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a b s t r a c t 

Covalent organic frameworks (COFs) have emerged as an interesting class of crystalline porous materials with 
desirable properties (such as highly ordered porosity, structural versatility, high chemical and thermal stabilities, 
and facile surface modification) and a broad range of potential applications. This critical review is aimed at 
providing insight into design strategies and synthetic methodologies for COFs. Unlike previous reviews on COFs, 
this article also focuses on the characterization of COFs, which is important for understanding the physical and 
chemical properties of COFs that are essential for practical applications. Furthermore, this review highlights 
the applications of COFs in various fields, including catalysis, photovoltaic devices, sensors, supercapacitors, 
wastewater treatment, biomedicine, chromatographic and spectroscopic analyses, and gas separation and storage. 
Lastly, perspectives on future directions and challenges associated with COFs are provided. 
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. Introduction 

Covalent organic frameworks (COFs) are an emerging class of crys-
alline porous organic materials based on covalently bonded building
locks comprising light elements (e.g., C, H, O, N and B), which are inter-
onnected to form extended two-dimensional (2D) or three-dimensional
3D) architectures [1] . Recently, considerable attention has been fo-
used on the intriguing properties of COFs, which include highly or-
ered porosity, structural versatility, high chemical and thermal stabil-
ties, and facile surface modification [ 1 , 2 ]. As a type of organic poly-
er, COFs are commonly synthesized via the reversible condensation of

uilding blocks, resulting in long-range-ordered highly crystalline struc-
ures with self-healing properties and high thermal and chemical stabili-
ies. The excellent chemical stability of COFs has been attributed to their
etal-free structures and pure covalently bonded nature. 

Similar to COFs, conjugated microporous polymers (CMPs) are also
eticular organic materials containing rigid backbones and permanent
ores with potential applicability for organic solvent nanofiltration.
owever, COFs are highly crystalline, whereas CMPs have amorphous
D networks owing to rotation around the π-conjugated bonds in their
keleton structures [3–6] . Furthermore, unlike COFs, which are fab-
icated using covalently bonded building blocks containing light ele-
ents, CMPs are based on all-rigid porous frameworks composed solely

f chemically inert C–H and C–C bonds [ 3 , 4 , 7-9 ]. 
Both COFs and their counterpart supramolecular organic frameworks

SOFs) are free from biotoxic metals. Nevertheless, unlike metal–organic
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rameworks (MOFs), COFs and SOFs typically exhibit weak phospho-
escence owing to insufficient spin–orbital coupling and the rapid non-
adiative decay of triplet excitons. However, COFs have highly sta-
le porous structures, whereas the periodic porous architectures of
OFs comprise organic units linked through supramolecular interactions
 10 , 11 ]. 

The first classes of porous nanomaterials to be reported were MOFs
nd zeolitic imidazolate frameworks (ZIFs), which consist of metal
on–organic ligand structures with coordinative bonds [ 1 , 2 , 12-14 ].
ompared with inorganic zeolites and other porous silica-based ma-
erials, COFs exhibit enhanced porosities. COFs also have organic
etal-free structures, well-defined topologies, low mass densities, per-
anent porosity, excellent thermal resistance, and structural diversity.
oreover, the strong covalent bonds in COFs impart exceptional sta-

ility in organic and aqueous solvents [ 15 , 16 ]. In addition, π-stacking
nteractions and hydrogen bonds strengthen the porous skeletons of
OFs, providing protection from hydrolysis and solvation. Owing to
hese advantageous properties, COFs have been applied in catalysis,
as adsorption and separation, optoelectronics, sensing, energy storage,
nd ion conduction [17–20] . 

Recently, numerous novel COFs with ordered honeycomb struc-
ures have been achieved by introducing diverse building blocks. This
rogress has driven improvements in facile strategies for constructing
ree-standing and flexible COF membranes via liquid–liquid interface-
onfined chemical reactions at atmospheric pressure and ambient tem-
erature [17] . For COF membranes fabricated by this procedure, prop-
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rties such as aperture size and channel chemistry can be controlled
y bridging the molecular building blocks using strong covalent bonds.
onetheless, most COFs are prepared via the thermodynamically favor-
ble reversible polymerization of monomers containing light elements
e.g., C, H, O, N, and B), resulting in highly crystalline frameworks
ith long-range 2D or 3D order owing to robust covalent bonds be-

ween the monomeric building blocks [ 15 , 21-23 ]. The fabrication of
 2D or 3D COF network depends on the geometries of the molecular
recursors and their ability to form stacked or interconnected structure
24] . In this review, in-depth insight is provided into the design strate-
ies, synthetic methodologies, and applications of COFs. Furthermore,
haracterization techniques for determining the properties of COFs
re discussed in detail, as this topic has been overlooked in previous
eports. 

. Design strategies 

The fabrication of COFs has been based on achieving properties that
re crucial for the desired application. For instance, the utilization of
OFs for water treatment operations requires suitable pore sizes, hy-
rophilicity, a high surface area, and stability in water, which is partic-
larly challenging. Therefore, the choice of design strategy and fabri-
ation method is crucial for obtaining COFs with tailored properties.
enerally, COFs are designed using either a bottom-up or top-down

trategy. Reported bottom-up strategies include interfacial, solvother-
al, and room-temperature vapor-assisted conversion synthesis meth-

ds. Top-down strategies typically involve solvent-assisted exfoliation,
hemical exfoliation, and mechanical delamination or self-exfoliation. 

.1. Enhancing the stability of COFs 

The first COFs based on boroxine and boronate ester linkages (COF-
 and COF-2, respectively) exhibit poor stability in aqueous solu-
ion owing to the reversibility of the dehydration reactions [ 2 , 10 ].
onsequently, nucleophilic attack on the boron sites of boroxine-

inked COF-1 and boronate ester-linked COF-2 results in decomposi-
ion [ 25 , 26 ]. In contrast, imine-linked COFs exhibit superior water sta-
ility, which has been attributed to their electron-rich structural net-
orks [27] . For example, with limited porosity and low crystallinity,

mine-linked 3D COF-300, which is based on the same principle of
riazine-, hydrazine-, and azine-linked COFs, displays improved aqueous
tability [26–28] . 

Intramolecular hydrogen bonding has also been found to improve
he aqueous stability of COFs. Furthermore, the conversion of linkages is
n alternative strategy for increasing the aqueous stability of COFs. For
xample, direct oxidation can convert the imine linkages of COFs into
mide linkages, which are expected to provide improved aqueous sta-
ility under basic and acidic conditions [29] . Lastly, combining water-
urable materials with COFs has been suggested to improve the aqueous
tability of the fabricated composites. Owing to its stability in aqueous
olution, graphene oxide (GO) has been used to functionalize COFs, re-
ulting in a water-stable graphene-synergized (GS)-COF composite [30] .

.2. Adjusting the pore size of COFs 

The pore size is a key characteristic for determining the applications
f COFs. Thus, to produce ideal COFs for a range of applications, the
ore size should be considered during the design and fabrication stages.
OFs with controlled pore sizes can be realized using two strategies:
irect synthesis and post-modification [2] . The direct synthesis method
nvolves the use of various organic linkers with different structures and
engths. For instance, COF-1, which was manufactured using diboronic
cid (BDBA), had a pore size of 1.5 nm, whereas a COF directly synthe-
ized using 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and BDBA
xhibited a pore size of 2.7 nm [ 2 , 10 ]. 
37
In the post-modification approach, the pore sizes of COFs are
djusted by selectively introducing side functional groups into the
tructural network. For example, post-modification was used to obtain
%RTrz COF-5, which had a smaller pore size than COF-5 [31] . In
ddition, annealing has been utilized as a post-modification strategy
o adjust the porosity, pore sizes, and surface areas of COFs. For in-
tance, carbon fibers can be annealed to obtain various micropore and
esoporous ratios and this post-modification approach can enhance

he overall efficiency of COFs [10] . As another post-modification
trategy, the topology-directed growth and pore-surface engineering
f COF walls and functionalities can be used to adjust pore sizes.
n the pore-surface engineering strategy, multicomponent reactions
nd multistep synthesis are carried out using alkene-, alkyne-, azide-,
r phenol-functionalized building blocks that can undergo further
uantitative reactions to generate pore surfaces with desirable func-
ionalities [ 32 , 33 ]. The pore-surface engineering strategy is limited
y the flexible and adaptive nature of the appended groups. Thus,
 two-stage topology-directed growth process was developed to in-
ert additional rigid building blocks with appropriate symmetries
nd dimensions to divide a mesopore into several micropores or
ltramicropores. The corresponding one-stage synthetic method uti-
izing three building blocks was unsuccessful, as shown in Fig. 1 (b)
33] . However, topology-directed growth was achieved by anchoring
econdary active sites on the linkers in boronic ester-linked DBAAn-
TBA-COF in the post-synthetic route as shown in Fig. 1 (a). This
OF was synthesized via a solvothermal condensation reaction using
,3,5-benzenetriboronic acid (BTBA) as the vertices and 4,4 ′ -(2,3,6,7-
etrahydroxyanthracene-9,10-diyl)dibenzaldehyde (DBAAn) as linkers.
ompared with the parent network (hexagonal-shaped Ph-An-COF),
oronic ester-linked DBAAn-BTBA-COF exhibited a hexagonal skeleton
ith benzene as the corners and aldehyde-appended anthracene as

he walls. Further, based on symmetry and dimension matching,
examinophenyl benzene (HAPB) was deployed as a pore partition in
BAAn-BTBA-COF as shown in Figs. 1 (c)(d) and Figs. 2 (a)–(c). Notably,
BAAn-BTBA-HAPB-COF had a pore size of 6.5 Å, whereas the pore

izes of DBAAn-BTBA-COF were 10 and 29 Å, respectively, as shown in
igs. 2 (d)(e), (f)(g) and (h)(i) [33] . 

Furthermore, crystal-size-controlled synthesis can be used to adjust
he pore size of COFs, which influences the properties and applications
f these materials. For LZU-111, which is characterized by rigid spi-
al channels, the crystal size controls the pore surface area by influ-
ncing the pore integrity. In contrast, for COF-300, which is flexible
ith straight channels, the crystal size affects the structural flexibility
y changing the number of repeating units and thus influencing the sorp-
ion selectivity [34] . 

LZU-111 crystals with a size of 200 nm were fabricated by directly
ixing the building units without a modulator to achieve fast nucleation

nd crystallization of tiny crystals. The incorporation of different quan-
ities of modulator controlled the degree of nucleation inhibition and
rowth controlling forces to decrease the crystallization rate, resulting in
he formation of LZU-111 single crystals of various sizes. Furthermore,
ariable-temperature heating accelerated crystal growth to produce 30
m LZU-111 within 10 days, whereas previous crystal growth methods
roduced 60 μm LZU-111 in tens of days [34] . 

Although LZU-111 and COF-300 both have tetrahedral nodes, their
tructures have different types of channels and framework motilities
 Fig. 3 (a)). LZU-111 crystallizes in the hexagonal system with a 3-fold
nterlocked lonsdaleite topology (lon-b-c3, Fig. 3 (b)), whereas COF-
00 crystallizes in the tetragonal system with a 7-fold interpenetrated
iamond topology (dia-c7, Fig. 3 (c)). Further, LZU-111 contains 3D
piral channels and a rigid framework ( Fig. 3 (d)) that does not un-
ergo significant structural changes upon the incorporation of guest
olecules (e.g., N2 and 1,4-dioxane). In comparison, COF-300 has one-
imensional (1D) straight channels in a flexible framework that can
dapt to guest molecules by forming contracted or expanded phases
 Fig. 3 (e)) [34] . 
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Fig. 1. (a) Post-synthetic route for DBAAn-BTBA-COF and DBAAn-BTBA-HAPB-COF, (b) one-pot synthetic route for DBAAn-BTBA-COF, (c) schematic diagram of 
DBAAn-BTBA-COF, and (d) schematic diagram of DBAAn-BTBA-HAPB-COF. Adapted from [33] under a Creative Commons license (CC BY 4.0). 

38
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Fig. 2. (a)–(c) Structures of Ph-An-COF, DBAAn-BTBA-COF, and DBAAn-BTBA-HAPB-COF; top and side views of the van der Waals surfaces related to the 1D channels 
through (d)(e) Ph-An-COF, (f)(g) DBAAn-BTBA-COF, and (h)(i) DBAAn-BTBA-HAPB-COF. Adapted from [33] under a Creative Commons license (CC BY 4.0). 
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Table 1 

Organic linkers frequently used as building blocks for COFs [39] 

Name Abbreviation 

Triphenylamine TPA 
benzidine BD 
terephthalic dihydrazide TPDH 

o -tolidine BD-Me2 

2,3,5,6-tetrafluoroterephthalaldehyde TFTA 
[1,1 ′ -biphenyl]-4,4 ′ -dicarbaldehyde BPDA 
1,3,5-triformylphloroglucinol Tp 
5,5 ′ -diamino-2,2 ′ -bipyridine Bpy 
trimesoyl chloride TMC 
2,6-diaminoanthraquinone DAAQ 

1,3,5-triformylbenzene TFB, Tb 
1,4-diaminobenzene DAB 
terephthaldicarboxaldehyde TPDA 
2,5-dihydroxyterephthaldehyde DHTA 
1,3,5-tris(4-aminophenyl)benzene TAPB 
2,5-dimethoxyterephthaldehyde DMTP 
2,4,6-tris(4-aminophenyl)-1,3,5-triazine TAPT 
4,4 ′ ,4 ′′ ,4 ′′′ -(ethane-1,1,2,2-tetrayl)tetraaniline ETTA 
1,3,5-tris( p -formylphenyl)benzene TFPB 
p -phenylenediamine Pa-1 
tetra(4-anilyl)methane TAM 

w  

i  

i  

p  
.3. Functionalizing the structural networks of COFs 

Functionalization, which is usually achieved by bottom-up synthesis
r post-synthesis modification, can provide COFs with improved prop-
rties, such as the surface charge and hydrophilicity. Functional groups
an be directly incorporated into the building units during the synthesis
f COFs to yield COF-based hybrids or composites. The introduction of
helating groups is essential when synthesizing COFs that will be applied
or the removal of metal ions [ 10 , 35 ]. Similarly, the surface charges of
OFs should be considered for separation and adsorption applications.
or instance, carboxyl functional groups can be incorporated into the
tructural network of COFs to impart the surface with a negative charge,
hereby enhancing the ion rejection capacity of COFs [ 25 , 35 ]. 

COF nanosheets have been shown to have reduced mechanical
trength because the interlamellar π–π interactions are weak. The me-
hanical strength of these nanosheets can be improved by combining
orous 2D COFs with flexible and strong substrates, such as polyacry-
onitrile (PAN) or carbon nanofiber. This design strategy has been found
o improve the separation performance and mechanical strength of COF
embranes owing to the synergetic effect of the properties of the sub-

trate and COF membrane [36] . 
It should be emphasized as shown in Table 1 , that the selection of ma-

erials for fabricating COF-based hybrids depends on the intended appli-
ation. For instance, COF particles embedded in cross-linked polyamide
an function as a selective layer during water treatment operations, in-
luding dye removal and seawater desalination. For ultrafiltration ap-
lications, design strategies such as graphene integration into COF thin
lms can improve desirable properties such as separation ability and
 e

39
ater stability [37] . In addition, wood, which has high hydrophilic-
ty, porous internal water transport pathways, low thermal conductiv-
ty, and low density, can be combined with a COF, which functions as
hotothermal material, to produce a wood@COF composite with a high
vaporation efficiency for solar steam generation [38] . 
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Fig. 3. (a) Synthetic routes and SXRD structures of LZU-111 and COF-300 (C, gray; Si, orange; N, blue; H is omitted for simplicity). LZU-111 consists of tetrakis(4- 
aminophenyl)methane (TAM) and tetrakis(4-formylphenyl)silane (TFS), whereas COF-300 consists of TAM and terephthaldehyde (BDA), (b) the lon-b net adopted 
by LZU-111 with characteristic 3-fold interlocking, (c) dia net adopted by COF-300 with 7-fold interweaving, which provides structural flexibility for guest inclusion 
and removal, (d) LZU-111 structure with 3D spiral channels, and (e) COF-300 structure with 1D channels that can contract and expand. Adapted from [34] under a 
Creative Commons license (CC BY 4.0). 
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.3.1. Hybridization of COFs 

The hybridization technique has been employed to fabricate COF-
ased composites or hybrids, which exhibit improved properties com-
ared with their precursors. The hybridization technique is considered
n effective approach for regulating and adjusting the pore structure
f COF membranes by incorporating ultramicroporous MOFs or ZIFs to
orm MOF/COF and ZIF/COF hybrids. For example, the ZIF/COF hy-
rid formed by incorporating ZIF-67 into TpPa-1 had a pore size range
f 0.29–0.5 nm, whereas TpPa-1 alone exhibited a larger pore size of
.83 nm [32] . 

