarly, Ghosh et al. designed a series of b-ketoenamine-
linked isoreticular 2D COF catalysts (such as TeCOF, AntCOF,
BtCOF and TzCOF) by replacing 4,400-diamino-substituted p-
terphenyl (Te) center ring with electron-rich anthracene (Ant),
electron-deficient benzothiadiazole (Bt), and tetrazine (Tz) p-
conjugated skeleton [158]. The torsional angles between the cen-
tral aryl rings (Te, Ant, Bt and Tz) and the peripheral benzene
rings were 27�, 66�, 39� and 0� (Fig. 8a), respectively. As a result,
these COFs had different physical (surface area, crystallinity,
stacking mode, etc.) and photoelectric properties (light harvest-
ing ability, band gap, charge separation, etc.) (Fig. 8b, c). The
average HER rates of TzCOF, AntCOF, TeCOF, and BtCOF were
nil, 55 ± 5, 50 ± 4, and 750 ± 25 lmol h�1 g�1, respectively.
The cumulative effect of larger surface areas, favorable stacking,
as well as increased light absorption capacities and charge carrier
mobilities, arise from the introduction of benzothiadiazole-
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FIGURE 7

(a) Synthesis of macro–microporous COF. (b) SEM images of PSs and macro-TpBpy. (c) OER performance of macro-COF-Co. Reproduced with permission [170].
Copyright 2019, American Chemical Society.
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containing ligand, resulting in improved photocatalytic activity
of BtCOF.

Interestingly, changing the geometric symmetries of units in
the conjugated frameworks also affects semiconducting behav-
iors, as seen from vinylene-linked g-C54N6-COF and g-C52N6-
COF. The average O2 and H2 evolution rates of high-symmetric
g-C54N6-COF were 51.0 and 2518.9 lmol h�1 g�1, respectively,
which were much faster than less-symmetric g-C52N6-COF
(12.5 and 1171.9 lmol h�1 g�1, respectively) [194]. This was
attributed to the octupolar conjugated structure arising from
symmetry structure, and hence resulting in outstanding photo-
induced charge generation, transfer and separation.
Layered structure and stacking modes
Different stacking modes can change the reaction energetics of
intermediates and the transfer of charge carriers, because of the
varying interlayer van der Waals and p–p stacking interactions,
to modulate catalytic activity [195]. The steric exclusion between
adjacent hydrogen atoms could be overcome by layered p-p
stacking, and high charge carrier mobility could arise from the
p-electron conjugation in-plane, as well as possible p-orbital
overlap, leading to the transport of axial charge along the stack-
ing direction. Therefore, COFs are promising supramolecular
architectures to achieve effective light harvesting and charge
transport [196]. Different layered stackings (eclipsed, inclined,
119
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and serrated) influence the pore geometry in the functional
region of COFs, resulting in different electronic properties of
materials [197]. Interlayer spacing is one of the key factors that
contribute to carrier transport and conductivity. The charge car-
rier mobility of TTF-Ph-COF with an interlayer distance of 3.71 Å,
was 0.2 cm2 V�1 s�1 is higher than that of TTF-Py-COF with a lar-
ger interlayer distance of 3.83 Å (0.08 cm2 V�1 s�1) [198]. On the
contrary, relative to pyridine-free POR-COFs (4.4 Å), the presence
of pyridine cocrystallization expanded the interlayer distance of
Py-POR-COFs (5.6 Å) and enable oxygen species to access the
interlayer space [199]. Such architectures enable the energetics
FIGURE 8

(a) Chemical structures of 2D COFs. (b) UV–vis diffuse reflectance spectra of COFs
of b-ketoenamine (orange) to imine (blue) moieties in unit cell of COFs. (e) UV–
potentials of these three COFs (NTU–BDA–HTA, NTU–BDA–DHTA and NTU–B
American Chemical Society.
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of ORR intermediates and affect scaling relations among different
kinds of reaction intermediates. The proper stacking modes and
interlayer spacing still need to be further investigated.

Dimensionality
Dimensional diversity also affected resultant COFs properties,
such that their catalytic activities. Dimensionality indirectly
influences other structural properties, such as surface area, poros-
ity, crystallinity, which change the resultant ion conductivity,
carrier mobility, mass transfer and optical properties. COFs typi-
cally exist in 2D and 3D, with varying structural architecture.
The covalent bonds of 2D COFs only exist in plane with the
. (c) Band positions and band gaps of COFs vs NHE at pH 11. (d) Various ratios
vis-DRS spectra, photocatalytic H2 evolution performance and energy band
DA–THTA). Reproduced with permission [158] and [210]. Copyright 2020,
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one-dimensional (1D) pore channels [200], with interlayer stack-
ings formed via noncovalent interactions, such as van der Waals
coupling, hydrogen bonding and p-p stacking. On the other
hand, 3D COFs are made entirely out of covalent bonds [173].
Complicated pore structures endow 3D COFs with greater surface
area, lower density, and more accessibly open active sites com-
pared to 2D COFs [59].

For 1D COFs, it is often difficult to control their morphology,
as the extension and alignment of atomic layers may be impaired
from the spatial constrained growth in a single direction [201].
Zero-dimensional (0D) COFs are difficult to synthesize and
mostly amorphous on microscale [202]. Thus, 1D COFs and 0D
quantum dots (QDs) COFs are rarely studied. 1D linear and
fibrous COFs were recently synthesized and endowed with aniso-
tropic properties due to specific interactions between triazine and
pyrene [100,203,204]. The formation of long-range protons con-
duction paths could enhance proton conductivity [205]. 0D COF
QDs possess low toxicity, tunable structures, long fluorescence
lifetimes, and high chemical stability [206]. However, limited
studies on the catalytic capacity of low-dimensional COFs are
available to generalize findings.

Preliminary studies found different catalytic performance by
comparing 2D and 3D COFs. Meng and co-workers compared
between 2D and 3D palladium porphyrin-based COFs, namely
2D- and 3D-PdPor-COF [207]. Both COFs exhibited similar crys-
tallinity, thermal stability, structure and morphology. Under vis-
ible light induced sulfide oxidation, 3D-PdPor-COF gives an
enhanced yield of 98%, much higher than that of 2D-PdPor-
COF (48%). The triplet excited state was sufficiently quenched
in 2D-PdPor-COF due to the eclipsed AA stacking mode of palla-
dium porphyrin units, while 3D-PdPor-COF with a five-fold
interpenetrated pts topology can effectively generate peroxide
radical anions. This resulted in the discrepancy in catalytic activ-
ities for the 2 species. However, catalytic yield of 3D-PdPor-COF
lowered drastically (48% for 4-tert-butylphenyl methyl sulfide)
for larger size of the substrate, due to size-selectivity arising from
its small pore size (0.58 nm). These differing point-of-views and
phenomena provide possibility for the future exploration of cat-
alytic performance with COFs of different dimension. Also, it is a
promising direction to investigate photocatalytic performance of
0D and 1D COFs to strengthen the correlation between dimen-
sionality diversity and catalytic performance.

