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A B S T R A C T

Covalent organic frameworks (COFs) are an emerging class of porous covalent organic structures whose
backbones were composed of light elements (B, C, N, O, Si) and linked by robust covalent bonds to endow
such material with desirable properties, i.e., inherent porosity, well-defined pore aperture, ordered
channel structure, large surface area, high stability, and multi-dimension. As expected, the above-
mentioned properties of COFs broaden the applications of this class of materials in various fields such as
gas storage and separation, catalysis, optoelectronics, sensing, small molecules adsorption, and drug
delivery. In this review, we outlined the synthesis of COFs and highlighted their applications ranging from
the initial gas storage and separation to drug delivery.
© 2017 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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1. Introduction

Porous organic frameworks (POFs) constructed from light
elements and linked by covalent bonds are a new generation of
porous materials, which have been of particular interest due to
their desirable properties of high stability, versatile functionality,
large surface area [1–3]. To date, several types of POFs have been
prepared including porous aromatic frameworks (PAFs) [4–6],
polymers of intrinsic microporosity (PIMs) [7,8], conjugated
microporous polymers (CMPs) [9,10], hyper-cross linked polymers
(HCPs) [11], and covalent organic frameworks (COFs) [12–18], etc.
Among these, COFs as one of the crystalline porous materials,
which are mainly constructed from B, N, C, and O, and connected by
covalent bonds have attracted increasing attention in recent years
not only in the field of gas storage and separation [19,20] but also in
various fields such as catalysis [21,22], optoelectronics [23–25],
sensing [26–28], organic molecules adsorption [29–32], and
potential drug delivery [33,34]. Compared with the great
concerned metal-organic frameworks (MOFs), COFs possess
comparable surface area, inherent porosity, tunable pores, well-
defined pore aperture, ordered channel structure, and versatile
chemical composition. In addition, the main covalent linkages of
B�O, C��N, and B��O��Si facilitate COFs with higher stability.
Accordingly, many excellent works about COFs have been reported
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and their desirable properties enable such materials to be
promising in diverse fields [35,36].

In this mini-review, we will represent a brief overview of the
synthesis of COFs, whereas the growing types of linkers amendable
to the synthesis of COFs are discussed. Our main focus of this
review is to highlight the applications of COFs in various fields
including gas storage and separation, catalysis, optoelectronics,
sensing, small molecules adsorption, and drug delivery. Finally, the
prospects and challenges of COFs have also been extensively
discussed.

2. Synthesis of COFs by linking organic building blocks

2.1. B��O linkages

Boronic acids were first used to synthesize COFs via producing
the linkages of boroxine anhydride in the form of B3O3 rings. COF-1
(Fig. 1A) was synthesized by the self-condensation of 1,4-phenyl-
enediboronic acid (BDBA) to give an extended layers with
hexagonal pores of 15 Å diameter and BET surface area of
711 m2/g [37]. Besides, COFs can also be synthesized by the
reaction of boronic acids with catechols to produce boronate
esters-based linkages as in case of COF-5 (Fig. 1B) and COF-105
[37,38]. Additionally, boronic acids can react with silanols to
produce borosilicate bonds and then to form structures of COFs
such as COF-202 [39]. Undoubtedly, B��O linkages are remarkably
general in the synthesis of COFs and COFs can be tailored by
selecting diverse building blocks and reaction strategies, i.e.,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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tunable topologies and multi-dimension of COFs can be obtained
[40,41]. For example, Lei0s group fabricated a boronic ester-linked
COF built from 4,4'-phenylazobenzoyl diboronic acid and
2,3,6,7,10,11-hexahydroxytriphenylene at room temperature and
the liquid/solid interface [42]. Zhu0s group reported an azoben-
zene-containing COF through the formation of borate ester [43].