.3.1.1. Metal-based COF composites. 

.3.1.1.1. Silicon dioxide–COF composites. 

With the aim of fabricating COFs with desirable properties, strate-
ies for growing uniform COF shells on SiO2 microspheres have been
eveloped. As a representative example, uniform core–shell COF@SiO2 
icrospheres were fabricated using spherical 5 μm amino silica (SiO2 -
H2 ) as both the core and a source of amino groups for the reaction with
,3,5-triformylphloroglucinol (Tp) to achieve controllable shell growth
 39 , 40 ]. Subsequently, benzidine (BD) was reacted with SiO2 -Tp to fab-
icate a TpBD shell on the SiO2 core [40] . In another significant example,
 3D COF was synthesized on SiO2 by refluxing SiO2 -NH2 with tereph-
haldehyde (TPDA) and tetra(4-anilyl)methane (TAM) over several cy-
les to yield polymer@SiO2 , which was transformed into structurally
rdered COF-300@SiO2 under solvothermal conditions [41] . 
.3.1.1.2. Iron oxide–COF composites. 

Among metal-based COF composites, magnetic composites based
n iron oxide nanoparticles (NPs) have been widely investigated ow-
ng to their remarkable magnetic properties, which allow rapid sep-
ration under an external magnetic field, high chemical and thermal
40
tabilities, and biocompatibility [39] . In a typical synthetic procedure
or an Fe3 O4 -COF nanocomposite, Fe3 O4 NPs were synthesized and
hen applied to modify the surface of the COF using amino func-
ionalities as anchoring groups [ 39 , 42 ]. In addition, magnetic COFs
MCOFs) were fabricated by sequentially modifying Fe3 O4 NPs with
3-aminopropyl)trimethoxysilane and tetraethyl orthosilicate to obtain
NP-NH2 , which was then incorporated into the structural network of
 COF to yield MCOF-1, MCOF-2, MCOF-3, MCOF-4 containing 50, 10,
50, and 200 mg of MNP-NH2 , respectively [43] . 
.3.1.1.3. Aluminum oxide–COF composites. 

The surface modification of a porous 𝛼-Al2 O3 ceramic
ith (3-aminopropyl)triethoxysilane (APTES) followed by 4-

ormyphenylboronic acid treatment was used to fabricate 𝛼-Al2 O3 -
unctionalized COF-5 [ 39 , 44 , 45 ]. Using a similar procedure under
olvothermal conditions, an imine-based 3D COF-320 with good struc-
ural stability was grown on an 𝛼-Al2 O3 ceramic support. Furthermore,
n 𝛼-Al2 O3 -COF consisting of a high-grade imine-linked COF-LZU1
embrane supported on 𝛼-Al2 O3 tubes, was fabricated to achieve good

hermal and chemical stabilities [46] . Recently, 2D COF layers were
rown within the skeletal framework of a vertical aligned CoAl layered
ouble hydroxide, which functioned as a template for the fabrication
f COF-LZU1 [ 46 , 47 ]. 
.3.1.1.4. Other metal-based COF composites. 

Progress has also been made in the fabrication of other metal-based
OFs composites, such as Co3 O4 -COF, which consisted of aggregated
articles covered by a smooth COF shell with a thickness of 15–35 nm
39] . Moreover, covalent bonding was achieved between Ti and TpBD
OF. TiO2 nanotube arrays provided Ti-OH moieties that were modified
ith APTES and then functionalized with Tp to grow TpBD COF under

olvothermal conditions. The fabricated TiO -TpBD COF composite con-
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Fig. 4. Boroxine linkage of COFs. 
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isted of fibers with spherical structures on the surface and a Ti coating
ith a thickness of 15–20 μm [48] . 

A Pd/COF composite was prepared by diffusing [Pd( 𝜂3 -C3 H5 )( 𝜂5 -

5 H5 )] as a volatile precursor into porous COF-102 followed by UV-
ight irradiation to form Pd NPs. The average size of the Pd NPs (2.4 ±
.5 nm) was larger than the pore diameter of COF-102 (0.9 nm) [49] .
evertheless, as the structure and crystalline network were maintained,

he growth of the Pd NPs was proposed to involve pore alignment [49] .
n another example, Pd(OAc)2 was utilized as a precursor for loading Pd
Ps into the framework of TpPa-1 to fabricate a Pd/TpPa-1 composite.
imilarly, as a metal precursor that interacts with oxygen and nitrogen
toms, HAuCl4 was used to synthesize an Au/TpPa-1 composite [ 50 , 51 ].

In addition, Au NPs were immobilized on TAPB-DMTP COF via elec-
rostatic interactions with unsaturated amino groups on the COF surface
o fabricate an Au/TAPB-DMTP composite that retained the crystalline
ature of TAPB-DMTP COF [52] . However, this composite the surface
rea of this composite (1915 m2 g− 1 ) was smaller than that of bulk
APB-DMTP COF (2385 m2 g− 1 ). This decrease in surface area was at-
ributed to difficulties in controlling the growth of the Au NPs within
he porous COF. In another study, Au and Pt NPs were incorporated in
he framework of TAPB-DMTP COF to fabricate Au/TAPB-DMTP COF
nd Pt/TAPB-DMTP COF composites. Notably, 3.8 nm Pt NPs and 50
m Au NPs were successfully introduced into TAPB-DMTP-COF without
ompromising the framework structure or composition [52] . 

Furthermore, heteroatom-rich acylhydrazone-linked COF-ASB,
hich was fabricated via the condensation of benzene-1,3,5-

ricarbohydrazide and benzene-1,4-dicarboxaldehyde, was loaded
ith Ru NPs through RuCl3 infiltration followed by NaBH4 reduction.
he Ru/COF-ASB composite contained homogeneously distributed Ru
Ps (4.1 wt.% loading) with sizes in the range of 2–5 nm, and the
hysical and chemical properties of COF-ASB were maintained [53] . In
nother study, PdCl2 was utilized as a metal precursor to functionalize
 bipyridine (Bpy) building block for fabricating a Pd/TpBpy compos-
te. Ruptured linkages between the building block and Pd precursor
esulted in the growth of Pd NPs during the synthesis of the COF.
he Pd/TpBpy composite exhibited a crystalline structure with a pore
ize distribution (PSD) of 1.4–2.3 nm [54] . Lastly, Ag/COF-LZU1 was
btained in a single step by growing Ag NPs from Ag ions (added
s AgNO3 ) on presynthesized COF-LZU1 in deionized water under
mbient conditions. Similar findings have been reported with other
ons, including Cu [ 55 , 56 ]. 

.3.1.2. Stainless steel–COF composites. 

Various stainless steel–COF composites have been produced. For ex-
mple, a key COF building block (1,3,5-tris( p -formylphenyl)benzene,
FPB) was used to modify APTES-functionalized stainless-steel wire.
ubsequent immersion in a solution containing BD (another COF build-
ng block) and acetic acid as a catalyst for 3 days under ambient con-
itions produced TFPB-BD-bonded fibers [ 57 , 58 ]. In another study,
PTES-functionalized stainless-steel wires were immersed in a solution
f COF building blocks in the presence of a catalyst [ 57 , 58 ]. Such stain-
ess steel–COF composites have generated interest for solid-phase ex-
raction and separation [59] . 

.3.1.3. Graphene-based COF composites. 

A GS-COF composite was developed via a solvothermal method with
raphene, Tp, and 2,6-diaminoanthraquinone (DAAQ) as precursors.
he corresponding oxime-containing o-GS-COF composite was charac-
erized by a lamellar structure, indicating that the surface morphology
f o-GS-COF was affected by oxime modification and intercalation ef-
ects between graphene and the COF [ 37 , 60 ]. 

GO-based membranes typically display undesirable properties, in-
luding poor water and organic solvent fluxes. To improve the perme-
te flux, GO was integrated with a COF synthesized using TFB and Pa-1
nder solvothermal conditions to develop nanostructured GO/COF hy-
rid membranes with various GO/COF ratios [61] . In addition, GO and
41
e3 O4 NPs were used to prepare a COF-decorated graphene/magnetite
omposite (MagG@COF-5), which displayed desirable characteristics
 62 , 63 ]. 

.3.1.4. COF–MOF composites. 

The hybridization of COFs with MOFs has been reported to yield
omposites with improved properties. Notably, the integration of MOFs
nto the structural networks of COFs has been demonstrated to yield hy-
rid COF–MOF materials that are suitable for ratiometric fluorescence
etection. A lanthanide organic framework was grown on the surface
f a carboxyl-functionalized fluorescent COF under solvothermal condi-
ions. The reaction between the surface –COOH groups, Eu3 + ions, and
igands ensured the integration of the MOF on the COF, thereby yielding
 hybrid COF–MOF material with high chemical and thermal stabilities
64] . Furthermore, this COF–MOF composite exhibited dual emission at
46 and 621 nm, indicating that fluorescence resonance energy transfer
ccurred from the COF to MOF. The dual emission properties, structural
tability, and high phosphate affinity of this COF–MOF system allowed
or the ratiometric fluorescence detection of phosphate [64] . 

As porous materials, both COFs and MOFs have been utilized for
embrane-based gas separation. To fabricate COF–MOF composite
embranes, polyaniline-modified SiO2 disks were coated with COF-300

nd subjected to COF growth conditions in a Teflon-lined autoclave.
ubsequently, an MOF was added using a similar procedure. The result-
ng composite membranes, including [COF-300]-[Zn2 (bdc)2 (dabco)]
nd [COF-300]-[ZIF-8], exhibited improved selectivity for H2 /CO2 gas
lends compared with the individual MOF and COF membranes [65] . 

.3.1.5. Polymer–COF composites. 

Polymeric membranes often suffer from physical ageing, plasticiza-
ion, poor thermal stability, low selectivity–permeability, and mem-
rane fouling. Thus, to enhance the properties of polymeric membranes,
olymer–COF composites have been fabricated [ 66 , 67 ]. A polyvinyli-
ene fluoride (PVDF)/COF membrane was synthesized under ambient
onditions via the unidirectional diffusion of TpPa-1 on a commercially
vailable PVDF microfiltration substrate [ 66 , 67 ]. Similarly, a polymer–
OF hybrid membrane was prepared using a solution casting technique
ith dimethylacetamide (DMAc) as the solvent. Specifically, a polybenz-

midazole (PBI-BuI) solution in DMAc was mixed with a COF suspension
o fabricate highly flexible COF( n )@PBI-BuI hybrid membranes [ 66 , 67 ].

.3.2. Linkages of COFs 

.3.2.1. Single-linkage strategies. 

.3.2.1.1. Boron-containing COFs. 

Following the pioneering studies by the Yaghi group on COF syn-
hesis, various reports have focused on the use of boronated esters or
oronated anhydrides to synthesize boron-containing COFs [1] . These
oron-containing COFs can be classified according to two condensation
trategies. First, the self-condensation of a single building block results
n cyclic six-membered boroxine-linked COFs ( Fig. 4 ). Second, the co-
ondensation of boronic acids and catechol derivatives results in five-
embered boronate ester COFs ( Fig. 5 ) [1] . 
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Fig. 5. Boronate ester linkage of COFs. 

Fig. 6. Azine linkage of COFs. 

Fig. 7. Ketoenamine linkage of COFs. 

Fig. 8. Hydrazone linkage of COFs. 
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Fig. 9. Imide linkage of COFs. 

Fig. 10. Imine linkage of COFs. 

Fig. 11. C = C linkage of COFs. 
.3.2.1.2. Azine-based COFs. 

A larger number of COFs have been synthesized based on azine link-
ges (–C = N–N = C–, Fig. 6 ) [ 1 , 68 ]. In azine-linked COFs, a short hy-
razine monomer is used to connect two aldehydes to form a poly-
on skeleton with small pores. Furthermore, a variety of knots, such as
yrene, benzenes, triphenylbenzene, and triphenyltriazine (TPT), have
een investigated for the synthesis of azine-linked COFs with various
opologies, including hexagonal, trigonal, and rhombic topologies [69–
2] . 
.3.2.1.3. Ketoenamine-based COFs. 

Ketoenamine-based COFs have been fabricated using the irreversible
nol–keto tautomerization of ketenimine linkages in imine-based COFs
repared using building blocks with –OH and CHO aldehyde groups ( Fig.
 ). Ketoenamine-based COFs have been reported to have high chemical
tability, which is advantageous for many applications [ 73 , 74 ]. How-
ver, ketoenamine-based COFs exhibit decreased crystallinity because
he irreversibility of enol–keto tautomerization impedes error correc-
ion in the COF lattice [74] . 
.3.2.1.4. Hydrazone-based COFs. 

The co-condensation of hydrazides and aldehydes in the pres-
nce of acetic acid as a catalyst has been used to fabricate
ydrazine-linked COFs ( Fig. 8 ). Notably, the incorporation of ethoxy
nits at the ortho position of knot building units, including
,5-diethoxyterephthalohydrazide (DETH), is critical for realizing
ydrazine-linked COFs through the introduction of intramolecular hy-
rogen bonds [1] . The DETH building block has been combined with
arious aromatic aldehydes to obtain COF-42, COF-43, and COF-JLU4
 75 , 76 ]. In addition, TpODH COF was synthesized from TFP-3OHCHO
nd the aliphatic hydrazone linker oxalyldihydrazide (ODH) in a mix-
ure of 1,4-dioxane and mesitylene, whereas mixtures of THF and
esitylene were used to synthesize TFTP-COF and LZU-21 [ 77 , 78 ]. 

.3.2.1.5. Imide-based COFs. 

The synthesis of COFs with imide linkages can be achieved through
he condensation of an amine with an acetic hydride at high tempera-
ures of ∼250 °C ( Fig. 9 ). Various imide-linked COFs, including 2D poly-
42
mide (PI) COFs such as PI-COF-1 and PI-COF-2 synthesis require heat-
ng at 200 °C for 5 days, whereas PI-COF-3 synthesis require heating at
50 °C for 7 days, have been fabricated by reacting triamine building
nits with aromatic dianhydrides under solvothermal condition in N -
ethyl-2-pyrrolidone/mesitylene mixtures in the presence of isoquino-

ine as a catalyst [ 79 , 80 ]. In contrast, the construction of PI-COF-4 and
I-COF-5, which are 3D COFs, required a lower temperature of 160 °C
or 5 days [80] . 
.3.2.1.6. Imine-based COFs. 

Imine-based COFs have been synthesized using a Schiff base reac-
ion ( Fig. 10 ), which involves the co-condensation of aldehydes and
romatic amines in the presence of a Lewis acid catalyst or organic acid
 26 , 81 ]. Imine-based COFs can be classified as having trigonal, tetrag-
nal, rhombic, hexagonal, or Kagome structures. The co-condensation
f 1,4-diaminobenzene and 1,3,5-triformylbenzene in 1,4-dioxane was
sed to prepare COF-LZU1 [ 1 , 82-86 ]. This imine-based COFs exhibited
uperior structural regularity, chemical stability, crystallinity, and cat-
lytic activity for Suzuki–Miyaura coupling reactions when compared
ith boron-based COFs [ 1 , 82 ]. 
.3.2.1.7. sp2 -hybridized-carbon-conjugated COFs. 

The Knoevenagel condensation of an aldehyde and a benzyl cyanide
n the presence of a base as a catalyst is effective for preparing fully π-
onjugated COFs ( Fig. 11 ). For instance, the first C = C-linked COF (sp2 c-
OF) was synthesized via the condensation of tetrakis(4-formylphenyl)
yrene and 1,4-phenylenediacetonitrile in a mixture of 1,4-dioxane and
esitylene with a 4 M NaOH aqueous solution as the catalyst [ 87 , 88 ].

imilarly, the condensation of 1,4-phenylenediacetonitrile and 1,3,5-
ri(4-formylphenyl)benzene, a three-armed aromatic aldehyde, in o -
ichlorobenzene with cesium carbonate as the catalyst was used to fab-
icate a 2D poly(phenylenevinylene) framework [88] . Furthermore, a
D porphyrin-based sp2 -hybridized-carbon-conjugated COF (Por-sp2 c-
OF) and 2D TP-COF with a triazine central planar unit bridged by
p2 -hybridized carbon linkers were constructed in 1,4-dioxane/CHCl3 
ixtures [ 89 , 90 ]. 

.3.2.1.8. Other single linkages in COFs. 