Linkage
Dynamic and robust linkages in COFs enables stability, crys-
tallinity, diversity etc. within the framework structure [173],
and also fine-tuned the pore environment, morphology and
functions in the extended skeletons. Compared with imine- or
arylhydrazone-linked COFs with relatively lower stability and
poor p-delocalization, olefin-linked COFs possess excellent stabil-
ity and photo-electrochemical performance [208]. Comparing
three types of isostructural COFs with different linkages (i.e.,
COF–alkene, COF–imide and COF–imine), the photocatalytic
performance is as followed: COF–alkene (stable 2330 mmol h�1-
g�1)� COF–imide (34 mmol h�1 g�1) > COF–imine (12 mmol h�1-
g�1) [209]. The COF–alkene, with stronger intramolecular charge
transfer in the skeleton and larger photogenerated electron pop-
ulation (electron polarons) had an AQE of 6.7% at 420 nm. With
electron-withdrawing cyano-substituent closely attached to the
alkene linkage, and electron-donating triphenyl in the frame-
work, the donor–acceptor molecular heterojunction to allow
effective electron transfer via a powerful push–pull interaction.

Our research group has investigated the relationships between
different ratios of b-ketoenamine to imine linkage, using NTU–

BDA–HTA (2:4), NTU–BDA–DHTA (4:2) and NTU–BDA–THTA
(6:0) (Fig. 8d) [210]. Structural periodicity, band gap and visible
light harvesting properties could change due to the different
ratio of linkages used. Our group has proved that the structural
order and light absorbing capability of all three COFs have little
effect on the photocatalytic performance, with PHE performance
of NTU-BDA-THTA, NTU-BDA-DHTA and NTU-BDA-HTA at
1.47 lmol h�1 m�2, 0.60 lmol h�1 m�2 and 0.0087 lmol h�1 m�2

respectively. The imine moiety in NTU-BDA-DHTA and NTU-
BDA-HTA has a suppression effect on the excited state of the
mixed bond, resulting in the PHE performance trend. As the b-
ketoenamine bond containing more 2p O atoms increases, the
more favorable positive potential of the highest occupied molec-
ular orbital (HOMO) energy enhanced the oxidizing power of the
photogenerated holes, allowing easier interaction with the
hydrogen bond of L-ascorbic acid in NTU–BDA–THTA (Fig. 8e).
In order to achieve overall water splitting, catalytically active
molecular segments for OER and HER can be introduced into
COFs skeleton via topological means [211].

Morphological control is considered to be a powerful tool to
tune the catalytic properties of heterogeneous COFs, being
responsible for band gap structure, charge separation along the
extended p-conjugated skeleton [212], as well as light absorbance
[213]. Moreover, the catalytic efficiency and product selectivity
of COFs catalyst can be modified by building the recognizable
active sites and surface engineering. In addition to the single
structural changes in COFs, the combination of defects, 3D
COF, morphology and reactive variation still require further
investigations for a more complete picture of the complex syner-
gistic interactions. Constructing the organic/inorganic hetero-
junction catalysts may contribute to improve the catalytic
performance of COFs. How to effectively convert the laboratory
results of COFs photocatalyst into the practical devices is still a
great challenge.
Correlation between COFs and energy storage
Batteries are made up of anode, cathode, electrolyte as well as
separator, to convert chemical energy into electric energy. Utiliz-
ing porous membranes as separators can prevent short circuits,
by allowing ions are able to pass through while restricting elec-
trons movement. Supercapacitor can store energy by forming a
double-layer interface between the electrode and the electrolyte.
COFs have been applied for energy storage application due to
their relatively high capacity and superior electronic properties,
which could be utilized as either electrode materials for superca-
pacitor, battery or fuel cells [214–216]. However, COFs have
some drawbacks, including structural defects, as well as poor
ion mobility and energy level matching, which are not con-
ducive to the construction of electrode materials [217]. Neverthe-
less, many stable and conjugated COFs with characteristic wire
skeleton along with open nanochannels have been developed
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[218–220], and two-dimensional sheets were spanned with p

conjugation. Those COFs show many favorable properties, such
as extended p-delocalization, holes mobility, accommodation
of guest molecules and chemical stability. Fully conjugated COFs
also has superior conductivity and uniform porosity for the
transport of guest molecules [221,222].

For lithium-sulfur batteries, an inherent common problem
known as the shuttle effect limits their efficiency in practical
applications. During the charging and discharging process, poly-
sulfide (PS) intermediates produced by the positive electrode dis-
solves into the electrolyte, penetrates the diaphragm and diffuses
to the negative electrode. It further reacts with lithium directly at
the negative electrode, which ultimately results in irreversible
loss of effective substances, decay of battery life, and low Cou-
lomb efficiency [223]. Tuning active centers that effectively block
polysulfides using COFs can enhance the performance of battery.
This can be achieved by introducing reactive functional groups
into COFs to chemically bond with sulfur [224,225], or combin-
ing skeletons with multisulfur chain to enhance the interaction
between skeletons and polysulfides [226].

Linkages
For cathode materials, polar linkages of COFs could have a pow-
erful anchoring capability, which could trap polysulfides (Li2Sx
series, x = 4, 6, and 8) through adsorption interaction between
polar linkages and Li2Sx, thereby impeding the shuttle effect of
polysulfides and enhancing the performance of batteries [223].
Both COF-SA with secondary amine linkages and COF-Hy with
hydrazone linkages possess powerful anchoring capacity on Li2-
Sx series [227]. The two O atoms in the secondary amine linkage
had synergistic effect, allowing them to effectively gain electrons
from S atoms in Li2S4. The interaction of COF-Hy with Li2S4 was
primarily through both Li-N and Li-O bonds. Simultaneously,
the “clamp” structure (N1–N2–C–O1) of COF-Hy containing
hydrazone linkages could greatly enhance electron-grasping abil-
ity. Compared to conventional lithium-ion batteries (LIBs),
which use of liquid electrolytes, all-solid-state LIBs possess supe-
rior electrical performance in terms of safety and long-term sta-
bility [228]. b-Ketoenamine-linked COF-TRO as the cathode
material for an all-solid-state LIB achieved a near theoretical
specific capacity of 268 mAh g�1 [229]. The energy density of
COF-TRO cathode materials was 415.4 Wh kg�1, much higher
than other COF materials, such as phenazine-based DAPH-TFP
COF [230] (221.26 Wh kg�1) and anthracene-based IISERP-
CON2 [231] (364 Wh kg�1). Furthermore, the battery displayed
outstanding stability, with the coulombic efficiency remained
at 99.9 % after 100 cycles. In the lithiation/delithiation process,
primary electron acceptors within COF-TRO were truxenone
moieties. The Li+ could be closely hosted by truxenone within
narrow voltage through electrostatic interactions. Li+ storage
was greatly improved due to the ordered crystalline COF struc-
tures with high-density redox-active carbonyl groups.