2.2. C��N linkages

In addition to the B��O bonds, COFs can also be prepared
through the formation of C��N bonds. For example, COF-300 with a
surface area of 1360 m2/g and a 5-fold interpenetrated dia topology
was obtained by the imine condensation of aldehyde and amine
linkers [44]. The formation of imine bonds is a versatile strategy for
the preparation of COFs and the polymerization reaction of Schiff
bases is a similar method used to enhance the stability of imine-
based COFs. For instance, Wan0s group synthesized a bilayer COF by
imine reaction between tetrathiafulvalene tetraaldehyde and p-
phenylenediamine [45]. Zhao0s group prepared two kinds of 2D
COFs which are constructed from truxene-based building block
and 1,4-diaminobenzene or benzidine. More importantly, they
studied the influence of substituents on interlayers stacking of 2D
COFs, which may open a new path for the design of COF-based
functional materials [46]. To obtain higher stability, COFs have
been synthesized through the formation of hydrazone linkages,
another formation of C��N bonds with the condensation of
aldehydes and hydrazide linkers. As in the case of COF-42 and COF-
43 [47], these two examples of hydrazone COFs possessed
enhanced chemical stabilities than imine-based COFs [48]. In
addition to the abovementioned C��N bonds, other azine linkages
and triazine rings have also been applied for the synthesis of COFs
[49,50]. Remarkably, Wang0s group indicated a facile strategy for
the synthesis of ��C¼N�� linked COFs, i.e., imine-linked LZU-20,
hydrazone-linked LZU-21, and azine-linked LZU-22 via the
condensation of dimethyl acetals and amines with good thermal
stability [51]. Additionally, polyimide COFs with desirable stabili-
ties have also been successfully prepared via the imidization
reaction [52].

2.3. Other linkages

Many other linkages have also been explored for the synthesis
of COFs in addition to the abovementioned general strategies
because of the diversity of reversible reactions, which is critical for
Fig. 1. Structural representations of (A) COF-1 and (B) COF-5. Carbon, boron, and
oxygen are represented as gray, orange, and red spheres, respectively.
Source: Reproduced from Ref. [14] with permission. Copyright 2015, American
Chemical Society.
the preparation of COFs with perfect order. Squaraine-linked COFs,
which is composed of squaric acids and amines, allowed for the
integration of zwitterion structures in their structures [53].
Subsequently, another ionic COF was synthesized based on
azodioxy linkages via the self-condensation of hydroxylamine
with tetrabutylammonium fluoride as catalyst [54]. Afterwards,
spiroborate-linked ionic COFs was prepared via the condensation
of diols and trialkyl borate in the presence of basic catalysts [55]. In
addition, double-stage strategies for the synthesis of COFs with
multiple topologies also received wide attention, such as the
combination of an imine and boronate ester or an imine and
boroxine [17,56].

3. Applications of COFs

COFs0 desirable properties of inherent porosity, well-defined
pore aperture, ordered channel structure, large surface area, low
density, high stability, multi-dimension, and designable function-
ality make these materials promising for use in the fields of gas
storage and separation, catalysis, optoelectronics, sensing, small
molecules adsorption, and drug delivery [57]. In the following part,
we will briefly outline the applications of COFs, providing an
outlook for the development of COFs.