Other types of single linkages, including borazine ( Fig. 12 ),
henazine ( Fig. 13 ), triazine ( Fig. 14 ), urea, squaraine ( Fig. 15 ), dioxin
 Fig. 16 ), azodioxide ( Fig. 17 ), oxazole ( Fig. 18 ), thiazole ( Fig. 19 ),
nd viologen, have also been used to prepare COFs [23] . Compared
ith imine-, azine-, and hydrazone-linked COFs, those with triazine or
henazine linkages have been reported to exhibit enhanced chemical
tability and extended π-conjugation, which are advantageous for pho-
ocatalytic applications [ 23 , 91 ]. Compared with COFs with imine link-
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Fig. 12. Borazine linkage of COFs. 
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ges, COFs with sp2 -carbon linkages have conjugated structures with
igh chemical stability, increased electron delocalization, and charge
ransfer properties. However, the poor reversibility of C = C bonds has
een reported to contribute to the complexity of constructing crystalline
p2 -carbon-linked COFs [ 91 , 92 ]. Post-synthesis modification has been
sed to convert one type of COF linkage to another, which is unattain-
ble via the polycondensation method. In a typical example, the hydro-
en perchloride-mediated oxidation of the imine linkages in a COF can
Fig. 13. Phenazine linkage of COFs. 

Fig. 14. Triazine linkage of COFs [95] . 

Fig. 15. Squaraine linkage of COFs. 

Fig. 16. Dioxin linkage of COFs. 

Fig. 17. Azodioxide linkage of COFs. 

Fig. 18. Oxazole linkage of COFs. 

Fig. 19. Thiazole linkage of COFs. 
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43
roduce amide-linked COFs. Similarly, imine linkages in COFs can be
ransformed into amide linkages via NaBH4 -mediated reduction. Imine-
inked COFs have also been converted into oxazole- and thioazole-linked
OFs [91–94] . 

.3.2.2. Dual linkages. 

In addition to COFs with single linkages, which have been widely
eported, various COFs with dual linkages have been synthesized us-
ng monomers with bifunctional groups. As a typical monomer, 4-
ormylphenyl boronic acid (FPBA) has bifunctional reactive sites that
an form boronate esters with imine or hydrazone linkages and borox-
nes with imine linkages ( Fig. 20 ), which can be exploited to realize
etragonal and hexagonal rhombic topologies [96–98] . For example, a
ouble-linkage strategy, in which the bifunctional monomer FPBA was
ondensed with HHTP and 4,4 ′ ,4 ′′ -(1,3,5-triazine-2,4,6-triyl)trianiline
TATTA), was used to fabricate HHTP-FPBA-TATTA COF [96] . Simi-
arly, a 2D COF was prepared by the condensation of FPBA with 1,3,5-
ris(4-aminophenyl)benzene (TAPB) and HHTP. The strategy was also
mployed to synthesize 3D COFs using monomers that can form dual
mine and boroxine linkages [ 97 , 98 ]. 

. Synthetic methodologies for COFs 

.1. Solvothermal synthesis 

In solvothermal synthetic methods, a reaction mixture in a nonaque-
us or organic solvent and occurs is placed in a closed system under a
ertain pressure and temperature, which affects the porosity and crys-
allinity of the resulting COFs [ 23 , 91 , 99 ]. Solvothermal synthesis is the
ost common method for preparing COFs, typically via ligand-exchange

r Schiff base reactions at 80–120 °C, depending on the chemical reac-
ivity of the building blocks [ 26 , 100 , 101 ]. To optimize the COF yield
nd performance, a reaction time of at least 3 days is typically required.
OFs are typically collected as precipitates, washed using suitable sol-
ents, and dried under vacuum to obtain a pure solid [ 23 , 100 , 102 , 103 ].

Strategic solvent selection is crucial for the preparation of COFs ow-
ng to the strong effect of the solvent on reaction solubility, which can
nfluence the reaction rate, crystal growth, crystal nucleation, and self-
ealing properties [ 1 , 91 , 104 ]. Furthermore, solvent mixtures have been
mployed to synthesize COFs in the presence of acidic catalysts, but
hallenges remain in the selection of suitable solvents for the construc-
ion of crystalline COFs [ 91 , 105 ]. The major limitation of COF synthesis
ia the solvothermal technique is the difficulty in scaling up to indus-
rial production owing to slow reaction rates and the requirement for
igh temperatures and pressures [ 23 , 91 , 103 ]. 

.2. Ionothermal synthesis 

The ionothermal synthetic method utilizes a molten salt or ionic liq-
id as both the solvent and catalyst. Advantageously, ionic liquids are
eusable and their properties can be modified by varying the counter an-
on. Moreover, when employed for COF production, ionic liquids yield
esirable properties, such as high stability and periodicity [ 91 , 106-108 ].
ypically, COF synthesis via ionothermal methods requires a tempera-
ure of approximately 400 °C, which restricts the application of vari-
us monomers. Notably, ionothermal synthesis was employed for the
rimerization and cyclization of nitrile structural units in molten ZnCl2 
t 400 °C to fabricate porous crystalline COFs with high crystallinity as
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ell as high thermal and chemical stabilities [ 95 , 109 ]. Furthermore, an
mbient temperature and pressure ionothermal technique was used to
roduce 3D COFs (3D-IL-COFs) via Schiff base formation with 1-butyl-3-
ethylimidazolium bis((trifluoromethyl)sulfonyl)imide acting as both

he catalyst and solvent. The 3D-IL-COFs were obtained with a relatively
hort reaction time of 12 h, whereas conventional synthetic methods re-
uire 3–7 days [99] . 

However, the elevated temperatures required for ionothermal syn-
hesis can results in the decomposition of building blocks, unwanted
ide reactions and byproduct formation, and poor molecular ordering
esulting from amorphous monomers. Owing to these disadvantages,
he large-scale application of ionothermal synthesis has not yet been
ealized [ 91 , 103 , 108 , 110 ]. 

.3. Microwave-assisted synthesis 

In microwave-assisted synthetic methods, microwave irradiation is
sed as an efficient energy source for the production of crystalline
OF materials. There numerous benefits associated with this approach,
uch as accelerated reaction rates, increased COF yields, lower energy
onsumption, enhanced reaction selectivity, and milder reaction condi-
ions. Hence, microwave-assisted synthesis has potential for the indus-
rial fabrication of COFs [ 23 , 91 , 108 ]. Another advantage of microwave-
ssisted synthetic methods is the ability to monitor the reaction progress
nd simultaneously control the reaction temperature and pressure.
icrowave-assisted synthesis has been reported to produce COFs with

esirable properties, including high crystallinity and stability, similar to
onothermal and solvothermal synthetic methods [ 23 , 103 , 108 ]. 

Recently, COF-5 was synthesized using microwave irradiation at a
ower of 200 W with stirring for 20 min at 100 °C. Notably, the reac-
ion time was 200 times faster than that required for the conventional
olvothermal method (72 h) [ 2 , 111 , 112 ]. In addition, COF-5 prepared
ia the microwave-assisted synthetic route contained fewer impurities
nd had a larger surface area than COF-5 synthesized via the conven-
ional solvothermal method [ 1 , 111 , 112 ]. 

.4. Room-temperature synthesis 

Room-temperature synthesis yields COFs with high thermal and
cid–base stabilities as well as high surface areas, resulting in enhanced
dsorption capacities. Despite the advantages of synthesizing COFs un-
er ambient conditions, the large-scale fabrication of COFs using room-
emperature methods requires expensive reagents, including ionic liq-
ids and metal triflate catalysts [ 91 , 104 , 108 ]. There are two main room-
emperature synthetic methods: mechanochemical grinding and the sol-
ent method. Mechanochemical grinding is a facile, solvent-free, eco-
omical, and environmentally friendly technique, whereas the solvent
ethod involves the use of large quantities of solvent. However, COFs

abricated via mechanochemical grinding have been reported to exhibit
ow surface areas, porosity, and crystallinity compared with those syn-
hesized using solvothermal methods [ 91 , 108 , 113 ]. 

Nonetheless, the mechanochemical grinding method has received
onsiderable attention because of its simplicity, as it can be performed
y manual grinding with a mortar and pestle. This solvent-free route has
een explored for the synthesis of COFs using a Schiff base condensation
eaction at room temperature, in which COF formation was indicated by
 change in color [114–117] . Moreover, COFs with graphene-like lay-
red structures have produced by the exfoliation of COF layers during
echanochemical synthesis. In addition, COF TpAzo was synthesized

n a short time (20 min) via the condensation of 4,4-azodianiline (Azo)
nd Tp. This COF exhibited a sheet-like morphology, high porosity, and
hermal stability [ 1 , 117 ]. 
44
.5. Sonochemical synthesis 

Sonochemical synthetic methods are more favorable than conven-
ional methods in terms of reaction rates and costs. During sonochemi-
al synthesis, ultrasound-induced bubbles in a solvent grow and collapse
y cavitation, thereby providing extremely high and localized temper-
tures and pressures that can initiate and accelerate chemical reactions
 1 , 118 ]. This method was effectively employed to fabricate COF-1 with
 high surface area of 2122 m2 g− 1 using a reaction time that was 400
imes faster than that required for the conventional synthetic method.
imilarly, a sonochemical method was used to synthesize COF-5 on the
urface of graphene and carbon nanotubes, with the aim of forming
ore–shell structures [ 1 , 119 , 120 ]. 

.6. Light-induced synthesis 

Light-induced synthesis has been used to prepare new highly crys-
alline and conjugated COFs under simulated sunlight irradiation in
he wavelength range of 200–2500 nm in the presence of a co-
atalyst. Specifically, a mixture of a hexaketocyclohexane octahydrate
nd 1,2,4,5-benzenetetramine tetrahydrochloride was dissolved in a sol-
ent mixture under an inert atmosphere in the presence of water with
cetic acid as a co-catalyst to induce the condensation reaction [ 1 , 121 ].
rystalline and amorphous hcc-COF were obtained in the presence and
bsence of light, respectively. The crystalline hcc-COF exhibited desir-
ble properties, including a high electrical conductivity of 2.22 ×10− 3 

 m− 1 , likely because charge transfer was enhanced by the formation of
n extended conjugated structure [ 1 , 121 ]. 

. Characterization of COFs 

The complex chemical structures and wide application range of COFs
ecessitate the characterization of COFs using various analytical meth-
ds. 

.1. Fourier transform infrared (FTIR) and Raman spectroscopy 

FTIR spectroscopy was used to characterize the functional
roups in the as-prepared crystallites of a unique heteroporous
OF (COF-ETTA-2,3-Dha) fabricated using 4,4 ′ ,4 ′′ ,4 ′′′ -(ethane-
,1,2,2-tetrayl)tetraaniline (ETTA) and 2,3-dihydroxybenzene-1,4-
icarbaldehyde (2,3-Dha) as building blocks [17] . The FTIR spectrum
evealed the nearly complete disappearance of the peaks at 1649
m− 1 , corresponding to C = O in 2,3-Dha, and 3437 and 3353 cm− 1 ,
orresponding to –NH2 . This behavior indicated a high degree of
olymerization owing to the consumption of most of the amine and
ldehyde groups in the monomers [17] . Simultaneously, a new band
ppeared at 1615 cm− 1 , which was attributed to C = N bonds in imine
inkages [17] . 

Similarly, FTIR spectroscopy was employed to characterize Cd(II)-
aptured COF-ETTA-2,3-Dha (COF-ETTA-2,3-Dha-Cd). Notably, the O–
 bending vibration shifted from 1359.2 cm− 1 for COF-ETTA-2,3-Dha

o 1358.0 cm− 1 for COF-ETTA-2,3-Dha-Cd. This change was attributed
o the adsorption of Cd in the pores of COF-ETTA-2,3-Dha [17] . 

In addition, a series of sp2 carbon-conjugated COFs (sp2 c-COF, sp2 c-
OF-2, and sp2 c-COF-3) with different sizes of π-lattice comprising
etraphenylpyrene knots with phenyl, biphenyl, and terphenyl linkers,
espectively, were fabricated by C = C polycondensation and character-
zed using FTIR spectroscopy. FTIR analysis confirmed the construction
f sp2 -carbon-conjugated COFs via the appearance of a new C≡N vi-
ration band at 2220 cm− 1 accompanied by a significant decrease in
he vibration band at 2720 cm− 1 corresponding to the C–H stretching
ibration of aldehydes in the linkers [110] . 

The FTIR analysis of COF-DANC-A composites, which were fabri-
ated by incorporating 2,3-dialdehyde nanocrystalline cellulose (DANC)
nto COF-TpPa-1, revealed strong characteristic peaks at approximately
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Fig. 21. FTIR spectra of An-CN, An-CTF-10-400, An-CTF-20-400, An-CTF-10- 
500, and An-CTF-20-500. Adapted from [9] under a Creative Commons license 
(CC BY 4.0). 
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400 and 2900 cm− 1 corresponding to the C–H bonds in DANC. More-
ver, the characteristic peak at 1629 cm− 1 , ascribed to the C = N stretch-
ng vibration, was an indication of imine bond formation. A decrease in
he peaks corresponding to C–N bonds in the studied COFs and C = O in
ANC indicated the successful incorporation of DANC into the structural
etwork of the COF to obtain COF-TpPa-1 [122–125] . 

The FTIR spectra of 9,10-cyanoanthracene (An-CN) and correspond-
ng covalent triazine frameworks (CTFs) are compared in Fig. 21 . For
n-CN, the peak at 2220 cm− 1 corresponds to the CN groups. For the An-
TFs, the peaks at 1383 and 1566 cm− 1 , attributed to triazine rings in
he CTF, and the absence of the CN peak confirm the cyclization (trimer-
zation) of the nitrile groups [9] . 

Raman spectroscopy can be used to investigate the defect properties
nd degree of graphitization exhibited by carbon materials based on
ands in the range of 1200–1700 cm− 1 . As shown by the Raman spectra
f the An-CTFs in Fig. 22 , two strong peaks are located at 1350 and 1602
m− 1 which are characteristic of the D and G bands, respectively, thus
onfirming the presence of graphitic carbonized structures and carbona-
ig. 22. Raman spectra of An-CTF-10-400, An-CTF-20-400, An-CTF-10-500, 
nd An-CTF-20-500. Adapted from [9] under a Creative Commons license (CC 
Y 4.0). 
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45
eous materials formed by the CTFs. The D and G bands represent sp2 

nd sp3 hybridization, respectively, corresponding to first- and second-
rder Raman scattering [9] . ID / IG ratios of 1.01, 1.04, 1.11, and 1.03
ere reported for An-CTF-10-400, An-CTF-20-400, An-CTF-10-500, and
n-CTF-20-500, respectively ( Fig. 22 ). These values suggest that An-
TF-10-400, An-CTF-20-400, and An-CTF-20-500 have higher degrees
f graphitization, thereby providing an indirect indication that these
aterials contained fewer defects and more condensed aromatic struc-

ures than An-CTF-10-500 [9] . 

.2. Nuclear magnetic resonance (NMR) spectroscopy 

Along with other spectroscopic techniques, NMR has frequently been
mployed to analyze the structures of COFs [126] . For instance, the fab-
ication of a CTF-0 via the trimerization of 1,3,5-tricyanobenzene was
stablished using 13 C cross-polarization magic-angle spinning (CP/MAS)
olid-state NMR. Peaks attributed to the three sp2 carbons of CTF-0
ere recorded at 167 ×10− 6 , 136 ×10− 6 , and 114 ×10− 6 [127] . How-

ver, no peak corresponding to residual cyano groups was detected
t 110 ×10− 6 . Furthermore, a characteristic triazine moiety peak at
21 ×10− 6 was observed using 15 N solid-state NMR spectroscopy, which
onfirmed the presence of N in the form of triazine rings in CTF-0 [127] .

NMR spectroscopy was also employed to characterize TTF-COF, a
OF bonds fabricated using tetrathiafulvalene-tetrabenzaldehyde (TTF)
nd p -phenylenediamine with –C = N– bonds. The 13 C CP/MAS NMR
pectrum revealed a resonance at 157 ×10− 6 corresponding to the car-
on of the –C = N– with total suppression of the sideband [ 126 , 128 ]. 

Solid-state 13 C CP/MAS NMR spectroscopy was also employed to
haracterize COF-ETTA-2,3-Dha. The peak at 159.8 ×10− 6 confirmed
he presence of imine linkages in COF-ETTA-2,3-Dha, consistent with
he FTIR analysis [17] . 1 H and 13 C NMR spectroscopy were em-
loyed to analyze the structure of COF-TpPa-1. The 1 H NMR spec-
rum exhibited a strong peak at approximately 5 ×10− 6 , which was
ssigned to the presence of water molecules in COF-TpPa-1. In addi-
ion, the signal at approximately 8.0 ×10− 6 was attributed to the pro-
ons of amino groups, which suggested the formation of strong in-
ramolecular hydrogen bonds between amino groups and adjacent car-
onyls as well as shielding by aromatic rings [ 125 , 129 ]. Moreover,
he solid-state 13 C NMR spectrum of COF-TpPa-1 exhibited peaks at
46 ×10− 6 and 181 ×10− 6 , which were attributed to an enamine car-
on ( = CNH–) and carbonyl carbon (–C = O), respectively. In addition,
 small peak at approximately 191 ×10− 6 was ascribed to the carbon
tom of the aldehyde group in the structural network of COF-TpPa-1
 125 , 130 ]. 