Number of stacking layers
COFs with differing number of layers feature distinct channels,
conductivity and exposed active sites, which affect the ions/elec-
trons transfer and storage. DA-COF has excellent carrier mobility,
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large anisotropic photoconductivity in the vertical direction
[232]. Carrier mobility of DA-COF is dependent on the number
of layers and stacking order. The total energy of AB-stacking
was higher than that of the AA-stacking and thus, ambipolar
transport of electrons and holes can be easily achieved due to
strong vertical conductivities along the stacking axis. The band
gap of AA-stacked DA-COF decreased with increasing number
of stacked layers (1.73, 1.23 and 0.25 eV in monolayer, bi-layer
and bulk DA-COF, respectively). In contrast, the charge transfer
along the vertical direction of DA-COF increased with increasing
number of stacking layers (0.82 |e|, 1.22 |e|, and 1.30 |e| for
monolayer, bilayer, and bulk DA-COF, respectively). In addition,
intralayer charge transfer enhances with increasing interlayer
interactions due to adjacent-layer electron hopping, which
remarkably changed the electronic band structure.

It is difficult for Li/K ions to penetrate through the active sites
in the tightly stacked bulk COFs, even at high-current density.
Utilizing few-layer thick COF nanosheets can achieve superior
potassium storage performance [233], because of the enhanced
p–p stacking and numerous exposed active sites to reduce ion/-
electron diffusion distance and to improve K+ insertion/extrac-
tion kinetics. Similarly, the thickness of DAAQ-ECOF cathode
decide the performance of LIBs. Compared to bulk DAAQ-TFP-
COF (110 mAh g�1 at 20 mA g�1), DAAQ-ECOF nanosheets
showed higher reversible capacity (145 mA h g�1 at 20 mA g�1),
with good rechargeability (capacity retention of 98% after 1800
cycles) and higher charge–discharge capabilities (Fig. 9a–c)
[131]. The shortened diffusion pathway and exposed active sites
of few-layer thick DAAQ-ECOF bearing ultrathin 2D nanosheets
are effective for Li+ diffusion and storage.
Ionization
To reduce rapid decay of sulfur electrode caused by the shuttle
effect of lithium polysulfides (LiPSs) in Li-S battery, active catio-
nic sites are introduced into COFs to obtain extended PSs adsorp-
tion region for additional PSs adsorption. The incorporation of
ionic scaffolds contributes to the greater polarizability of Li-
CON-TFSI compared to neutral frameworks [234]. This resulted
in an enhancement of Li-Ion conduction for cationic Li-CON-
TFSI COF (up to 2.09 � 10�4 S cm�1 at 70 �C). Liu and co-
workers reported cationic COFs (S@EB-COF-PS) with sulfur con-
tent of ca. 71.7% as cathode materials for Li-S battery [235].
The specific capacity of cationic S@EB-COF-PS was 686 mA h g�1

at 4.0 C, much higher than that of electrically neutral S@TpPa
COFs (173 mA h g�1). S@EB-COF-PS still showed a specific capac-
ity of 468 mA h g�1 after 300 cycles. Compared to S@TpPa, S@EB-
COF-PS exhibited much higher initial specific capacities and bet-
ter charge–discharge cycling performances (Fig. 9d–g). The
anchoring effect of PSs is enhanced due to the introduction of
active cationic sites within S@EB-COF-PS, which lowers the local
electron densities and provides extra adsorption capability. The
kinetic barriers of PSs polymerization and decomposition were
reduced through with the use of cationic COFs, effectively sup-
pressing the shuttle effect of LiPSs, and enhancing the perfor-
mance of Li-S batteries. As such, this further inspired the
research on the quantities of cationic sites introduced in COFs.
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FIGURE 9

(a) TEM of DAAQ-ECOF. (b) Rate cyclability and (c) capacity retention relative to capacity at 20 mA g�1 for DAAQ-ECOF and DAAQ-TFP-COF. Reproduced with
permission [131]. Copyright 2017, American Chemical Society. Cyclic voltammetry profiles at different scanning rates of cells with (d) S@EB-COF-PS and (e)
S@TpPa cathodes. (f) Rate performances at diverse current densities and (g) galvanostatic charge–discharge cycles at 0.5 C for S@EB-COF-PS and S@TpPa.
Reproduced with permission [235]. Copyright 2020, John Wiley & Sons, Inc.
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Functionalization of channel wall
Modification of channel walls by redox active groups can
improve COF properties, making them suitable to be used as
anode constructing materials in metal ion batteries (e.g.
sodium-ion battery (SIB) and LIB) [236–238]. Chemical groups
in mesoporous COFs can interact well with Na+ ions to drive
Na+ ions into the pores of frameworks [239]. Mesoporous COFs
by introducing electron-deficient substituents bispyridine-
tetrazine served as anodes for SIB and displayed high specific
capacities of 340 mAh g�1 at 1 A g�1. Electron-rich pyridine ring
near the electron-deficient tetrazine center greatly improves the
in-plane electronic conductivity of IISERP-COF18, and electron-
deficient s-tetrazine unit can accommodate incoming electrons,
and subsequently attract Na+ in the electrolyte to maintain
charge neutrality on COF pore/surface.

Fuel cells convert chemical energies into electrical energies.
Proton exchange membranes with excellent performances are
essential in the development of fuel cells. 2D COFs have the
potential to be proton transport materials, due to their uniform
1D channels, which bear similarity to Nafion. However, parts
of COF materials typically have relatively poor chemical stabili-
ties, which restrict their applications in the acidic proton
exchange condition. To overcome this disadvantage, a Perfluo-
roalkyl functionalized 2D COFs (COF-Fx, number of carbon
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atoms: x = 6, 8, or 10) were constructed to methodically investi-
gate the effects of fluorine chain lengths on the crystalline states
and proton conductivities of COFs [240]. In contrast with non-
fluorous COFs (COF-42 [241]), fluorinated COFs possessed
enhanced hydrophobicity (water contact angle of 144�)
(Fig. 10a), and could accommodate lots of H3PO4 inside the
superhydrophobic 1D nanochannels (Fig. 10b). After doping
with H3PO4, the fluorinated COFs (COF-F6-H) exhibit superior
proton conductivities at high temperature (r = 4.2 � 10�2 S cm�1

at 140 �C), becoming one of the best anhydrous proton transport
organic porous materials [242–246]. H3PO4 interacted strongly
with the framework skeleton and perfluoroalkyl chains within
COF channels, forming hydrogen-bonding networks. H3PO4

molecules within the pores were dynamic and fluid, while skele-
tons remained rigid, which facilitate rapid proton transports.
Both H3PO4 loaded COF-F8-H and COF-F10-H displayed lower
conductivities than COF-F6-H (Fig. 10c). This is because of their
lower porosities and crystallinities resulted by their longer perflu-
oroalkyl side chains, which limit proton transports. Also, the
proper lengths of functionalized side chains are critical to COFs'
performance.

Pore size
For intercalation-type electrode materials, K+ used has a larger
ionic radius compared to Li+ and Na+, resulting in a greater vol-
ume change, as well as the presence of K dendrites during the
charging and discharging process [247]. The pore size of the por-
ous framework used determined the electrochemical perfor-
mance and storage behavior of K ions. During the potassiation/
depotassiation process, severe structural deterioration and poor
cycling stability was observed on the conversion electrodes for
potassium ion battery (PIB). The open and ordered channels of
COFs are sufficiently large enough to accommodate potassium
ions and provide convenient for ions/electrons transmission,
with the formation of strong p-K+ interaction between K+ and
p-conjugated framework skeleton. Li et al. used two CTFs with
similar compositions and topology, namely CTF-0 (ultramicrop-
ores, < 7 Å) and CTF-1 (micropores, �1.5 nm), as anode materials
for PIBs, achieving favorable performance in PIBs [248]. Com-
pared with CTF-1 (73 mAh g�1 at 50 mA g�1), the CTF-0
(152 mAh g�1 at 50 mA g�1) exhibited the higher charge specific
capacity and reversible capacity (Fig. 10d, f). CTF-0 with ultrami-
cropores could only accommodate one K ions in the channel,
and its depotassiation process is exothermic. Conversely, CTF-1
with larger pores was capable of holding up to six K+ ions, and
its depotassiation is endothermic (Fig. 10e, g). Therefore, the
depotassiation process for CTF-0 was easier to proceed, and its
ultramicropores facilitated reversible intercalation/deintercala-
tion of K+ ion and promoted its electrochemical performance.

Morphology
COFs with uniform morphology are more efficient in ion trans-
port, arising from their large surface area and ordered channels.
Liu et al. synthesized 3D COFs (3D-Sp-COF), with uniform hol-
low spherical morphology based on an Ostwald ripening strat-
egy, for improved capacitance performance [249]. Hollow 3D-
Sp-COF spheres exhibited more than 2-fold specific capacitances
compared to solid 3D-Sp-COF spheres. The enhanced capaci-
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tance performance was attributed to more efficient ion transport
owing to the large surface areas and hollow spherical architec-
tures. Additionally, Wang et al. synthesized the hollow dioxin-
based COF (COF-316) microflowers featuring interconnected
hollow petals and ultra-thin porous walls, thereby capable of
being effectively linked with conductive polypyrrole (PPy) via
hydrogen bonds, and further forming unique “PPy to COF-316
to PPy” conductive networks [250]. The prepared COF-
316@PPy supercapacitor displayed excellent specific capacitance
(783.6 mF cm�2 at 3 mA cm�2) and long-term cycling stability (ca-
pacitance retention of 100% after 3400 cycles) stemming from
the enhanced charge transfer by hydrogen bond interaction.

To date, the studies on PIBs and SIBs are still in its infancy.
Integrating coordination metals and conjugated skeleton in
COFs is beneficial to specific capacitance and stability for super-
capacitor due to the faster ion transport and high electrical con-
ductivity [251]. However, parts of COFs are not suitable for
coordinating with metals when they served as cathode in LIBs,
which may have a serious impact on the battery. It is necessary
to optimize the crystal structures, stacking density and morphol-
ogy to increase the energy density of cathode materials. With
regards to anode materials, one of the main challenges is the long
life and high specific capacity. COFs should have good elec-
tronic/ionic conductivity, and be able to realize the reversible
deintercalation/intercalation process of metal ions (such as Li+,
Na+, and K+).
Correlation between COFs and gas/liquid adsorption
Adsorption is a phenomenon of a single or multiple component
fluid adhering to the inner and outer surfaces of porous solid
through physical and/or chemical interactions. The adsorption
abilities of porous solid stem from the interactions and/or bond
formation (e.g., van der Waals interactions, hydrogen bonds
and chemical bonds) on the absorbent surface. Chemical adsorp-
tion via chemical bonds is stronger than the physical adsorption,
which rely mainly on relatively weaker van der Waals forces and
hydrogen bonds. The adsorption performance is affected by the
specific surface areas, porosity, pore sizes, pore environments,
morphologies of the porous solid, properties of the adsorbate,
etc [252–254].

Porous COFs with high crystallinity and surface areas are con-
sidered ideal materials for gas or liquid phase adsorption. COFs
featuring reticular structures exhibit flexibility or breathability
during adsorption. Generally, the adsorption performance of
COFs is mainly dominated by the components and topologies
of their frameworks [255]. The integration of alkali metals into
COFs could enhance the gas adsorption capacity by improving
the interaction between functional sites and gas. 3D COFs with
interconnected apertures and numerous exposed functional sites
would also significantly improve adsorption [256,257]. One
interesting application is to use COFs for adsorption-driven heat
pumps (AHPs); to use the heat generated by adsorption to
achieve cooling or heating effects [258]. The equivalence of aver-
age adsorption enthalpy and evaporation enthalpy not only ben-
efit the favorable working capacity and lower adsorption step
positions, but also promote the performance of AHPs.