Furthermore, NMR spectroscopy was used to study the occurrence of
efects in LZU-111 and COF-300 crystals of different size, as shown in
igs. 23 (a)(b). Signals corresponding to terminal groups, such as alde-
yde groups, indicate the occurrence of few defects in the synthesized
OF-300 crystals [129] . Notably, the number of 13 C CP/MAS signals for
he 1 and 30 μm COF-300 crystals is significantly higher than that for
he 500 nm crystals ( Fig. 23 (b)), suggesting that the large single crys-
als of flexible COF-300 show greater structural anisotropy than those
f rigid LZU-111. These results reveal the significance of NMR spec-
roscopy in determining the occurrence of crystal size effects during the
ize-controlled synthesis of COFs [129] . 

.3. X-ray photoelectron spectroscopy (XPS) 

XPS has been widely utilized to investigate the linkages between
onomeric units in COFs. The XPS spectra of 2D COFs fabricated via the

chiff base reaction of benzene-1,3,5-tricarbaldehyde with DAAQ moi-
ties was used to support the FTIR analysis. The N 1s spectra revealed
haracteristic peaks at 400.22 eV for the DAAQ monomer and at 399.34
nd 400.22 eV for the COFDAAQ-BTA-3DG composite [ 126 , 130 , 131 ]. The
eaks at 399.34 and 400.22 eV were assigned to N in imine bonds and
H in the monomer, respectively. The area of the peak at 400.22 eV
2 
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Fig. 23. 13 C CP/MAS spectra of (a) LZU-111 and (b) COF-300 crystals of different sizes. The characteristic 13 C chemical shifts are assigned on the chemical structures. 
In (b), the asterisks indicate spinning sidebands. Adapted from [129] under a Creative Commons license (CC BY 4.0). 
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as approximately one-third that of the peak at 399.34 eV, suggesting
hat approximately one-fourth of the DAAQ monomers were unreacted,
onsistent with the FTIR results [ 126 , 131 ]. 

XPS has also been applied to investigate the functional modifica-
ion of COFs. For instance, XPS was used to verify the formation of
 benzimidazole-functionalized COF (COF-HBI), synthesized by mod-
fying COF-COOH with 2-(2,4-dihydroxyphenyl)-benzimidazole (HBI)
132] . In the N 1s spectrum of COF-HBI, the peak at 399.8 eV was as-
igned to –NH– of amides, whereas the peaks at 400.6 and 399.1 eV
ere ascribed to C–N and C–NH–C of imidazole groups. These new
eaks demonstrated the successful grafting of HBI to the COF matrix
 126 , 132 ]. 

Many other COFs, such as a stereoscopic 2D super-microporous
hosphazene-based COF for the environmental remediation of uranium
ollutants, have also been characterized using XPS. This technique was
sed to confirm the removal of uranium from environmental samples us-
ng the characteristic peak of U4f . A comparison of the high-resolution

4f spectra of the super-microporous phosphazene-based COF before
nd after uranium adsorption (MPCOF and MPCOF-U, respectively) re-
ealed the adsorption of uranium in the pores of MPCOF [ 75 , 126 ]. 

XPS analysis of the COF-DANC-A composite, revealed a slight de-
rease in the N 1s peak upon the introduction of DANC into the struc-
ural network of COF-TpPa-1 [125] . The C/N ratio was lower in TpPa-1
8.66) than in COF-DANC-A (9.54), thereby verifying the presence of
ANC in the COF-DANC-A composite [ 125 , 133 ]. 

XPS was also employed to characterize An-CTFs ( Fig. 24 ). As shown
n Figs. 24 (a)–(d), all the synthesized An-CTFs exhibit three peaks at
98.5, 400.0, and 401.5 eV corresponding to different N species (hexag-
nal pyridinic N atoms in thee triazine unit, pyrrolic species, and quater-
ary N species, respectively) [9] . In addition, the pyrrolic N peak has a
igher intensity than both the pyridinic and quaternary N peaks, which
ave similar intensities. Furthermore, the three O 1s peaks at 531.5,
33.0, and 535.0 eV ( Figs. 24 (e)–(h)) are assigned to C–O, moisture,
nd absorbed oxygen, respectively [9] . 

.4. X-ray diffraction (XRD) 

Powder X-ray diffraction (PXRD) is suitable for determining the crys-
alline nature of COFs. PXRD analysis suggested that COF-ETTA-2,3-
ha exhibited durable dual-pore (DP) and single-pore (SP) COF struc-
46
ures, with a strong peak corresponding to the (100) diffraction observed
t 2 𝜃 = 2.66° [134] . Similarly, PXRD revealed the well-regulated fab-
ication of TpBD@SiO2 microspheres based on the peak intensities of
pBD@SiO2 -0.10, TpBD@SiO2 -0.30, and TpBD@SiO2 -0.50 [ 39 , 40 , 41 ].
RD analysis of TpPa-1COF showed a slight decrease in the peaks at-

ributed to π–π stacking, which indicated the integration of the Pd NPs
nto the interlayer space and interior of the COF pores [ 39 , 50 , 51 ]. 

Furthermore, hybrid membranes were fabricated by varying the con-
ent of a COF in a polymer (PBI-BuI) using DMAc as a solvent to pre-
are highly flexible COFs (TaPa-1( n )@PBI0-BuI and TpBD( n )@PBI-BuI,
here n = 20 wt.%, 40 wt.%, or 50 wt.% TpPa-1 or TpBD). A wide-
ngle XRD technique was employed to determine the crystalline nature
f both TpPa-1( n )@PBI-BuI and TpBD( n )@PBI-BuI [ 39 , 66 ]. Similarly,
lms based on a COF with a dual-pore structure were synthesized and
haracterized using XRD. ETTA and [1,1 ′ -biphenyl]-4,4 ′ -dicarbaldehyde
BPDA) as monomers were dispersed in a homogenous solution of N , N -
imethylformamide (DMF) with PAN to obtain PAN@COF nanofiber
lms with different COF loading ratios [134] . XRD characterization re-
ealed that the COF crystals remained intact in the obtained PAN@COF
anofiber films and that these films maintained the characteristic dual-
ore structure of the COFs while also exhibiting good stability and excel-
ent reusability for the removal of phytochromes from vegetable extracts
 39 , 134 ]. 

A comparison of the XRD patterns of TpPa-1 and TpPa-1-DANC re-
ealed a characteristic peak corresponding to the (110) crystal plane
f cellulose at approximately 22°, which verified the incorporation of
ANC into TpPa-1 to yield the TpPa-1-DANC composite. Further, a de-
rease in the peak at 2 𝜃 = 27.22° was attributed to the COF grown on the
001) crystal plane being parallel to the direction of cellulose [ 125 , 135 ].

Further, XRD analysis has been reported for the An-CTFs materials.
he two broad peaks at 12 and 26° in the XRD pattern of An-CTFs ( Fig.
5 ) are assigned to the (001) and (100) plane indices, respectively, sug-
esting the formation of a partially crystalline structure [9] . 

.5. Scanning electron microscopy (SEM) and transmission emission 

icroscopy (TEM) 

The morphologies of COFs have been evaluated using SEM and
EM. For example, SEM and TEM analysis of COF-ETTA-2,3-Dha re-
ealed a large number of hollow and spherical structures with a 2 μm 



S.O. Akinnawo ChemPhysMater 3 (2024) 36–63

Fig. 24. Fitted XPS (a)–(d) N 1s and (e)–(h) O 2s spectra for An-CTF-10-400, An-CTF-20-400, An-CTF-10-500, and An-CTF-20-500. Adapted from [9] under a Creative 
Commons license (CC BY 4.0). 

Fig. 25. XRD patterns of An-CTF-10-400, An-CTF-20-400, An-CTF-10-500, and 
An-CTF-20-500. Adapted from [9] under a Creative Commons license (CC BY 
4.0). 
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iameter [17] . SEM was used to characterize an imine-linked COF-LZU1
embrane grown on alumina tubes. The dark-yellow tubes consisted of

ntergrown grains with sizes in the range of 100–300 nm. This continu-
us layer was devoid of visible pinholes or cracks. Furthermore, cross-
ectional SEM analysis revealed that the as-fabricated COF-LZU1 layer
ad a thickness of approximately 400 nm [ 39 , 46 ]. 

TEM analysis of COF-(TpBD)/Fe3 O4 revealed that spherical Fe3 O4 
Ps with a size distribution of < 50 nm were reportedly embedded in the
47
pBD nanosheet [ 39 , 136 ]. A COF-decorated graphene/magnetite com-
osite (MagG@COF-5) was also characterized using TEM. The graphene
anosheets were found to become thicker after coating with COFs and
he magnetic NPs incorporated in MagG@COF-5 were completely cov-
red, thereby confirming that the magnetic graphene (MagG) were suc-
essfully coated with COF-5 [ 39 , 62 ]. 

In addition, TEM analysis revealed the uniform distribution of Au
Ps (5 ± 3 nm) throughout the framework of TpPa-1COF. When
d(OAc)2 was used as a precursor, Pd NPs (7 ± 3 nm) were homoge-
eously distributed in TpPa-1COF [ 39 , 50 , 51 ]. Similarly, field emission
EM (FESEM) has been employed to characterize COFs. For example,
his technique was used to reveal the successful formation of crystalline
nd spherical Fe3 O4 @c-1 NPs [ 39 , 137 ] 

Comparative SEM analysis was used to study the morphologies and
SDs of LZU-111 and COF-300. In particular, SEM analysis was used to
eveal the crystal-size effect. When directly mixing the building units
ithout a modulator, 200 nm LZU-111 crystals were obtained. Further-
ore, when a variable-temperature heating approach was used to accel-

rate crystal growth, 30 μm LZU-111 crystals were obtained within 10
ays as shown in Figs. 26 (a)–(c). This approach also allowed the syn-
hesis of COF-300 crystals with sizes of 500 nm, ∼1 μm, and ∼30 μm, as
hown in Figs. 26 (d)–(f) [32] . 

Combined SEM and HR-TEM analyses were used to characterize the
n-CTFs. SEM images show that the An-CTFs consist of regular and uni-

orm spherical particles with small nanorods ( Figs. 27 (a)–(d)). Further-
ore, the HR-TEM images reveal the presence of irregular microporous
etworks in the An-CTFs, as shown in Figs. 27 (e)–(h) [9] . 

The morphology of a COF-functionalized poly(styrene-divinyl
enzene-glycidylmethacrylate) composite (COF@PS-GMA), fabricated
y growing of a COF on the surface of PS-GMA particles, was
nvestigated using SEM. The PS-GMA particles exhibited a porous
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Fig. 26. (a)–(c): SEM images of LZU-111 crystals with average sizes of ∼200 nm, ∼1 μm, and ∼30 μm; (d)–(f): SEM images of COF-300 crystals with average sizes 
of ∼500 nm, ∼1 μm, and ∼30 μm. Adapted from [32] under a Creative Commons license (CC BY 4.0). 

Fig. 27. SEM and TEM images of the An-CTFs: (a) and (e) An-CTF-10-400, (b) and (f): An-CTF-20-400, (c) and (g) An-CTF-10-500, and (d) and (h) An-CTF-20-500. 
Adapted from [9] under a Creative Commons license (CC BY 4.0). 
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pherical structure with a size of approximately 6 μm, whereas
he COF@PS-GMA particles were characterized by smooth surfaces
 39 , 138 ]. FESEM and high-resolution TEM (HR-TEM) were used to
haracterize the surface structures of the sp2 -carbon-conjugated COFs
sp2 c-COF, sp2 c-COF-2, and sp2 c-COF-3) with different π-lattices. The
ESEM and HR-TEM results revealed that these COFs had rela-
ively similar morphologies with belt shapes and tetragonal layered
tructures [110] . 

.6. Brunauer–Emmett–Teller (BET) analysis 

BET analysis can be used to determine the surface areas of COFs. For
OF-ETTA-2,3-Dha, BET analysis of the isotherm data at P / P0 = 0.05–
48
.3 gave a value a surface area of 1476.5 m2 g− 1 with a total pore
olume of 0.91 cm3 g− 1 at P / P0 = 0.99 [17] . N2 adsorption–desorption
sotherms were also employed to determine the BET surface area of COF-
TTA-2,3-Dha after its application for Cd removal from water. After Cd
dsorption, the surface area of COF-ETTA-2,3-Dha was 783.6 m2 g− 1 ,
hich is approximately half of that of the pristine COF, and the pore
olume decreased significantly from 0.91 to 0.40 cm3 g− 1 at P / P0 = 0.99
17] . 

BET analysis gave surface areas of 538 and 1346 m2 g− 1 for TpBD-
e2 and Fe3 O4 @COF (TpBD), respectively. In addition, surface areas

f 431 and 1033 m2 g− 1 were obtained for COF-300@SiO2 and pristine
OF-300, respectively [ 39 , 41 ]. In another study, the BET surface area
f MagG@COF-5 was found to be 201 m2 g− 1 , whereas the magnetic
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Fig. 28. N2 adsorption–desorption isotherms and PSDs of (a)(e) An-CTF-10-400, (b)(f) An-CTF-20-400, (c)(g) An-CTF-10-500, and (d)(h) An-CTF-20-500. Adapted 
from [9] under a Creative Commons license (CC BY 4.0). 
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raphene sheet exhibited a surface area of 65 m2 g− 1 [62] . Furthermore,
he successful immobilization of Au NPs through electrostatic interac-
ion with the unsaturated amino on the TAPB-DMTP COF was experi-
entally demonstrated [39] . Significantly, the COF-derived composite

f TAPB-DMTP retained the crystalline nature of the COF with a surface
rea of approximately 1915 m2 g− 1 . However, the surface area of the
omposite was smaller than that of the bulk COF (2385.65 m2 g− 1 ) ow-
ng to the effect of growing Au NPs within the COF pores. This behavior
emonstrates the difficulty in controlling the rapid growth of NPs during
he synthesis of COF-metal based composites [ 39 , 52 , 139 , 140 ]. 

The surface area of COF@PS-GMA, fabricated by growing of
 COF on the surface of PS-GMA, was also evaluated using BET
nalysis [ 39 , 138 ]. Notably, the surface area increased significantly
rom 201 to 404 m2 g− 1 after COF growth on the PS-GMA parti-
les. This large increase in surface area was attributed to the suc-
essful synthesis of COF@PS-GMA particles [ 39 , 138 ]. Furthermore,
ET analysis was used to determine the surface areas of three new
-ketoenamine-linked COFs fabricated via Schiff base [3 + 3] poly-
ondensation of 1,3,5-triformylphloroglucinol (TFP-3OHCHO) with
ris(aminophenyl) derivatives with carbazole, amino, or pyridine units
nder solvothermal conditions. The resulting TFP-COFs exhibited
igh BET specific surface areas of up to 686 m2 g− 1 and excellent
rystallinity [74] . 

BET analysis has also been used to examine the surface area and
orosity of the An-CTF materials. As shown by the N2 adsorption–
esorption isotherms of An-CTFs at 77 K ( Figs. 28 (a)–(d)), these materi-
ls all exhibit type IV isotherms with high BET surface areas of 406, 491,
51, and 700 m2 g− 1 for An-CTF-10-400, An-CTF-20-400, An-CTF-10-
00, and An-CTF-20-500, respectively (9). The corresponding PSDs of
he An-CTFs are shown in Figs. 28 (e)–(h). The surface area decreased in

he order An-CTF-10-500 > An-CTF-20-500 > An-CTF-20-400 > An-CTF- 3  

49
0-400, indicating a correlation with the availability of tightly packed
Ps with large defects for ion conduction [9] . 

.7. Thermogravimetric analysis (TGA) 

TGA allows determination of the thermal stability of a substance in
esponse to heat. Recently, TGA has been employed to study the ther-
al stability of COFs. For instance, TGA revealed the excellent ther-
al stability of COF-ETTA-2,3-Dha, as indicated by a small weight loss

f approximately 6% upon increasing the temperature from ambient
ondition to 350 °C [17] . Furthermore, TGA of COF-TpPa-1 gave py-
olysis temperatures of approximately 330 and 444 °C with approxi-
ately 40% pyrolysis residue as shown in Fig. 29 (a). Moreover, the tem-
erature of the highest decomposition rate decreased when the DANC
osage incorporated in COF-TpPa-1 increased, as shown in Fig. 29 (a)
 125 , 138 , 140 , 141 ]. A comparison of the TpPa-1-DANC composites re-
ealed that the first pyrolysis peak of TpPa-1-DANC had a larger area
han that of the COF-TpPa-1, thereby evidencing the increased car-
on content resulting from the incorporation of DANC into COF-TpPa-
. Thus, the TpPa-1-DANC composite with the highest COF content
chieved the highest thermal stability [125] . 