FIGURE 10

(a) Contact angles of water for COF-Fx and COF-42. (b) Scheme for the synthesis of COF-F6-H by doping H3PO4 into COF-F6. (c) Proton conductivities for COF-
Fx-H (42 wt% H3PO4). (d) Cycling performance and (f) rate capabilities of CTF-0 and CTF-1. Simulated K+ storage mechanisms in (e) CTF-0 and (g) CTF-1.
Reproduced with permission [240] and [248]. Copyright 2019, 2020, Royal Society of Chemistry.

R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume 53 d March 2022 RESEARCH
Pore size, shape and environment
Gas and liquid adsorption performances of COFs can be varied
by tailoring the pore size, shape and environment. Utilizing dif-
ferent functional groups can precisely control the chemical envi-
ronments of apertures to induce distinct selectivity to gases (e.g.
N2/CO2 [259] and Xe/Kr [260]). And differing functional groups
should occupy different space within the pore region to give a
difference in pore size. For instance, COF-(CF3)2 modified with
trifluoromethyl can adsorb fluorinated pesticides, such as triflu-
ralin (151 mg g�1) and fipronil (171 mg g�1) due to strong fluo-
rine–fluorine interactions [261]. It has been found that CO2

adsorption sites in COFs can be formed with different chemical
substrates, including –OH, �NO2 or even plain aromatic systems
[262,263]. The binding sites were usually situated at small pores
region, defects at the peripheral of large pores, or spaces between
stacked layers. Additionally, by adding oxidizing agents and
reducing agents, the hydroquinone and quinone in the frame-
work undergo reversible conversion while the COF retains its
crystallinity and porosity (Fig. 11a) [264]. This changes the pore
environment, which in turn varied the selective adsorption for
CO2/N2 mixture.

Porosity can arise from formed channels running along the
stacking path in 2D layered structures. The size of these channels
could be finely tuned by selecting appropriate linkers. He et al.
calculated that COF-1, among a series of boron- and imine-
based COFs (COF-1, COF-6, COF-8, COF-10, COF-102, MCOF-
1, COF-300, and COF-320), had outstanding adsorption selectiv-
ity of 1.92 at 298 K and 1 bar for C2H6 from a C2H6/C2H4 mixture
[265]. The selective C2H6 adsorption ability of COF-1 is attribu-
ted to the proper pore cavities (staggered interlayer structures)
and unique pore environments, in which many hydrogen bonds
and C–H� � �p interactions can be formed due to the interactions
of B3O3 groups and benzene rings with C2H6. Notably, COFs
composed of isomeric monomers usually have vastly different
structures and performances. Distinct topological structures give
various pore shapes and sizes, resulting in distinct selection and
separation properties [266]. However, the designs of COFs with
enhanced porosity and ultralow micropores are still very
challenges.

Hierarchical porosity
It is difficult for guest molecules to reach the inner surface due to
the highly stacked 2D structure and few interconnected pore
channels in the powder form. Interconnected hierarchical por-
ous system at nano- to macro-level improve the transport and
adsorption of target moiety [267]. Karak et al. manufactured
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COF–foams with hierarchical pores varying from lm to nm
(Fig. 11b) and distribution range of 67.5% for interconnected
pores (greater than 99% of the total pore volume) [252]. Com-
pared with the COF powder (3.1–82.7 lm), pores of COF–foam
have more volume fractions in the macroporous range (2.3–
390 lm) (Fig. 11c). The COF–foams (TpPa-2–foam) exhibited effi-
cient adsorption (96%-99%) for various pollutants (such as
Methylene Blue (MB), Acid Fuchsin (AF) and potassium perman-
ganate) in water within 10 s, much higher than that of TpPa-2
powder (70% within 2 h) (Fig. 11d). Various guests were also cap-
able of diffusing quickly over the interconnected pore network of
TpPa-2–foam due to the synergy of inducing ordered micropores
in irregular 3D architecture. Further, 3D-printing technology was
used to manufacture hierarchically porous COF-GO foams com-
posed of ordered macropores (1.5 mm to 2 cm), disordered meso-
pores and macropores (50 nm to 200 mm), as well as ordered
micropores (2–2.2 nm), with hierarchical pore size ranging from
10�9 to 10�3 to allow for continuous mass flow (Fig. 11e) [268].
Compared to the original COFs and powdered COF foams,
COF-GO foams exhibited excellent adsorption performance
and removal efficiency for different pollutants in water
(Fig. 11f). The interconnected macro-, meso-, and micropores
allow the access of guest molecules and provided many active
sites for guests to be adsorbed onto. Also, rich and well-
distributed interconnected large pores enhanced the flow of liq-
uid, thereby realizing efficient mass transport in addition to
adsorption.

Crystal size
Differing crystal sizes of COFs give distinct porosity, surface area,
accessible sites, crystallinity, structure anisotropy, etc., which
exert great influence on the adsorption behavior. In the N2 and
Ar adsorption, the overall absorption capacity of LZU-111 was
enhanced with increasing crystal size ranging from 200 nm to
30 lm (Fig. 12a) [269]. The nano-sized LZU-111 possessed frag-
mentary pores with numerous defects and lacked 3D spiral chan-
nels, resulting in easy blockage of pores and low gas adsorption.
Large LZU-111 crystals featured pore integrity, better anisotropy
and fewer defects, thereby providing more accessible sites for gas
binding (Fig. 12b). However, for flexible COF-300, the overall N2

and Ar absorption decreased as the crystal size increased from
500 nm to 30 lm (Fig. 12c), while the adsorption capacity for
CO2 was enhanced. It is difficult to stretched or compressed large
and rigid COF-300 crystals, leading to low inert gas adsorption
for N2 and Ar. On the other hand, COF-300 has weak interac-
tions with CO2, which induces significant structural transforma-
tion or phase transition via a reduced energy level pathway,
resulting in enhanced absorption for the gas (Fig. 12d). As such,
the scalability and flexibility of COFs crystals affect unique
adsorption selectivity for different substrates.

Dimensionality
In general, compared with 2D COFs, 3D COFs exhibit higher
adsorption capacity due to surface area along with interpenetrat-
ing networks and increased pore volumes, as well as numerous
exposed openly accessible sites to permit a hierarchical align-
ment of nanopores [270–273]. At 273 K and 298 K under
80 bar, the CO2 adsorption capacities of 3D-PdPor-COF were
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105.0 cm3 g�1 and 47.7 cm3 g�1 respectively, which were 3.1
and 2.4 times better than those of 2D-PdPor-COF [207]. The
orderly aligned unidirectional channels of 2D COFs are not con-
ducive for the diffusion and adsorption of guests. Transforming
2D COFs into 3D structures can effectively increasing the pore
permeability and mass transfer rates of substrates through the
framework, achieving rapid adsorption of guest molecules
[274]. By adopting a 3D configuration, guests were able to enter
the COF skeletons via both frontal and lateral routes, interacting
with the host in a more ordered and efficient manner.