In addition, increasing the COF content resulted in a correspond-
ng increase in the ash component of the composites. This change was
ttributed to the aromatization of COF residues during carbonization.
onsequently, in COF-DANC composites with smaller COF contents, the
mount of residue was reduced owing to the decrease in aromatics
125] . 

FTIR spectroscopy coupled with TGA has been employed to charac-
erize COFs. As shown in Figs. 29 (b)–(d), the FTIR spectra and TGA
urves of COF-TpPa-1 were obtained at different temperatures (100,
00, and 400 °C) at a heating rate of 15 °C min− 1 [125] . At 100 °C, a



S.O. Akinnawo ChemPhysMater 3 (2024) 36–63

Fig. 29. (a) TGA curves of various materials; thermogravimetric-infrared 3D diagrams of (b) COF-TpPa-1, (c) the TpPa-DANC-50 composite, (d) and COF. Adapted 
from [125] under a Creative Commons license (CC BY 4.0). 

Fig. 30. TGA curves of An-CN, An-CTF-10-400, An-CTF-20-400, An-CTF-10- 
500, and An-CTF-20-500. Adapted from [9] under a Creative Commons license 
(CC BY 4.0). 
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light weight loss occurs and an FTIR peak appears at 3400–3700 cm− 1 ,
hich is related to the surface of COF-TpPa-1. At 300 °C, an FTIR peak
ppears at 1380 cm− 1 , which corresponds to the absorbance of some
O2 as well as C–C bonds in the skeleton of COF-TpPa-1. Furthermore,
t 400 °C, the intensity of the FTIR peak at 2300 cm− 1 increases, which
uggests the large-scale cracking and decomposition of the COF-TpPa-1
ramework [125] . 

To obtain insight into the thermal stability of An-CN and the corre-
ponding An-CTF materials, TGA was performed under a N2 atmosphere
n the temperature range of 100–800 °C ( Fig. 30 ). An-CTF-10-500 ex-
ibits the highest decomposition temperature of 573 °C. Moreover, the
har yield of An-CTF-10-500 (66 wt.%) is higher than those of other
50
n-CTFs (56 wt.%, 69 wt.%, and 62 wt.% for An-CTF-10-400, An-CTF-
0-400, and An-CTF-20-500, respectively). Thus, it was suggested that
n-CTF-10-500 has the highest thermal stability among the An-CTFs [9] .

.8. Chemical stability 

The chemical stability of a chemical compound is a crucial criterion
or evaluating durability, reactivity, and potential applications. There-
ore, the chemical stability of COF-based compounds should be probed
n both organic and aqueous solvents such as water, acidic, and basic
olutions. For instance, the chemical stability of COF-ETTA-2,3-Dha in
queous solution was determined under neutral, acidic, and basic con-
itions. Specifically, dispersions of COF-ETTA-2,3-Dha were placed in
 M HCl, 3 M NaOH, or water at a 25 °C for 12 h [17] . Subsequently,
he samples were collected by filtration, washed thoroughly using dis-
illed/deionized water, and dried under vacuum at 120 °C for 3 h before
XRD analysis. No obvious differences were observed between the PXRD
attern of the pristine COF and those of the COF-ETTA-2,3-Dha sam-
les subjected to neutral, acidic, and basic conditions indicating COF-
TTA-2,3-Dha exhibited excellent resistance to water, acids, and bases
17] . The high chemical stability of COF-ETTA-2,3-Dha against hydrol-
sis could be attributable to the presence of intramolecular hydrogen-
onding interactions within the structural framework. These interac-
ions could enhance the stability of COF-ETTA-2,3-Dha by suppressing
he torsion of the edge units, thereby establishing a planar structure in
he COF layers [17] . Furthermore, the chemical stabilities of the sp2 -
arbon-conjugated frameworks sp2 c-COF, sp2 c-COF-2, and sp2 c-COF-
 were evaluated via immersion in various solvents, including DMF,
etrahydrofuran (THF), 12 M HCl, methanol, water, and 14 M NaOH,
or 1 week [87] . Notably, these COFs retained their initial PXRD pat-
erns. In addition, no significant weight loss occurred in organic solvents
r water, but up to 90% residual weight loss occurred in the strongly
cidic and basic media. The corresponding FTIR spectra revealed that
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he chemical structures of the sp2 -carbon-coordinated COFs were sus-
ained after immersion various solvents, verifying the chemical stability
f these materials [110] . 

.9. PSD analysis 

The PSD of a chemical compound often plays a critical role in de-
ermining its potential applications. The PSD of COF-ETTA-2,3-Dha, as
stimated using nonlocal density functional theory, revealed two main
omponents at approximately 6.3 and 24.5 Å. These values were simi-
ar to the theoretical values derived from the simulated crystal structure
5.9 and 26.3 Å for triangular and hexagonal mesopores, respectively)
17] . Moreover, when COF-ETTA-2,3-Dha was applied for Cd removal
rom wastewater, the PSD of COF-ETTA-2,3-Dha-Cd exhibited two ma-
or components centered at 6.5 and 21.6 Å. A comparison with the pris-
ine COF revealed that the adsorption uptake of Cd(II) had no signifi-
ant effect on the size of the micropores, whereas the diameter of the
esopores decreased, indicating that the Cd(II) ions were trapped in the
esoporous channels of COF-ETTA-2,3-Dha [17] . 

For TpBpy-COF, which was fabricated using a PdCl2- prefunctio-
alized Bpy building block that promoted the rapid growth of Pd NPs,
he PSD revealed pore sizes in an increased range of 1.4 to 2.3 nm, corre-
ponding to the characteristic pore size of TpBpy and TpBpy-COF with
ncorporated Pd NPs. This denotes the partial blocking of the charac-
eristic pores of the fabricated TpBpy-COF by the Pd NPs [ 39 , 54 ]. In
ddition, the size of the Pd NPs (12 ± 4 nm) was larger than the char-
cteristic pore size of TpBpy-COF. This difference indicated that the Pd
Ps grew rapidly in the spaces between the layers and surface of TpBpy-
OF, resulting in a composite with homogeneously distributed Pd NPs
 39 , 54 ]. 

. Applications of COFs 

.1. Gas storage 

Catastrophic global climate change resulting from greenhouse gases
uch as atmospheric CO2 and methane that cause global warming is
 major concern. To address this issue, the CO2 capture and stor-
ge abilities of porous materials, including ZIFs, MOFs, and COFs,
ave been explored. Recently, TPT and triphenylamine (TPA)-based
OFs has been fabricated via the polycondensation of 2,4,6-tris(4-
minophenyl)triazine or tris(4-aminophenyl)amine, respectively, with
riarylaldehydes with diverse symmetries, planarities, and N-atom con-
ents. The surface area and crystallinity degree of the resulting COFs
ere dependent on the planarity and symmetry of the monomers
 1 , 141 ]. CO2 capture and storage can be promoted by enhancing the in-
eractions between COFs and CO2 by incorporating triaryltriazine units
ith higher N-atom contents and greater planarity into the backbones of
PA-COFs or the TPT-COFs [142] . Notably, TFP-COFs fabricated from
-ketoenamine-linked COFs were found to achieve CO2 uptake efficien-
ies of 200 mg g− 1 at 273 K [74] . 

In addition, numerous 3D COFs with diverse structures have been
eveloped for the separation and adsorption of CO2 . For example, 3D
OF-103 and a COF-102 featured high surface area of 3530 and 3620 m2 

− 1 , respectively, with outstanding CO2 adsorption capacities of 1190
nd 1200 mg g− 1 , respectively, at 50 bar and 298 K [ 1 , 143 ]. Further in-
estigations revealed that COFs can be classified into three groups based
n their pore sizes and structural dimensions, with group 1 consisting
f 2D structures with small 1D pores, group 2 consisting of 2D struc-
ures with large 1D pores, and group 3 consisting of 3D structures with
oderately sized 3D pores. Notably, COFs in group 3, such as COF-102,

utperform those in groups 1 and 2 as well as MOFs and other porous
aterials for the adsorption and storage of gases including hydrogen,
ethane, and CO2 , achieving adsorption capacities of 72 mg g− 1 at 77
, 187 mg g− 1 at 298 K, and 1180 mg g− 1 at 298 K, respectively [143] .

The utilization of An-COFs for the capture and storage of CO2 was
nvestigated using CO adsorption isotherm at 273 and 298 K ( Figs.
2 

51
1 (a)(b)). At room temperature (298 K), An-CTF-10-400, An-CTF-20-
00, An-CTF-10-500, and An-CTF-20-500 exhibit CO2 capture capaci-
ies of 2.00, 2.13, 2.63, and 2.69 mmol g− 1 , respectively. However, at
 lower temperature of 273 K, the CO2 capture capacities increase to
.96, 4.22, 5.22, and 5.25 mmol g− 1 , respectively. As An-CTF-10-500
as a higher CO2 capture capacity than the other An-CTF materials, it
s a good candidate for CO2 uptake storage [9] . 

.2. Catalysis 

Functional porous materials have been widely utilized for heteroge-
eous catalysis owing to their high surface areas. COFs have emerged
s ideal candidates with high selectivity, efficiency, and robustness for
atalytic application because they frequently contain catalytic sites and
xhibit high thermal and chemical stabilities in both water and organic
olvents [ 39 , 144 ]. Imine-linked COF-LZU1, prepared via the Schiff base
eaction of 1,3,5-triformylbenzene and 1,4-diaminobenzene, has been
eported to form strong coordinate bonds with metal ions. Post-synthetic
reatment of COF-LZU1 with Pd(OAc)2 under ambient conditions pro-
uced a Pd/COF-LZU1 composite, which acted as an efficient catalyst
or Suzuki–Miyaura coupling reactions with a wide range of reactants.
ompared with Pd-containing MOFs, Pd/COF-LZU1 gave relatively high
roduct yields of 96%–98% in a short reaction time, exhibited high sta-
ility, and could be easily recycled [ 39 , 82 ]. 

Hybrid catalysts consisting of COFs with metals NPs, including Pt,
u, Ag, and Pd, have been fabricated for the catalytic degradation of
rganic compounds. For example, an Ag NPs/TPHH COF composite
t a minimum dose of 3 mg was employed for the catalytic degrada-
ion of a 4-nitrophenol (4-NPh) to a 4-aminophenol (4-AP) [ 50 , 52 , 145 ].
he catalytic performance was verified experimentally based on the de-
rease in the absorption peak at 400 nm, corresponding to 4-NPh, and
he increase in the absorption peak at 300 nm, corresponding to 4-
P. Similar findings were obtained when the Ag NPs/TPHH COF was
pplied for the catalytic reduction of other nitroaromatic compounds,
ncluding 4-nitroaniline, 4-nitrobenzene, 4-nitrotoluene, 2-nitrophenol,
nd 1-butoxy-4-nitrobenzene. Thus, the Ag NPs/TPHH COF composite
chieved efficient catalytic hydrogenation of –N = N– or –C = N– moi-
ties and degradation of conjugated structures in organic compounds
 39 , 145 ]. 

COF-based hybrids have recently been employed for the photocat-
lytic generation/evolution of hydrogen as a clean fuel from water,
ffering a promising and sustainable approach for converting solar
nergy (renewable sunlight) into chemical energy. The combination
f highly ordered crystalline COFs with noble metal NPs (or less
xpensive non-noble metal alternative such as MoS2 ) as a co-catalyst
an reduce the recombination rates of photogenerated charge carriers
 146 , 147 ]. A MoS2 /TpPa-1 COF composite was fabricated using an ex-
oliated MoS2 dispersion in DMF for the in-situ growth of TpPa-1-COF.
his composite acted as a photocatalyst with an optical absorption

ntensity in the range of 200–800 nm that exceeded those of the
ndividual components [146] . In addition, the calculated valence
nd conduction bands of MoS2 /TpPa-1 COF were more positive than
he O2 /H2 O potential and more negative than the H+ /H2 potential,
espectively, confirming the water splitting ability of this composite
aterial [ 146 , 147 ]. Furthermore, the MoS2 /TpPa-1 COF composite
ith an optimum MoS2 loading of 3 wt.% exhibited a hydrogen

volution rate of 55.85 μmol h− 1 under visible-light irradiation with
n apparent quantum efficiency of 0.76% at 420 nm and outstand-
ng stability over five cycles without any decrease in photocatalytic
erformance. In addition, the MoS2 /TpPa-1 COF composite exhibited
etter catalytic performance than TpPa-1-COF and Pt/TpPa-1-COF,
hich achieved hydrogen evolution rates of 1.72 and 54.79 μmol h− 1 ,

espectively [ 146 , 147 ]. 
Owing to its size-dependent electronic properties and suitable band

ap of 2.4 eV, CdS is an ideal semiconductor photocatalyst for efficient
olar light harvesting. Using a combined impregnation and photodepo-
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Fig. 31. CO2 adsorption performance of An-CTF-10-400, An-CTF-20-400, An-CTF-10-50, and An-CTF-20-500 at (a) 298 K and (b) 273 K. Adapted from [9] under a 
Creative Commons license (CC BY 4.0). 
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ition method, CdS NPs were incorporated into a CTF to fabricate CdS-
TF-1. The photocatalytic performance of the CdS-CTF-1 composite ex-
ibited superior catalytic performance at an optimum CdS loading of
0% CdS. Charge carriers formed by CTF-1 and CdS under visible-light
rradiation promoted the catalytic reduction of water to H2 . Electrons
ere transferred from CTF-1 to CdS and holes migrated from CdS to
TF-1, where they were quenched by lactic acid as a sacrificial agent
 147 , 148 ]. 

Furthermore, a 2D thioether-functionalized COF (TTR-COF)
as prepared via the condensation of 2,5-bis(2-(ethylthio)ethoxy)

erephthalohydrazide (BETH) and 1,3,5-tris(4-formylphenyl)triazine
TFPT) under solvothermal conditions. TTR-COF was utilized for
hotocatalytic hydrogen evolution from seawater, achieving a reaction
ate of 141 μmol h− 1 g− 1 with stable activity over five cycles, unlike
he analogous COF without thioether modification (TFPT-COF). The
ffinity of Au for thioether was suggested to stabilize the Au NPs in
TR-COF, thus ensuring higher catalytic stability than in TFPT-COF.
oreover, the transport of photogenerated charge carriers to the Au

o-catalyst for hydrogen generation from water was likely facilitated
y the conjugated framework of TTR-COF [ 147 , 149 ]. 

CO2 reduction has been suggested as an important technique to re-
uce CO2 emissions and alleviate global warming. Ideal catalysts for
O2 reduction require a stable chemical structure with a suitable band
ap for harvesting of visible light and efficient electron transport. To this
nd, COFs with strong covalent bonds, highly conjugated structures, and
icroporous lattices are ideal candidates for CO2 reduction. A compar-

tive study on catalytic CO2 reduction using a triazine COF (N3-COF)
ased on 2,4,6-tris(4-bromophenyl)-1,3,5-triazine and undoped ACOF-
 revealed low CO2 activities at 80 °C and 4 atm, achieving methanol
volution rates of 8.6 and 13.7 μmol g− 1 for ACOF-1 and N3-COF, re-
52
pectively [ 147 , 150 ]. Although N3-COF performed better than ACOF-1,
oth these materials exhibited lower catalytic activities for CO2 reduc-
ion than other materials based on metal dopants, photosensitizers, and
acrificial electron donors [ 147 , 150 ]. Triazine-based COFs typically ex-
ibit better catalytic CO2 reduction performance than non-triazine sys-
ems owing to their higher affinity for negative charge during electron
onduction. Nonetheless, to prevent rapid electron–hole recombination
n organic semiconductors and thus increase catalytic efficiency, a pho-
osensitizer is required. Photosensitizers can either be introduced as ho-
ogenous co-catalysts or incorporated into the COF network by post-

ynthetic modification [ 147 , 150 , 151 ]. 
Photosensitizers have been introduced into COF structures via the

ncorporation of metal. For example, in 2D sp2 -carbon Bpy-based COF,
he photosensitizer-like complex Re(bpy)(CO)2 Cl was integrated into
he COF structure via Bpy nitrogen binding sites. This Re-doped COF at-
ained a CO yield of 1040 μmol g− 1 , whereas the undoped complex only
roduced trace CO, thereby demonstrating the ability of the photosen-
itizer to facilitate electron–hole generation. In addition, the Re-doped
OF exhibited an enhanced CO2 adsorption capacity of 1.7 mmol g− 1 at
73 K with a heat of adsorption of 31 kJ mol− 1 [ 147 , 152 ]. 

The photocurrent responses of COFs can be increased by the inclu-
ion of metal dopants, such as Re, allowing the generation of higher
urrent densities. For instance, in the absence of Re NPs, TpPa-1 exhib-
ted the lowest CO yield of 32.4 μmol g− 1 h− 1 , whereas at loading of 1
t.%, 3 wt.%, and 5 wt.%, the CO yield increased to 41.8, 108.8, and
1.8 μmol g− 1 h− 1 , respectively [ 147 , 153 ]. 

Non-precious metals have also been reported to be effective dopants
or catalytic CO2 reduction. For instance, PI-linked COFs with a
Ni(bpy)3 ]2 + photosensitizer achieved a high catalytic CO2 reduction
ctivity of 483 μmol g− 1 h− 1 , whereas other investigated COFs only ex-
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ibited trace activity [ 147 , 154 ]. Lastly, the electronic environment of
ertain dopants has been found to play a significant role in product se-
ectivity during photocatalytic CO2 reduction. For a porphyrinic COF
Co-COF-367), CoII -COF-367 was shown to achieve product yields of
8.6, 16.5, and 12.8 μmol g− 1 h− 1 for formic acid, CO, and methane,
espectively. In contrast, CoIII -COF-367 exhibited yields of 93.0, 0.44,
nd 10.1 μmol g− 1 h− 1 , respectively [ 147 , 155 ]. 

.3. Supercapacitors 

COFs have been exploited as platforms for electrical double-layer
uperconductors owing to their high surface areas. The 2D COF (DAAQ-
FP COF) obtained via the condensation of DAAQ as a redox-active unit
ith TFP-30HCHO under solvothermal conditions can function as an ef-

ective pseudocapacitor [ 156 , 157 ]. The high surface area (1280 m2 g− 1 )
nd highly ordered porosity of DAAQ-TFP COF favor charge transfer
rom the redox-active units in the COF to the surfaces of supercapacitor
lectrodes [ 1 , 156 ]. Over 5000 charge/discharge cycles, the electrode
xhibited a stable capacitance of 40 F g− 1 . This low capacitance indi-
ated that only 2.5% of the redox-active DAAQ units were electrochem-
cally accessible, likely due to poor electrical contact resulting from the
andom orientation of the polycrystalline DAAQ-TFP COF. These issues
ere addressed by preparing an oriented thin film of 𝛽-ketoenamine-

inked 2D COF, which achieved a 400% increase in electrode capaci-
ance [ 1 , 158 ]. 

Recently, COFs with various redox-active moieties, such as triaryl-
riazine, carbazole, amino, and pyridine units, and N-atom-rich groups,
uch as benzobisoxazole, triazine, and triphenylamine, have been in-
orporated in supercapacitors. These COFs had desirable electrochemi-
al properties owing to their ordered porosities, high surface areas, and
edox-active and N-atom-rich units, making them an ideal platform for
upercapacitor [ 1 , 159-162 ]. The An-CTF materials were also examined
s supercapacitors using galvanostatic charge–discharge measurements
n 1 M KOH solution with a three-electrode setup. Among the An-CTF
aterials, CTF-10-500 exhibited the highest specific capacitance (589 F
− 1 ) and capacity retention (95% over 5000 cycles), as shown in Fig.
2 [9] . The exceptional performance of CTF-10-500 was attributed to
he presence of graphitic microporous carbon structures with diverse
unctional groups, including pyridinic and pyrrolic N atoms, C = O, and
henolic OH [9] . The exceptional performance of CTF-10-500 was also
ttributed to increasing the An-CN/ZnCl2 molar ratio from 0.05 to 0.1
t 500 °C, which promoted the formation of a carbon-rich network with
 high N content (9). Furthermore, as shown in Fig. 32 (a), the capaci-
ance of the An-CTF materials decreases as the current density increases
rom 0.5 to 20 A g− 1 . In addition, An-CTF-10-400, An-CTF-20-400, An-
TF-10-500, and An-CTF-20-500 achieve capacitance retention of 56%,
2%, 95%, and 90%, respectively ( Fig. 32 (b)) [9] . 

.4. Water treatment 

The scarcity of potable water supplies necessitates the protection of
atural freshwater resources [163–168] . Hence, wastewater treatment
as received significant research interest, and COFs are considered vi-
ble materials for water treatment operations. 

.4.1. Removal of heavy metals 

Heavy metals are problematic owing to their adverse effects on
iving organisms and ecological systems [169–171] . Further, the non-
iodegradable nature of heavy metals necessities the removal of heavy
etals and their corresponding complexes from water to prevent health

nd environmental hazards [ 172 , 173 ]. 

.4.1.1. Removal of lead. 

Carboxyl groups were introduced into COFs via post-synthetic mod-
fication to yield a carboxyl ‐functionalized COF (COOH@COF) with a
53
b adsorption capacity of 123.9 mg g− 1 and high selectivity for Pb, re-
ulting in 90% removal of Pb from water. As a viable adsorbent for
b removal, COOH@COF also performed well in regeneration studies,
aintain the same adsorption capacity for Pb removal over 20 cycles

174] . 
Furthermore, COFs were modified with hydroxyl (–OH) and triazine

Tz) bifunctional groups to fabricate COF ‐Tz ‐OH. Notably, COF-Tz-OH
chieved an adsorption capacity of 476 mg g− 1 and 99% removal of Pb
ith a contact time of 5 min. The integration of bifunctional groups into

he COF structure created numerous chelating sites in the mesopores of
OF ‐Tz ‐OH that were favorable for the adsorption of Pb. In addition,
OF ‐Tz ‐OH maintained a 90% Pb removal efficiency over five cycles
175] . 

A sulfhydryl-functionalized COF (COF-SH) was also developed for
he selective removal of Pb from water. The incorporation of sulfhydryl
roups into the COF structure has been suggested to alter the electro-
tatic surface charge and introduce active sites, thus increasing the ad-
orption capacity of COF-SH to 239 mg g− 1 with 90% Pb removal in 48
 [176] . 

A COF was modified with PVDF to fabricate ultrafiltration mem-
ranes with high Pb2 + removal capabilities. The Pb removal efficacy of
he synthesized PVDF-COF membrane was 92.4%, decreasing to 87.5%
y the fourth cycle. Consequently, this unique PVDF-COF composite is a
romising adsorbent for the removal of Pb2 + from contaminated water
nd wastewater [177] . 

Two amide-based COFs, which were fabricated via the polymeriza-
ion of acyl chloride and amino groups using mechanochemical ball
illing under ambient conditions, acted as Pb2 + adsorbents. Specifi-

ally, COFs were synthesized using two types of diamine monomers:
 -phenylenediamine as an aromatic diamine monomer to produce COF-
P and ethylenediamine as a linear diamine monomer to produce COF-
E [178] . These COF composites exhibited typical lamellar structures,
ith the amide groups in the COF skeleton acting as active adsorption

ites for Pb2 + ions. The Pb2 + adsorption capacity of COF-TE was superior
o that of COF-TP because the smaller aromatic skeleton and weak π–π
tacking of COF-TE facilitated the internal diffusion of Pb2 + . In addition,
OF-TE had a higher amide group, resulting in a maximum adsorption
apacity of 185.7 mg g− 1 compared with that of COF-TP (140 mg g− 1 ).
oreover, excellent recyclability via the adsorption–desorption of Pb2 + 

akes amide-based COFs favorable adsorbents for Pb2 + removal [178] .

.4.1.2. Removal of Mercury. 

Azole and thiol groups were introduced into the structure of
n imine ‐linked COF to yield a thiol-grafted imine ‐based COF
TPB ‐DMTP ‐COF ‐SH) with well-structured channels. This material ex-
ibited an Hg adsorption capacity of 4395 mg g− 1 with high selec-
ivity of 99.98% in 2 min. In addition, a composite material compris-
ng a covalent triazine framework (CTF-1) supporting Fe2 O3 NPs (in
he maghemite 𝛾-Fe2 O3 phase) was synthesized for Hg removal from
astewater [179] . The Hg2 + adsorption capacity of 𝛾-Fe2 O3 @CTF-1

eached 165.8 mg g− 1 , which was considerably higher than those of the
orresponding pure covalent triazine framework or iron-based materi-
ls. The 𝛾-Fe2 O3 @CTF-1 composite could also be reused for numerous
ycles, maintain its remarkable adsorption capacity [179] . 

In further studies on Hg removal, an Ag NPs@COF composite was
ound to have an adsorption capacity of 113 mg g− 1 , achieving 99%
emoval from water with good performance over five cycles [56] . Sim-
larly, COOH@COF with 90 nm diameter nanowires acted as an adsor-
ent for Hg removal, with a maximum adsorption capacity of 99.1 mg
− 1 and 90% Hg removal were achieved under optimum adsorption con-
itions of pH = 6.0 and 25 °C. In addition, 90% Hg removal was main-
ained over 20 cycles [174] . A 2D mesoporous COF containing dense,
exible thiol and thioether chelating groups yielded very high Hg0 and
g2 + adsorption capacities of 863 and 1350 mg g− 1 , respectively [180] .
oreover, a high affinity for Hg2 + with remarkable dispersion coeffi-

ients was observed over a wide pH range (3–10), as well as fast ki-
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Fig. 32. (a) Capacitance and (b) cycle-life performance of cells with An-CTF-10-400, An-CTF-20-400, An-CTF-10-500, and CTF-20-500. Adapted from [9] under a 
Creative Commons license (CC BY 4.0). 
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etics for Hg2 + adsorption. These results demonstrate the remarkable
otential of COFs as adsorbents for Hg2 + removal [180] . Moreover, a
hioether-functionalized covalent triazine network (SCTN-1), fabricated
ia an efficient ionothermal method, achieved high Hg0 and Hg2 + ad-
orption capacities of 813 and 1253 mg g− 1 , respectively, fast adsorption
inetics, and facile regeneration [181] . 

A triazine ‐based COF (T ‐COF) exhibited an excellent adsorption ca-
acity of 1826 mg g− 1 for Hg removal at pH of 5 and ambient tempera-
ure. The high adsorption capacity of T ‐COF, which was maintained over
hree cycles, was attributed to electrostatic interactions between Hg and
he nitrogen atoms localized on the surface of the adsorbent [182] . Fur-
hermore, a sulfhydryl (–SH–)-modified COF (COF-SH) exhibited a high
dsorption capacity of 1283 mg g− 1 for Hg2 + removal, which was 25
imes higher than that of the unmodified COF (183). COF-SH showed
apid adsorption kinetics, realizing 95% removal of 1000 μg L− 1 Hg2 + 

ithin 30 min and exceeding 99% removal after 2 h. Furthermore, this
OF exhibited a removal efficiency of > 99%, over a wide pH range
s well as selectivity for Hg2 + in the presence of other metal cations
183] . Consequently, the COF-SH material demonstrated great potential
or removing Hg2 + from water and wastewater samples under complex
perational conditions [183] . 

.4.1.3. Removal of cadmium. 

As a unique heteroporous COF based on 2,3-Dha as a basic building
lock, COF-ETTA-2,3-Dha achieved the selective adsorption of Cd from
queous solutions [17] . This COF exhibited hierarchical porosity, a large
urface area, accessible metal ion chelating sites, high crystallinity, and
hemical stability against water in a wide pH range owing to the in-
ramolecular hydrogen-bonding interactions provided by the catechol
egment [17] . The COF achieved a maximum adsorption capacity of 116
g g− 1 . However, adsorption capacities of 36 and 95.6 mg g− 1 could be

chieved with contact time of only 1 and 20 min. Moreover, the fab-
icated COF exhibited excellent recyclability and regeneration, with an
54
nsignificant decrease in the adsorption capacity for Cd removal during
ycling [17] . 

A crystalline COF with an enhanced nitrogen atom content was fabri-
ated via the condensation of a 2,4,6-tris(hydrazine)-1,3,5-triazine and
 2,4,6-tris( p -formylphenoxy)-1,3,5-triazine. The as-fabricated COF was
ighly efficient as an adsorbent for Cd2 + removal from wastewater,
chieving an adsorption capacity of 396 mg g− 1 [184] . 

.4.1.4. Removal of Arsenic. 

A composite material ( 𝛾-Fe2 O3 @CTF-1) consisting of CTF-1 and 𝛾-
e2 O3 NPs was applied in environmental remediation studies for the ad-
orption of As3 + and As5 + from synthetic wastewater solutions as well
eal surface, ground, and wastewater [179] . The 𝛾-Fe2 O3 @CTF-1 com-
osite showed high adsorption removal efficiencies for both arsenite
nd arsenate, with adsorption capacities of 198 and 102.3 mg g− 1 , re-
pectively. These adsorption capacities were significantly higher than
hose achieved using conventional adsorbents, indicating the practical
pplicability of 𝛾-Fe2 O3 @CTF-1 for water decontamination and wastew-
ter treatment applications [179] . Furthermore, the removal of As was
tudied using an ethidium bromide (EB)-COF:Br material and Fe0 /COFs.
he Fe0 /COFs were reported to exhibit remarkable performance for
s3 + removal, with an optimum adsorption capacity of 135.78 mg g− 1 

 185 , 186 ]. 

.4.1.5. Removal of chromium. 

The modification of COFs with guanidinium has received attention
or water treatment applications. Guanidinium, a positively charged
itrogen analogue of urea, can form strong ion pairs with oxoanions
hrough electrostatic forces and hydrogen-bonding interactions [187] .
uanidinium was incorporated at the edges of the hexagonal pores of
 COF, thereby increasing the surface area. This novel dual-pore COF
xhibited adsorption capacities of 90–200 mg g− 1 for Cr6 + ion removal
187] . Further studies on the use of dual-pore COFs for Cr6 + removal
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evealed fast adsorption kinetics, a Cr6 + adsorption capacity of 272 mg
− 1 in 10 min, and a maximum Cr6 + adsorption capacity of 384 mg g− 1 

r6 + , which is among the highest values achieved for porous materials
hus far [188] . 

In addition, a magnetic COF with the 𝛽-ketoenamine linkage syn-
hesized via a facile hydrothermal route exhibited high stability, a high
r6 + adsorption capacity of 245.45 mg g− 1 , and excellent reusability.
wing to these remarkable features, this magnetic COF is a promising
andidate for environmental remediation of heavy metal-contaminated
ater [189] . 

.4.2. Removal of radioactive elements 

.4.2.1. Removal of iodine. 

A COF was also demonstrated to exhibit a very high adsorption ca-
acity of 4810 mg g− 1 for the removal of volatile iodine owing to the
ncapsulation of iodine in the structured inner cavities and porous shells
f the microspheres in the COF [190] . Nearly 96% of radioactive io-
ide was adsorbed by the COF during the fifth adsorption–desorption
ycle, demonstrating the satisfactory selectivity and reusability of this
aterial. Similarly, a COF network consisting of a microporous elastic
ydrogen-bonded cross-linked organic framework (HCOFs) exhibited a
apid equilibrium rate ( ∼ 30 min) and a high adsorption capacity of
900 mg g− 1 for radioactive iodine vapor [190] . 

Moreover, the fabrication of five different classes of 2D COFs pore
izes ranging from 2.2 to 3.3 nm were reported to exhibit an improve-
ent in adsorption capacity as the pore size increased [191] . Up to 70
t.% of radioactive iodine vapor was captured by the COFs, even at
oderate temperature, indicating their impressive adsorption perfor-
ance. Generally, the iodine adsorption mechanism on 2D COFs is con-

idered to involve van der Waals forces and hydrophobic interactions
ith the inner cavities of the COF microspheres [191] . 

As a novel 2D imine-linked COF for the removal of radioactive io-
ine vapor, a COF@cotton fiber material was fabricated using an imine
ondensation reaction [192] . This material contained numerous imine
unctional groups and well-dispersed mesopores. These features result
n a rapid adsorption rate and high iodine affinity, as revealed by the
dsorption capacity of 533.9 mg g− 1 [192] . A crystalline mesoporous
itrogen-containing COF, synthesized via an imine condensation reac-
ion, was exploited as a highly efficient adsorbent for iodine removal
193] . The as-synthesized COF exhibited a porous structural network
ith a high BET surface area of 1082 m2 g− 1 , excellent thermal and

hemical stabilities, and numerous nitrogen sites. An excellent iodine
dsorption capacity of 988.17 mg g− 1 was achieved under ambient con-
itions. These findings indicate the considerable potential of this COF for
anaging problematic nuclear fission waste contamination challenges

193] . 

.4.2.2. Removal of uranium. 

COF-HBI, which was synthesized using a one-step solvothermal
ethod, demonstrated a high U(VI) adsorption capacity of 81 mg g− 1 

194] . Further experimental studies established that the complexation
ffinity of U(VI) with the amidoxime groups in okadaic acid (AO)-
unctionalized COFs was considerably stronger than that with cyano or
ydroxyl groups [195] . Consequently, amidoxime-functionalized PAF-1
PAF-1-CH2 -AO) exhibited an excellent adsorption capacity of 300 mg
− 1 , with the uranyl concentration decreasing from 4.1 ×10− 6 to less
han 1.0 ×10− 9 , which is lower than the acceptable limit established
he US EPA [196] . 