Doped sites
Functional sites containing doped metal ions, such as lithium
and palladium, served as adsorption sites with stronger affinity
for gas, to improve gas storage capacity of COFs. Doping Li met-
als in nanoporous COFs gave excellent adsorption performance
of COF-102 and COF-105, with CO2 adsorption capacity of 409
and 344 mg g�1 respectively, at 298 K and 1 bar [275]. These were
approximately four to eight times enhancement compared to
COFs without ion doping, because of the strong affinity of posi-
tively charged Li ions and hydrogen. Similarly, introducing Eu
(III) into COOH-3D-COF can also improve adsorption capacity
(up to 211.4 mg g�1) for 9,10-phenanthrenequinone (PQ), with
higher PQ recovery rate (�97% vs �60%) compared to COOH-
3D-COF [276] The introduced Eu(III) interaction with the car-
bonyl of quinones, with the adjacent carbonyl oxygen in PQ
resulting in better synergistic chelation interaction.

The introduction of fluorine atoms into the framework is also
favorable to adsorption performance for organic pollutants from
water. Fluorinated COF (SCF-FCOF-1) with excellent crys-
tallinity, ultra-high porosity and surface areas (up to
2056 m2 g�1), as well as ordered channels with numerous fluo-
rine atoms, was generated for absorption of organic dyes [253].
The adsorption capacity of SCF-FCOF-1 for malachite green, crys-
tal violet and rhodamine B was 2701, 1106 and 1044 mg g�1,
respectively. The accessible and negatively charged fluorine
atoms within the framework enabled electrostatic attraction with
guest molecules.

Morphology
The morphologies of COFs largely affect the adsorption process.
Different morphologies lead to distinct surface area, porosity and
crystallinity in COFs. COFs with unique morphologies, such as
hollow structure and core–shell structure, can load macromolec-
ular enzymes to improve the stability and recyclability of expen-
sive enzymes under harsh conditions. Typically, the core–shell
COFs (Fe3O4@SiO2@TpPa-Ti

4+) with large surface areas and pore
volume, as well as doped magnetic titanium ions, were capable
of quickly and selectively adsorbing phosphopeptides with high
specificity (91.8%) [277]. Another COF (Fe3O4@COFs), with a
magnetic core–shell structure, had strong adsorption capacities
(82.3–95.4%) and recovery rates (92.9–109.5%) for triclosan
and triclocarban, due to the van der Waals forces, spatial embed-
ding effect and strong p–p stacking between COFs and guests
[254]. Various morphologies, including nanospheres (NS),
nanorods (NR), dense microcapsules (DMS) and hollow micro-
capsules (HMS) COFs, were obtained, with varying adsorption
performance [278]. Maximum adsorption capacities for hemo-



FIGURE 11

(a) Reversible crystal structure transformations between 3D-TPB-COF-HQ and 3D-TPB-COF-Q. Reproduced with permission [264]. Copyright 2020, Nature
Publishing Group. (b) Structure representation of disordered macropores present in COF foam matrix. (c) Comparison of pore-size distribution between the
COF–foam and COF. (d) Time-dependent removal efficiency of COF–foam and pristine COF. (e) Structure of 3D-printed TpBD foam. (f) Removal efficiency of
pollutant molecules by TpBD foam. Reprodued with permission [252] and [268]. Copyright 2019, 2020, American Chemical Society.
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globin of NS-, NR-, DMS-, and HMS-COF were 52.2, 166.12,
488.16, and 550.82 mg g�1, respectively. The unique hollow
microcapsule structure facilitates rapid and efficient adsorption,
due to surface adsorption through electrostatic attraction and
hydrogen bonding with the hemoglobin.

In addition, ionic COF (iCOF), fabricated by the introduction
of ionic components into the framework structure, endows COFs
with favorable adsorption capacity for gas molecules and metal
ions [279,280]. Controlling the amount of surface charge in
iCOFs may change the binding capacity of guests (such as chro-
mium(VI)) [281]. However, the strong charge repulsion between
adjacent layers of iCOF is not suitable for forming highly crys-
talline products, affecting the porosity, surface area, channels
and exposed binding sites for molecule diffusion. Cationic knot
could be utilized to modulate the planarity, and thus improving
p-p stacking interactions in iCOFs [282], which partly counter-
acts the electrostatic repulsive force between cationic sites, and
significantly reduce interlayer spacing to form crystalline iCOF.
127



FIGURE 12

N2 adsorption–desorption isotherms for different-sized (a) LZU-111 and (c) COF-300. Diverse crystal size effects of (b) LZU-111 and (d) COF-300. Reproduced
with permission [269]. Copyright 2020, Nature Publishing Group.
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Highly crystalline iCOF with regular channels and porosity
allows for sufficient molecular diffusion, resulting in faster
kinetics.
Correlation between COFs and membrane/film
separation
Although traditional separation techniques such as distillation,
crystallization and purification have played an important role
in industry, they are usually required high energy consumption.
Membranes capable of selective separation for the purification
and concentration of substance from different components
allow for environmentally sustainable facile and efficient pro-
cessing of chemicals [57]. The sieving of gases, ions, and mole-
cules usually consider comprehensive factors such as
permeability and selectivity, chemical and thermal stability, as
well as cost and energy consumption. In contrast to amorphous
polymers-based membranes with poorly ordered and pore chan-
nels, COFs, with uniform sized, dense and aligned pores, are
more efficient selective separation membranes [51]. COF mem-
branes are frequently used for proton exchange in fuel cells
and gas/liquid phase separation. The applications of COF mem-
branes for reverse osmosis (RO), ultrafiltration (UF), nanofiltra-
tion (NF), etc. rely on the pore size, mechanical and chemical
stability of COFs. Separation performance of COF membranes
is related to hydrophilicity/hydrophobicity, proton conductivity,
surface charge and membrane arrangement [51,283].
128
Pore size
Pore size of COF-based membrane is one of the main factors
affecting the separation capability for guest molecules. COF-
based membranes with different pore sizes can effectively sepa-
rate substances based on size exclusion, which can be applied
to different practical applications. The aperture of COF-based
membranes can be tuned by symmetry, type and connectivity
of the linkers, or side chain engineering and chain length modi-
fication, allowing for the separation of a variety of guest mole-
cules with different volumes. The pore sizes of COFs decrease
while the hydrophobicity of the membranes increases with
increasing the length of alkyl side chains. The smaller pore size
and larger hydrophobicity of COFs reduced the solvent perme-
ance of COFs membrane (e.g. water, ethanol, methanol and hex-
ane) while improving the selectivity for dyes (such as
Rhodamine-WT, direct black, reactive black, vitamin B-12 and
reactive green 19) [284,285]. Comparatively, it was demonstrated
that as the length of the alkyl spacers (ethyl, butyl, hexyl)
increased, anions (e.g., chloride and hydroxide ions) conductiv-
ity of their corresponding COF membranes decreases [286], due
to decreasing effective pore sizes (Fig. 13a-c). Interestingly, using
diethyl ether organic spacer in COF membranes could lower the
resistance to anion conduction, due to the hydrophilicity and
flexibility of diethyl ether spacers. Thus, anion conductivity
can be improved by using a shorter and more hydrophilic spacer,
via side chain engineering to tune the pore sizes and hydropho-
bicity/hydrophilicity of COF membranes.