In addition, AO-COF/graphene composites (oxime-modified GS-COF
r o-GS-COF) were characterized by high irradiation and acid stabilities,
esulting from intra- and interlayer π–π interactions. The AO-modified
OFs could provide improved selectivity for the adsorption of U(VI) in
nvironmental remediation applications [37] . Recently, COF-TpPa was
emonstrated to have an excellent adsorption capacity (52 mg g− 1 ),
apid adsorption kinetics, high selectivity, exceptional recycling perfor-
55
ance in the presence of competing ions, and good chemical resistance
o acids, bases, and high temperatures [197] . 

.4.3. Removal of pharmaceutical residues 

.4.3.1. Removal of nonsteroidal anti ‐inflammatory drugs (NSAIDs). 

NSAIDs are a group of drugs employed as pharmaceutical analgesics
or the treatment and reduction of pain and, at higher doses, inflamma-
ion. Owing to their large-scale production and the improper disposal
f these drugs in the environment, NSAID accumulation has been found
n various water sources, including rivers and groundwater, resulting
n an ecological predicament [24] . Recently, COFs have been demon-
trated to have high selectivities and adsorption capacities for NSAIDs
n contaminated wastewater. Two COF-based adsorbents (COF ‐NO2 and
OF ‐NH2 ) were utilized for the adsorptive removal of three NSAIDs
ibuprofen, ketoprofen, and naproxen) [ 24 , 198 ]. The adsorption capac-
ties of COF ‐NO2 for ketoprofen, ibuprofen, and naproxen were as high
s 70, 94, and 80 mg g− 1 , respectively. In contrast, COF ‐NH2 exhib-
ted lower adsorption capacities of 33, 18, and 16 mg g− 1 , respectively
198] . However, COF ‐NH2 exhibited better selectivity for the adsorptive
emoval of ketoprofen than for ibuprofen or naproxen. The adsorption
echanism governing the removal of NSAIDs was attributed to hydro-

en bonding between COF ‐NO2 and NSAIDs [198] . Furthermore, the in-
reased selectivity of COF ‐NH2 for ketoprofen removal was reported to
riginate from (acid–base interactions, hydrogen bonding, and strong
orce C = N bonds between the –NH2 groups of COF ‐NH2 and the car-
onyl groups of ketoprofen [198] . 

A fluorine-functionalized bulk COF was recently proposed as an ef-
ective adsorbent for ibuprofen elimination from water samples. The
abrication of magnetic COF composites that allow effective adsorbent
ecovery from a sample matrix has further advanced the application of
OFs for contaminant removal [199] . A systemic series of COF compos-

tes was fabricated for the adsorptive elimination of sulfonamides, di-
lofenac, triclocarban, and triclosan from contaminated water. Among
hese composites, Fe3 O4 /TpPa-1 and Fe3 O4 /TAPB-DMTA exhibited ad-
orption capacities of 565 and 113 mg g− 1 , respectively, for the elimi-
ation of sodium diclofenac and sulfamethazine from water [ 43 , 200 ]. 

.4.3.2. Removal of antibiotics. 

Nitrofurans (NFs) are a group of bacterial antibiotics with well-
efined structures including a characteristic NF group and various side
hains. NFs are frequently employed in medical treatments and in the
nimal breeding industry. As several human health problems can result
rom NF accumulation in water, their detection and removal are essen-
ial [ 24 , 201 ]. Two CTFs based on aggregation ‐induced emission lumino-
ens (AIEgens) were synthesized via a condensation reaction between
he structural building blocks, 4 ′ ,4 ′′ ,4 ′′′ ,4 ′′′′‐(ethene ‐1,1,2,2 ‐tetrayl)
etrakis(([1,1 ′‐biphenyl] ‐4 ‐carbaldehyde)) (ETTC), which exhibits AIE
ehavior, phenamidine hydrochloride, and diphenamidine hydrochlo-
ide. The resulting materials (F-CTF-1 and F-CTF-2) had ultrathin lamel-
ar layers [ 24 , 202 ]. Both CTFs exhibited excellent performance for the
dsorptive elimination of nitrofurazone (NZF), nitrofurantoin (NFT),
nd furazolidone (FZD). At pH 6, F ‐CTF ‐1 exhibited maximum adsorp-
ion capacities of 351, 240, and 196 mg g− 1 for NZF, NFT, and FZD,
espectively, whereas the adsorption capacities of F ‐CTF ‐2 were 298,
00, and 154 mg g− 1 , respectively [202] . The adsorption mechanism
as proposed to involve the N atoms in the triazine rings of the COFs as
dsorption sites that can form strong interactions with the adsorbates.
n addition, F ‐CTF ‐1 and F ‐CTF ‐2 both exhibited good recyclability and
ecovery of their initial adsorption capacities over five cycles [ 24 , 202 ].

.4.4. Removal of pesticide residues 

A magnetic TpBD-Me2 composite was successfully applied as an
dsorbent for the removal of endocrine-disrupting chemicals, such as
esticides, from contaminated water [ 203 , 204 ]. High removal efficien-
ies with maximum adsorption capacities of 54 and 270 mg g− 1 were
chieved for the removal of atrazine and chlorpyrifos, respectively, from



S.O. Akinnawo ChemPhysMater 3 (2024) 36–63

c  

l  

s  

a  

n  

D  

p  

8  

t

5

 

p  

b  

a  

n  

m  

p  

e  

b  

c  

M  

d  

t  

w  

T  

d  

a
 

M  

1  

a

5

 

t  

3  

m  

n  

m  

t  

s  

a  

i  

m  

g  

o  

(  

o  

c  

i  

r
 

o  

A  

r  

t  

a  

b

5

 

fi  

f  

d  

t  

fl  

t  

i
>  

9  

t  

p
 

p  

P  

n  

T  

b  

0
a

 

a  

r  

T  

r  

P  

o  

n

5

5

 

u  

e  

b  

i  

l  

[  

i  

p  

t  

c  

m
 

D  

o  

a  

c  

c  

a  

b  

p  

o
 

r  

s  

e  

w
 

t  

o  

t  

7  

l  

a  

i  

i  

s

ontaminated wastewater [205] . Conversely, polar diquat exhibited a
ow adsorption efficacy of approximately 8%, thus demonstrating the
electivity of magnetic TpBD-Me2 . Hydrophobic interactions likely play
n essential role in the adsorptive removal of polar diquat using mag-
etic TpBD-Me2 [205] . Three COFs with different linkers (PDA, BD, and
T) were used for the adsorptive removal of the insecticide triphenyl
hosphate from water. Good adsorption capacities of 387.2, 371.2, and
6.1 mg g− 1 were achieved for COF-BD, COF-PDA, and COF-DT, respec-
ively [206] . 

.4.5. Removal of dyes 

Two triazine ‐functionalized PI-based COFs were synthesized: macro-
orous TS ‐COF ‐1, a triazine ‐PI ‐COF with PMDA and TAPT building
locks, and microporous TS ‐COF ‐2, a triazine ‐Schiff base ‐COF with TP
nd TAPT building blocks [207] . When applied to the adsorptive elimi-
ation of methylene blue (MB), an excellent adsorption capacity of 1691
g g− 1 was achieved by TS-COF-1, which is the highest adsorption ca-
acity reported for MB removal to date [207] . In contrast, TS ‐COF ‐2
xhibited a lower adsorption capacity of 377 mg g− 1 . This difference in
ehavior was attributed to the sizes of the pores in the meso ‐ and mi-
roporous TS-COF structures (31 and 11 Å, respectively) [207] . Thus,
B molecules, with a size of 13.4 Å×5.0 Å×4.2 Å, could enter and

iffuse through TS ‐COF ‐1 more easily. In addition, the weak interac-
ion between this COF and MB enabled the regeneration of the COF
hile maintaining its adsorption capacity over three cycles [ 24 , 207 ].
he TS ‐COF-1 adsorbent was also studied for the elimination of rho-
amine B (RhB) and Congo red dyes, and adsorption capacities of 319
nd 625 mg g− 1 , respectively, were obtained [207] . 

MOF-5 was blended with a melamine-based COF to fabricate the
C5 composite, which exhibited outstanding adsorption capacities of

8 and 16 mg g− 1 with a contact time of 8 min for the elimination of
uramine-O and RhB, respectively [207] . 

.4.6. Removal of other organic and inorganic compounds 

TS ‐COF-1 was utilized for the removal of two other organic pollu-
ants (4 ‐nitrophenol and 3 ‐nitrophenol) with adsorption capacities of
69 and 424 mg g− 1 , respectively [24] . Using Fe3 O4 as a superpara-
agnetic core and porous COF-TpBD as a shell, magnetic core–shell
anospheres (Fe3 O4 @TpBD) exhibited considerable potential for the re-
oval of bisphenol A (BPA) and bisphenol AF (BPAF) from wastewa-

er [208] . The adsorption kinetics of Fe3 O4 @TpBD followed a pseudo-
econd-order kinetic model and a contact time of 5 min was sufficient for
dsorption equilibrium [208] . Further, Fe3 O4 @TpBD achieved a max-
mum adsorption capacity of 160.6 mg g− 1 for BPA. The adsorption
echanism was proposed to be controlled by π–π interactions and hydro-

en bonding between the hydroxyl groups in BPA and carboxyl groups
f the COF [208] . Similarly, a magnetic COF based on Tp ‐COF series
Fe3 O4 @TpPa ‐1), achieved exceptional performance for the elimination
f BPA in wastewater. The adsorption isotherms of Fe3 O4 @TpPa ‐1 were
onsistent with the Langmuir model, with maximum adsorption capac-
ties of 1424.27 and 1220.97 mg g− 1 for TpPa ‐1 and Fe3 O4 @TpPa ‐1,
espectively, for removing BPA from wastewater at 298 K [ 24 , 189 ]. 

EB-COF:Br was also found to be a viable adsorbent for the removal
f phosphate and phosphoric acid from water (25 °C, pH = 0.65–0.86).
n adsorption capacity of 35.3 mg g− 1 with 95% removal efficiency was
ealized for phosphoric acid. The adsorption process depended on elec-
rostatic interactions between the negatively charge phosphate groups
nd positively charged = N+ – groups of the COFs as well as hydrogen
onding [ 185 , 209 ]. 

.4.7. Water desalination 

NENP-1, a modified COF with a triazine structure, was used as a
ller for polysulfonamide (PSA), which was synthesized via the inter-

acial polymerization (IP) of polyallylamine and 1,3 ‐benzenedisulfonyl
ichloride (BDSC) [ 24 , 210 ]. Owing to the porosity and hydrophilicity of
he COF, the incorporation of 0.1 w/v% of NENP ‐1 increased the water
56
ow and MgCl2 rejection [210] . Higher concentrations of the COF led
o worse performance because of particle aggregation. Further studies
nvestigated different ions, which exhibited a rejection order of CaCl2 
 ZnCl2 > MgCl2 > Pb(NO3 )2 > MgSO4 > NaCl > Na2 SO4 (94.9% >

3.8% > 93.3% > 92.4% > 90.2 > 58.2% > 54.3%), in agreement with
he Donnan effect. This system achieved good compatibility between the
olymer matrix and COF [ 24 , 210 ]. 

Similarly, IP of piperazine (PIP) and trimesoyl chloride (TMC) de-
osited on a 2D COF nanosheet composite was used to fabricate a
SA layer with a thickness < 10 nm to obtain TpPa ‐1 covalent organic
anosheets (CONs) [102] . The high porosity and hydrophilicity of the
pPa ‐1 CONs enhanced the assembly of TMC and allowed hydrogen
onding of the PIP monomers on the surface. At the optimum dose of
.5 mg TpPa ‐1 CONs, the water flux increased to 535.5 L m− 2 h− 1 MPa− 1 

nd 94.3% Na2 SO4 rejection was achieved [ 24 , 102 ]. 
The interactions between TMC and the amino groups during IP were

lso exploited for the fabrication of CONs (rCONs) of CTF ‐1, which were
eported to enhance the antifouling properties and hydrophilicity [211] .
he maximum water flux of 46.5 L m− 2 h− 1 bar− 1 was obtained at an
CON loading 5 wt.%, which was 6.8 times higher than that with pristine
SA, and Na2 SO4 rejection reached 93.5%. For other salts, the rejection
rder was Na2 SO4 > MgSO4 > MgCl2 > NaCl, consistent with the Don-
an theory [ 24 , 211 ]. 

.5. Sensors 

.5.1. Electrochemical sensing 

Metal NPs and carbon-based nanomaterials have been extensively
tilized to prepare electrochemical sensors with unique surfaces. How-
ver, poor stability of the electrode surface can deteriorate repeata-
ility [39] . To overcover this issue, current research on electrochem-
cal sensing is focused on the incorporation of nanomaterials with
arge specific surfaces, high porosities, and high loading capabilities
 39 , 140 , 212 , 213 ]. Although COFs offer many desirable properties, the
ntrinsically poor electrical conductivity of COFs is problematic for ap-
lications in electrochemistry. To increase the functionality of COFs,
hey have been combined with various highly conductive materials, in-
luding conductive polymers, magnetic NPs, carbon nanotubes, noble
etal NPs, and GO [ 39 , 140 , 213-215 ]. 

For example, COFs were hybridized with Au NPs to yield a TAPB-
MTP@AuNP composite. As a sensor for the selective determination
f chlorogenic acid in apples, coffee, and honeysuckle, this system
chieved a detection limit of 9.5 nM [140] . The TAPB-DMTP@AuNP
omposite sensor demonstrated good selectivity for the target analyte
omplex matrices and could be reused for at least 100 cycles without
ny activity loss [ 39 , 140 ]. Notably, the composite electrode exhibited
etter electrochemical behavior than the bare Au NP electrode. This im-
rovement was ascribed to the synergistic effect of the high conductivity
f the Au NPs and the active sites of COF [ 39 , 140 ]. 

In addition, a TpPa-1@Ag NP composite was prepared by incorpo-
ating Ag NPs into COF. The Ag NPs were immobilized on the TpPa-1
urface through hydrogen bonding and π–π interactions. This composite
xhibited selective recognition of target analyte, such as paraquat, in
ater samples with a detection limit of 0.014 μM [ 39 , 216 ]. 

The electrochemical response of a bare glass carbon electrode (GCE)
o luteolin was compared with that of GCE coated with TAPB-DMTP COF
r the TAPB-DMTP@Fe3 O4 composite [217] . The COF coating substan-
ially increased the characteristic signal, and a low detection limit of
.2 nM was achieved, which was ascribed to the selective adsorption of
uteolin on the surface of the COF through π–π stacking interactions. In
ddition, the signal was further enhanced with the magnetic COF coat-
ng [217] . This behavior was attributed to the synergistic effect of the
mproved electron transfer efficiency provided by Fe3 O4 and the high
urface area and active sites provided by TAPB-DMTP [ 39 , 217 ]. 
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.5.2. Luminescent sensing 

Recently, fluorescence sensors have been prepared to exploit the con-
ugated structures of COFs. A core–shell composite obtained by blend-
ng COF-LZU1 as the shell with highly fluorescent NPs as the core.
anthanide-doped upconversion nanoparticles (UCNPs) were selected
s an ultrasensitive fluorescence sensor for analytical determination of
erfluorooctane sulfonate (PFOS). The detection mechanism was as-
ribed to fluorescence quenching of the UCNPs in the presence of PFOS
 39 , 218 ]. This novel COF-LZU1 composite was successfully applied for
he selective detection of PFOS in water and food samples with a de-
ection limit of 0.15 pM. The enhanced fluorescence intensity of the
omposite was attributed to the formation of –C = N– bonds, which in-
reased the π-conjugation of the COF-LZU1 composite, thus enhancing
ts fluorescence response [ 39 , 218 ]. Similarly, a composite consisting
f carbon dots (CDs) loaded in a RhB-prefunctionalized PT-DHTA COF
CDs/RhB@PT-DHTA) was used as a fluorescence probe for trace Hg(II)
n cosmetic and water samples, and a detection limit of 15.9 nM was
chieved [ 39 , 219 ]. 

In another approach, COFs were hybridized with molecularly im-
rinted polymers (MIPs) to obtain hybrid COF/MIP composites as fluo-
escence sensors. Furthermore, CDs as optosensing nanomaterials were
ncorporated into the hybrid COF/MIP composites. A composite con-
isting of CDs coated with an MIP and grafted onto the surface of
pPa-1 COF (CDs-MIP/TpPa-1) was applied to the selective sensing
f 4-ethylguaiacol in wine samples with a detection limit of 0.11 μM
 39 , 220 , 221 ]. TpPa-1 allowed efficient analyte adsorption and con-
ributed to the selective exclusion of interfering chemical species. The
D fluorescence was quenched by transportation of the analyte to the
ore of the composite, where it interacted specifically with the molecu-
ar cavities of the MIP [ 39 , 220 , 221 ]. 

.5.3. Colorimetric sensing 

Colorimetric analysis, which does not require the use of advanced
nalytical instrumentation, is inexpensive and simple to operate with
nd good sensitivity. Thus far, COF-based composites fabricated by com-
ining COFs and noble metal NPs have been employed for colorimetric
ssays [ 39 , 222 ]. Recently, a Pd NPs/CMC-LZU1 composite device, fab-
icated via the in-situ growth of Pd NPs on COF-LZU1 supported on car-
oxymethyl cellulose (CMC), was applied for the colorimetric detections
f HeLa cancer cells in human serum samples. The surface area of the
d NPs/CMC-LZU1 (403 m2 g− 1 ) was comparable to that of bulk COF-
ZU1 (460 m2 g− 1 ). For the colorimetric assay, Pd NPs functionalized
ith folic acid (FA) were immobilized on the composite, resulting in a
A-Pd NPs/CMC-LZU1 composite with the capacity to specifically bind
eLa cancer cells with a detection limit of 100 cells mL− 1 [ 39 , 222 ]. 

Moreover, two composites (Au NPs/TpBpy COF nanosheets and Au
Ps/PTAzo COF) obtained by the in situ growth of Au NPs on a COF
ere used as colorimetric sensors for Hg(II) in water samples with detec-

ion limits of 0.33 and 0.75 nM, respectively. The Hg concentration was
ound to be directly proportional to the intensity of the color resulting
rom the oxidation of a 3,3 ′ ,5,5 ′ -tetramethylbenzidine in the presence
f hydrogen peroxide, which results in a color change from colorless
o blue [ 223 , 224 ]. In addition, interference from other ions in the wa-
er samples were negligible because the high affinity between Au and
g provided excellent selectivity. Disadvantageously, this strong inter-
ction between Au and Hg results in the formation of an amalgam that
imits the reusability of the sensor [ 39 , 223 , 224 ]. 

.6. Photovoltaic devices 

The incorporation of organic chromophores as building blocks dur-
ng the fabrication of COFs can result in active sites for solar energy
onversion. Under light irradiation, these sites can generate singlet ex-
itons and act as electron donor (D) units for suitable acceptor (A) units
ncorporated into the pores of the COF [ 1 , 225 ]. 
57
.6.1. COFs as electroactive materials 

Two semiconductive and photoconductive COFs (TP-COF and PPy-
OF) were fabricated based on a highly ordered π-conjugated pyrene
erivative that can transport charge along the COF. TP-COF showed
emiconducting characteristics and exhibited strong blue emission
 1 , 226 , 227 ]. Upon harvesting visible light, TP-COF and PPy-COF gen-
rated photocurrents of 4.3 and 5 nA, respectively. In addition, TP-COF
as able to harvest photons throughout the UV and visible regions,
hich were then converted to blue emission owing to intramolecular

inglet energy transfer from the triphenylene to pyrene moiety. This be-
avior demonstrated electronic coupling between the building blocks in
he COF structure [ 1 , 226 , 227 ]. 

.6.2. D–A heterojunction systems 

D–A systems consisting of electron-withdrawing A units alternately
ligned with D units can improve charge carrier transport and light
bsorption [ 1 , 228 ]. A D–A COF system consisting of benzothiadiazole
A) and phthalocyanine (D) units exhibited periodic D-on-D and A-on-A
hannels that delivered vertically orientated D and A heterojunction ar-
ays. These arrays promoted the transport of electrons and holes through
he aligned columns of benzothiadiazole and phthalocyanine unites, re-
pectively. Notably, charge carrier transport in this system followed a
ifferent path than in the n-type phthalocyanine COF [ 1 , 228 ]. 

.6.3. Fully π-conjugated systems 

A fully π-conjugated COF system was synthesized using all-sp2 -
ybridized carbon atoms extended into a 2D lattice with π-conjugation.
he sp2 -hybridized c-COF demonstrated oxidation and reduction poten-
ials of 0.94 and − 0.96 eV, respectively, with a narrow band gap of 1.90
V [ 1 , 87 ]. When the sp2 -hybridized c-COF was doped with I2 , the con-
uctivity increased by 12 orders of magnitude to 7.1 ×10− 2 S m− 1 . The
olor could be altered by changing the linking group and extending the
-conjugated system. In particular, red and yellow were obtained for sp2 

-COF and the imine-linked 2D COF, respectively [ 1 , 87 ]. 

.6.4. 2D COFs based on π-electron-rich macrocycles 

The introduction of π-electron-rich macrocycles, including phthalo-
yanine and porphyrin, into the structural building blocks of the COF
an enhance the optical absorption capacity and charge transport
 1 , 229 ]. Similarly, the integration of a metal phthalocyanine into the
tructural network of the COF increased the panchromatic light response
nd photoconductivity owing to high charge carrier mobility in the π-
ystems of the 2D metal phthalocyanine with well-ordered stacking lay-
rs [ 1 , 230 , 231 ]. In terms of broadness and intensity, the central metal
on in the metal phthalocyanine has been shown to have a strong ef-
ect on charge carrier transport and light absorption. For instance, 2D
iPc-COF, prepared by integrating a well-ordered nickel phthalocyanine

tacking unit into the COF structure, exhibited light-harvesting capabil-
ties in the near-IR and visible regions [ 1 , 230 , 231 ]. 

.6.5. COF thin films 

Thin films are advantageous for applications in photoelectronic de-
ices. Therefore, the fabrication and electronic characteristics of COF-
ased thin films have been investigated. The high crystallinity and ori-
ntation of a COF thin film on a single-layer graphene/SiO2 substrate
as used to fabricate photovoltaic devices with functional π-electron

ystems consisting of crystalline and aligned triphenylene-pyrene COF
r phthalocyanine COF thin films [ 1 , 232-234 ]. 

An electron acceptor, comprising I2 and tetracyanoquinodimethane
s charge-transfer partners, was integrated into the structural network
f a COF to produce an oriented TTF-COF thin film. For these thin
lms, the relative conductivites were measure using an Au/Cr electrode
 1 , 128 , 235 ]. Direct charge carrier transport along the columnar stacks
f a COF thin film was achieved in an oriented BDT-COF thin-film de-
ice. The BDT-COF thin films with thicknesses in the range of 80–200
m exhibited higher hole mobility because the thinness of these films
ed to a lower content of electronic defects [ 1 , 236 ]. 
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.6.6. 3D COFs as new platforms for next-generation photovoltaic devices 

3D COFs have been proposed as new platforms for next-
eneration crystalline organic photovoltaic devices. For example, a
ubphthalocyanine-based 3D COF that can form co-crystals with
ullerene (C60) through periodic ball-and-socket binding motifs was de-
eloped [ 1 , 237 , 238 ]. In perovskite solar cells (PSCs), doping with 3D
OFs can increase the power efficiency and charge transport ability.
or instance, compared with an undoped PSC, simple bulk doping with
D spirobifluorene-based COFs (SP-3D-COFs) significantly enhanced the
verage power conversion efficiency (15.9% and 18.0% for SP-3D-COF
 and SP-3D-COF 2, respectively [ 1 , 239 ]. In addition, the 3D frame-
ork of these SP-3D-COFs can provide electron transport channels in
ighly ordered and aligned frameworks, thereby improving the charge
ransport in planar-type PSCs. In such cases, a few layers of CONs exfo-
iated from the COFs can be utilized as the hole-transport layer com-
ined with poly(ethylenedioxythiophene): polystyrene sulfonate (PE-
OT:PSS). When these layers were employed as an interlayer material in
n inverted planar PSC, the power conversion efficiency reached 10.2%,
hich corresponding to a 1% increase compared with that of the refer-

nce device [ 1 , 240 ]. 

.7. Chromatographic and spectroscopic analyses 

The development of COF-derived functionalized nanocomposites has
ained significant attention for specialized instrumental analysis that
equire matrix separation prior to quantitative and qualitative charac-
erization of the analyates. Recently, a unique COF functionalized with
ydrophilic magnetic graphene (magG@PDA@TbBd), which was fabri-
ated using a facile and efficient method, was employed as a magnetic
olid-phase extraction matrix for the analysis of phthalate esters [63] .
n addition, magG@PDA@TbBd exhibited excellent water dispersibility,
 strong magnetic response, a large surface area, a mesoporous struc-
ure, and a strong π–π electron system. Owing to these characteristics,
agG@PDA@TbBd demonstrated excellent performances for the analy-

is of phthalates with reliable recoveries (91.4%–105.2%), good linear-
ty in the range of 50–8000 ng mL− 1 , and satisfactory reusability [63] .
urthermore, the limit of detection was in the range of 0.004–0.02 ng
L− 1 , and the intraday and interday relative standard deviations were

ess than 4.4% and 6.7%, respectively. Notably, magG@PDA@TbBd was
uccessfully used for the analysis of nine phthalate acid esters in pack-
ged milk samples [63] . 

Nitrogen-rich triazine-based COFs were successfully applied for the
 H NMR analysis of nitrogen and sulfur mustards in the presence of
ackground levels of hydrocarbons [241] . Nitrogen-rich triazine-based
OFs were also for solid-phase extraction to prepare of samples for gas
hromatography analysis. This system achieved good linearity at con-
entrations of 0.05–100.00, 0.04–20.00, and 0.20–20.00 μg mL− 1 for
rganophosphate esters, nerve agents, and mustards, respectively, with
orrelation coefficients in the range of 0.9867–0.9998 [241] . Further-
ore, for organophosphate esters, nerve agents, and blister agents, the

imits of detection were 0.015–0.050, 0.010–0.030, and 0.05–1.00 μg
L− 1 , respectively, whereas the limits of quantification were 0.050–
.200, 0.040–0.100, and 0.180–0.350 μg mL− 1 , respectively [241] . 

A Au NP/COF composite was utilized as a surface-enhanced Raman
cattering platform for the detection of 𝛽-lactoglobulin, polycyclic aro-
atic hydrocarbons (PAHs), and adenosine triphosphate in food, water,

nd urine samples [242–244] . Similarly, an Au NP/SNW-1 COF com-
osite was applied as a surface-enhanced Raman scattering platform to
dentify different PAHs in pond and tap water, with limits of detection
n the range of 1.0–0.1 μM [242] . Lastly, crystalline and highly COFs
ere embedded with radicals to construct peroxyl-radical-embedded
OFs (PR( 𝜒)-CFs) for dynamic nuclear polarization enhancement dur-

ng solid-state NMR analysis [245] . 
58
.8. Biomedical applications 

.8.1. Bioimaging 

Bioimaging via fluorescence imaging has been recognized as an im-
ortant technique for facilitating preliminary medical diagnosis and
he detection of various cancers. COFs are promising candidates for
ioimaging application owing to their advantageous properties, includ-
ng π–π stacking, long-range crystal domains, high photostability, ex-
ended π-conjugation, and minimal toxicity [246] . A benzothiadiazole-
ased COF (TPI-COF) was found to increase two-photon induction (TPI)
o achieve highly efficient two-photon promoted fluorescence emission.
his system outperformed those obtained using previous conventional
echniques such as polymerization and molecular design. In addition,
PI-COF was successfully employed for confirming malignant cellular
ispersion and endocytosis processes [246–248] . 

Fluorescein sodium was integrated into a COF to yield TpPa-1@Dye
s a hydrogel. This system was applied to analyze sialic acid (SA) as a
otential ovarian cancer biomarker. Using TpPa-1@Dye as an indicator
ith Cr3 + as an electron-deficient receptor, ultrasensitive SA detection
ith a broad linear range (10− 8 to 10− 2 M) was achieved. The com-
etitive SA and Cr3 + interaction provide a potential avenue for cancer
maging and diagnosis [ 246 , 249 ]. 

Furthermore, for bioimaging applications, MCOF nanospheres were
abricated with highly crystalline COFs as the shell and Fe3 O4 nano-
ssemblies as the core. The unique fluorescence quenching interaction
etween hairpin DNA and MCOF was utilized for the sensitive identifi-
ation and quantification of miRNA-182 in the serum of glioma patients,
hereby facilitating glioma detection and diagnosis [ 246 , 250 ]. 

.8.2. Drug delivery 

The excellent properties of COFs, including high surface areas,
igh porosities, and tunable pore sizes and geometries combined with
he ability of various COFs to effectively disintegrate in the slightly
cidic tumor microenvironment offer a competitive advantage for the
argeted delivery of a number of anticancer drugs to tumor sites
246] . For instance, for chemotherapeutic drug delivery, two 3D PI-
OFs (PI-COF-5 and PI-COF-4), based on pyromellitic dianhydride
nd tetra(4-aminophenyl)methane or 1,3,5,7-tetraaminoadamantane,
chieved high ibuprofen loadings and well-controlled release profiles
 10 , 80 ]. COFs prepared via the condensation of amines and aldehydes,
ere applied as drug carriers for captopril, 5-FU, and ibuprofen, achiev-

ng high loading capacities, high release capacities, and low degrees of
ytotoxicity [ 10 , 251 ]. Similarly, a nanoscale covalent triazine polymer
mployed as a carrier for the anticancer drug doxorubicin realized con-
rolled released profiles at pH of 4.8 and 7.4 [ 10 , 252 ]. Owing to the high
tability and biocompatibility of COF NPs as drug carriers, a quercetin-
oaded COF (TTI-COF@Q) was successfully engulfed by human breast
arcinoma cells and induced apoptosis. Furthermore, compared with the
irect administration of this drug, TTI-COF@Q suppressed the prolifer-
tion rate of human breast carcinoma cells [ 246 , 253 ]. 

In another study, improved antitumor efficiency was achieved owing
o the high drug-loading capacity and pH-responsive of doxorubicin-
oaded DOX@COF. Compared with administering doxorubicin alone,
he high biocompatibility and pH-responsiveness of DOX@COF could
nduce cancer therapeutic effects and decrease the overdose risk
 246 , 253 ]. 

. Perspectives 

Research on the synthesis of high-quality COF materials has been
imed at in developing new strategies. One recently reported novel ap-
roach involves the use of multicomponent reaction and multistep syn-
hesis strategies, in which more than two types of building blocks are
sed to fabricate COFs, thereby enriching the structural diversity ( Fig.
 ). The catalyst has also been reported to play a significant role in fab-
icating enriched COF materials. For example, the utilization of basic
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yrrolidine as a catalyst promotes the conversion of amorphous poly-
mine to TpBD-based COF crystals. In contrast, aqueous acetic acid is
ypically used as an efficient catalyst in the synthesis of most imine-
inked COFs materials. 

Furthermore, the linker-exchange strategy has received recent at-
ention for the synthesis of COFs at a solid-solution interface, allow-
ng the transformation of COFs with amorphous properties into highly
rystalline COF materials. The linker-exchange strategy has also been
ntegrated with the multicomponent reaction and multistep synthesis
trategies to fabricate COFs with more than two types of building blocks
 Fig. 1 ). Lastly, the synthesis of 3D COFs is of considerable interest, as
hese materials have been proposed a new platform for next-generation
rystalline organic photovoltaic devices. In addition, COFs have re-
ently been considered as promising candidates for biomedical appli-
ations, such as bioimaging for preliminary cancer diagnosis and drug
elivery. 

. Concluding remarks 

This review provided an extensive overview of COFs as a class of
orous polymers with a high crystallinity and considerable advantages
ver other porous materials, including MOFs, CMPs, SOFs, and inor-
anic zeolites, owing to their predictable design, structural diversity,
igh surface areas, and tunable properties and functions. Significant ad-
ances have been made in the development of design strategies (e.g.,
ype of COF linker and hybridization for COF-based composites), syn-
hetic methodologies, characterization techniques, and applications in
 wide range of fields. In particular, COFs have potential applicability
n catalysis, photovoltaic devices, chromatographic and spectroscopic
nalyses, sensors, biomedicine, gas storage, and environmental remedi-
tion. 

COF materials have been used for water treatment for less than
 decade, but significant outcomes for water desalination and treat-
ent have provided prospects for the utilization of COFs as an efficient
embranes and adsorbents for the elimination of pollutants from wa-

er. Nevertheless, there is a lack of information on the employment of
OFs in some critical areas of water treatment, including membrane
istillation and electrodialysis. Hence, deeper insight into the structure–
erformance relationships of COFs is critical for both current and future
pplications of COFs. In addition, COFs have been reported to play a
rucial role in biomedical applications, including drug delivery. Fur-
hermore, COFs have been applied for bioimaging in various biomed-
cal studies involving the preliminary diagnosis and early detection of
arious cancers. 

However, the techno-economical assessment of COFs is an es-
ential challenge associated with the cost of synthesizing COF-based
aterials compared with other commercially available materials.
hus, there is a necessity to guide synthetic methodologies cou-
led with biocompatibility toward cost-effective and large-scale de-
ign and fabrication strategies for industrial applications. Such progress
ould enable the engineering of novel COF platforms for ground-
reaking applications with considerable impact for addressing societal
hallenges. 
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