R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume 53 d March 2022 RESEARCH
Stacking number and mode of COF layers
The stacking between COF layers (pure COFs, COFs/COFs and
COFs/other materials) is important to the pore size and robust-
ness of COF-based membranes, which gives rise to varying selec-
tivity in gas separation, water transport and ion rejections. For
the transport behaviors for water and salt ions, the TpPa-1 mono-
layers with pore size of ca. 1.58 nm showed higher water perme-
ance and lower rejection to ions compared to layered TpPa-1,
attributed to frictional forces arising from the electrostatic inter-
actions between hydrophilic atoms within layered TpPa-1 and
water molecules hindered water transport [287]. Compared to
fully eclipsed-stacked TpPa-1, the permeance of offset-eclipsed
TpPa-1 was lowered due to the reduction in pore sizes from
1.58 to 0.89 nm, while MgCl2 rejection was enhanced from 42
to 100% (Fig. 13d-f). Moreover, Fan et al. prepared COF-LZU1–
ACOF-1 bilayer composite membranes using COF-LZU1, with
pore size of �1.8 nm, and ACOF-1, with pore size of �0.94 nm
[288]. Compared to pure COF-LZU1 membrane and pure
ACOF-1 membrane, the COF-LZU1–ACOF-1 bilayer membrane
has a much higher mixed gas separation factor of 24.2, 83.9
and 100.2 for equimolar H2/CO2, H2/N2, and H2/CH4 gas mix-
tures, respectively. The staggered pore networks, with pore sizes
of 0.3–0.5 nm, formed at interconnected regions between two
COFs improve the separation selectivity of COF-LZU1–ACOF-1
bilayer membrane.

In addition, by forming TpPa COF layers, with inherent
nanochannels of 1.83 nm, on anodic aluminum oxide (AAO)
substrates, with 20 nm pore sizes, TpPa-AAO composite mem-
branes were fabricated for UF and NF applications [289]. Due to
inter-growth of TpPa crystallites, the pore size of the staggered
channels decreased, which effectively removed dye molecules
larger than 1.3 nm (i.e., AF). The pore sizes of both pure COFs
and overall COF-based membranes have an impact on the sol-
vent permeances andmolecular rejections of membranes. Briefly,
integration of pore surface engineering and modulation of spac-
ing between COF layers are promising research directions for the
future in the field of membrane separation.

Wetting
Hydrophilicity allows water molecules to rapidly diffuse across
membranes and mitigates surface fouling. Hydrogen bonds are
usually formed with water molecules, which aid the transfer
and flux of water molecules. The linkages (such as imine-
linkage, ketoenamine-linkage and triazine-linkage) and func-
tional groups (such as –NH2, –OH, and –COOH groups and poly-
ethylene glycol monomethyl ether) determine the
hydrophilicity of the COFs-based membrane [290–292]. It has
been proved that b-ketoamine-linked TAPA-TFP-COF and
imine-linked TAPA-TFB-COF membranes possessed varying sol-
vent permeability [293]. TAPA-TFP-COF membranes have more
affinity for polar solvents, due to the relatively hydrophilic chan-
nels and polar covalent bonds of N–H and C=O on the frame-
work structure. Conversely, TAPA-TFB-COF membrane bearing
hydrophobic channels showed higher permeability to nonpolar
solvents. Amine-rich COFs (SNW-1) were proposed into polya-
mide layer to improve its hydrophilicity [294]. Compared with
pristine polyamide membrane, the water flux of SNW-1 modified
membranes increased by 92%. This has huge implication for the
resultant composite to be used for water desalination applica-
tion. Notably, hydrophobic COFs can also be used to modify
the wettability to enhance oil–water separation performance.
Decoration of isopropyl groups on COF skeletons significantly
improve COF stability, due to the strong hydrophobicity of alkyl
group incorporated [295]. Hydrophobic JUC-530 and JUC-531
exhibited excellent separation performance (> 99%) and separa-
tion stability (at least 30 cycles) for a wide pH range (pH 1–14)
in CH2Cl2/water separation.

Doped functional sites
Various functional sites can be introduced into COF membranes
to enhance the interaction with guest molecules. Chiral b-
cyclodextrin (b-CD) was used to modify the channel of COFs
[296]. The resulted COF mixed matrix membranes (MMMs) exhi-
bit enantioselective for the transmembrane transport of L-
histidine (L-His). The uniform 1D channels with b-CD loading
in COF MMMs, which could selectively adsorb L-His via hydro-
gen bonding, was the reason for the selectivity to L-His. Func-
tional sites loading in wall not only affects the pore size of the
COFs, but also varied the interlayer stacking and distance. This
study inspires the use of specific functional groups for modifica-
tion of COF nanochannels to enable selectively separate of
unique substances.

Furthermore, COFs is an ideal support for loading metal ion
carriers to facilitate transport membrane. The loaded metal ion
carrier and metal-binding sites located on the walls of COFs
lower the resistance and facilitate the transport process inside
the porous structures [297]. After loading metal ion carriers
(Ag+, Cu2+, and Ni2+) onto the pore walls of 2D CONs (TpHz,
TpPa and TpBD), the formed transport membranes facilitated
for the thiophenes removal from gasoline (Ag+ > Cu2+ > Ni2+)
[298]. The Ag+ loaded on the pore wall of TpHz nanosheets gen-
erates thiophene-philic microdomains with strong p-
complexation with thiophene molecules. The octane sorption
capacity of the facilitated transport membrane containing
macropores for was enhanced, but not for thiophene, in TpPa
and TpBD with different pore sizes (1.8 nm and 2.3 nm, respec-
tively). Large pore weakens the sorption selectivity, but it also
reduces the collision between the pore wall and thiophene.
Therefore, increasing the pore size may enhance the adsorption
capacity via sacrificing the selectivity.

Although existing COF membranes can effectively separate
macromolecules, hydrated ions in solution, drugs, dyes and so
on [299,300], they are not suitable for the separation of ordinary
gas molecules with a kinetic diameter of 0.25–0.5 nm, since the
intrinsic pore diameters are usually larger (0.64–5.8 nm) [301].
However, the regular interlayer spacing of 2D COFs varying from
0.3 to 0.4 nm [302], which is comparable to the size of common
gas molecules. COF membranes should better selectivity, as well
as molecular transfer rate, when straight interlayer channels are
utilized for gas separation instead [303]. The straight interlayer
channels in COFs provided precise size exclusion for gas separa-
tion, but vertically arranged COF membranes is difficult to man-
ufacture and the modulation of their thickness is a challenge.
Moreover, several limitations in membrane construction using
COFs, such as cracks, thickness and the trade-off relationship
between permeance and selectivity, still impede the progress of
129



FIGURE 13

(a) Pore channels and theoretical effective pore sizes of COF-QAs with alkyl spacers. (b) Comparison of chloride ion conductivity for COF-QAs membranes at
30 �C and 100% RH. (c) Temperature-dependent hydroxide ion conductivity of COF-QAs membranes under 100% RH. Reproduced with permission [286].
Copyright 2020, John Wiley & Sons, Inc. (d) Multilayered TpPa-1 structures before and after energy optimization. (e) Permeance and MgCl2 rejection of
multilayered TpPa-1 as a function of the number of layers present. (f) Resistance as a function of length for TpPa-1. Reproduced with permission [287].
Copyright 2019, American Chemical Society.
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the field. Although a screen-printing method to directly fabricate
cracks-free and thickness-tunable COF membranes has been pro-
posed [304], there may still be obstacles in the transition of inter-
face manufacturing technology from flat membranes to hollow
fibers.
Summary and outlook
COFs have been widely used in various applications, such as
catalysis, energy storage, sensing, adsorption, membrane separa-
tion, and phototherapy, due to their porous structure, with
favorable surface area for rich reaction sites, large pore volumes
for accessibility, high potential for guest molecules loading and
tunable pore environment for mass transfer/diffusion. The
nano/microstructures of COF materials serve important roles in
optimizing the resultant performance. Thus, it is significant to
study how to properly control and modulate the nano/mi-
crostructures of COFs. In this review, chemical and synthetic
routes for conventional, novel and large-scale preparation of
COFs were illustrated and correlations between structural charac-
teristics and application performances were evaluated. Various
factors were discussed, including composition, pore size, shape,
pore environment, crystallinity, metal coordination, layered
structures, stacking modes, dimensionality, linkage, morphology
etc. Tunable structural characteristics of COF materials and their
improvement in performances for various applications were ana-
lyzed. At the same time, highlighting structural-performance cor-
relations also provide useful feedbacks on structural design to
prepare unique COFs of various functions. As such, systematic
understanding of structure-performance correlations guides
rational design of novel COFs for the exploration of new applica-
130
tions and facilitates the integration of solid state physics, crystal-
lography, organic chemistry and materials science.

The future for COFs with different structures and properties
still faces several important challenges, which are summarized
as follow:

(1) Mechanisms for the formation of 2D imine-linked COFs
are still disputable. It was previously proposed that the
crystalline networks were formed initially from amorphous
polymers that underwent correction via repeated bond
cleavages and formations for several days [305]. Con-
versely, new studies have showed that imine-linked COFs
rapidly aggregate into crystalline sheets, before reorganiza-
tion to form stacked structures [306]. More experiments
and characterization are necessary to draw a congruent
conclusion for the theory of COF formation.

(2) It is very necessary to develop a universal method that can
manufacture various single-crystal COFs. More effective
characterization techniques are also urgently needed.

(3) At present, it is still challenging to synthesize specific
frameworks in sequence, and some problems such as
framework interpenetration or polymorphism may exist
through bottom-up design. High cost, low yield and com-
plex synthesis process are also key issues. Therefore, con-
trolling the framework growth and clean, economical,
and operable synthesis methods should be developed to
reduce costs and increase yields.

(4) Although many investigations have been carried out on
the development of COF nanocrystals (nano-COFs),
achieving high-crystallinity and suitable size are still major
challenges to be overcome. These limitations impede the
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investigation of structure-performance relationships in
their applications. Also, more efforts can be put on the
construction of organic–inorganic hybrids and heteroge-
neous COFs.

(5) Topology of COF determines the geometry and channel
size, affecting the overall lattice, stability, conjugated struc-
ture, optical band gap, and carrier migration. This impor-
tant aspect is rarely investigated in relation to COF
performance.

(6) Interactions of photons or electrons with mono-, multi-
layer or bulk COFs are crucial for the development of por-
ous electrode and sensor. However, there is a huge gap in
current understanding for the correlation of structure-
battery performance, especially how crystallinity, inter-
layer interaction, pore size and dimension impact eventual
applications.

(7) In the field of membrane/films separation, the simultane-
ous need for a membrane with enhanced ion rejection
and high membrane flux is proved to be difficult to resolve.
It may be achieved with insightful perspectives to fine tune
the ionization, polarity and functionality of membrane
fabricated. In addition, the behavior and interaction of
guest molecules with surface/interface needs to be better
understood.

(8) Most correlations on structure-performance are qualita-
tively focused. Therefore, it would be more preferable to
have more quantitative studies to effectively compare
results obtained.

(9) There are still rooms for understanding mechanical proper-
ties of COFs. Reducing disorders and wrinkles of COFs via
tuning synthetic conditions can significantly improve
mechanical properties. Thus, it is necessary to study the
compressive strength, crystal size and interlayer stacking
within COF structures.

(10) Except the above applications, it is promising to explore
new applications, such as heat or sound insulation,
sequential drug release, etc.

The crux and fundamental studies of thermodynamics, elec-
tronics, photosynthesis and theoretical models related to COFs
are still under heavy and exciting development. In-depth study
of COFs material about the synthesis-structure-performance rela-
tionships is expected to provide specific and systematic guidance
for the translation to practically usable products under applica-
tion conditions.
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