3.1. Gas storage and separation

As promising materials for gas storage and separation,
permanent porous COFs have attracted increasing attention since
the initial synthesis of COFs and many excellent works have proven
that COFs possess superior capacity for the storage and separation
of important gases such as carbon dioxide, hydrogen, and methane
[58–61]. Three-dimensional COFs with higher surface area and
pore volumes exhibited larger storage capacities compared with
two-dimensional layered structures [62]. For instance, COF-102, a
three-dimensional non-interpenetrating structure with a Lang-
muir surface area of 4650 m2/g, showed a higher methane storage
capacity of 25 wt% (203 cm3/cm) at 298 K and 80 bar compared
with the 15 wt% capacity of the 9-fold interpenetrating COF-320
under the identical conditions. Additionally, COFs exhibited
appreciable hydrogen storage capacity, for example, COF-102
and COF-103 performed well in the hydrogen storage with uptake
values of 72.4 and 70.5 mg/g, respectively. Recently, a novel 3D
COFs membrane was fabricated on a porous a-Al2O3 ceramic
support via the formation of the covalent linkage by 3-amino-
propyltriethoxysilane and 4,40-biphenyldicarboxaldehyde linkers
between the 3D COF-320 and the porous a-Al2O3 support (Fig. 2A).
Experimental results indicated that the gases permeation flux
across the as-fabricated novel 3D COF-320 membranes were
increased as H2> CH4 > N2 and the obtained 3D COF-320 membrane
was H2 selective with high permeance of 5.67 � 107mol/(m2 s Pa)
(Fig. 2B), suggesting that such COFs0 membrane has great potential
in the field of membrane-separation [63]. Subsequently, Gascon0s
group prepared a mixed-matrix membrane composed of Matrimid
and azine-linked COFs, the obtained COFs-based mixed-matrix
membrane possessed high adsorption selectivity for the separation
of CO2 from an equimolar mixture of CO2 and CH4 [64]. Zhao0s
group developed a heteropore COF via the condensation of 4,40-bis
(bis(4-formylphenyl)amino)-[1,10:40,10 0-terphenyl]-20,50-dicarbal-
dehyde and 1,4-diaminobenzene with desirable iodine capture
capacity (Fig. 3) [65].

3.2. Catalysis

In terms of catalytic applications, COFs have been successfully
applied to reduce the gap between heterogeneous materials and
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homogeneous catalysis. For example, base-functionalized COFs of
BF-COF-1 and BF-COF-2 with intrinsic catalytic activity have been
used as catalysts in Knoevenagel condensation reactions [66]. In
2015, COFs composed of cobalt porphyrin catalysts and 1,4-
benzenedicarboxaldehyde or biphenyl-4,40-dicarboxaldehyde
were synthesized through imine bonds. Such catalytic materials
performed well for aqueous electrochemical reduction of CO2 to CO
with high Faradaic efficiency and satisfactory turnover numbers
[67]. COFs with additional catalytic species have also aroused wide
attention. Wang0s group constructed a Pd(II)-containing COF, Pd/
COF-LZU1, via a simple treatment of COF-LZU1 with Pd(OAc)2 as
the catalysis of Suzuki-Miyaura coupling reaction with desirable
stability and easy recyclability as well as high efficiency [68].
Lotsch0s group reported a hydrazone-based COF constructed from
1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) and 2,5-diethoxy-ter-
ephthalohydrazide (DETH), which was capable of visible-light
driven hydrogen generation with Pt as a proton reduction catalyst
[48]. Similarly, two kinds of covalent porphyrinic frameworks with
meso-tetra(4-hydrazidocarbonylphenyl)porphyrin and terephtha-
laldehyde or squaric acid as building blocks were fabricated and
manganese(III) ions was modified in the COFs, presenting catalytic
properties for the selective oxidation of olefins [53]. Interestingly,
Wang0s group constructed a chiral COF assembled from 4,40-(1H-
benzo[d]-imidazole-4,7-diyl)dianiline and various of chiral moie-
ties, demonstrating that these obtained COFs are active as
heterogeneous organocatalysts [69]. Subsequently, Cui0s group
developed a homochiral 2D COFs via embedding chiral functional-
ities into the COFs as an efficient heterogeneous catalysts [21].

3.3. Optoelectronics

3.3.1. Semiconduction and photoconduction
COFs built from aromatic building blocks with periodic arrays

possess favorable semiconductive and photoconductive behaviors,
thus, photoelectronic applications of COFs are of particular interest
and many good research results have been reported. [70–72]. Two
kinds of porphyrin-based COFs, COF-66 and COF-366, have been
shown to possess high charge carrier mobility with charge
mobility values of 3.0 and 8.1 cm2/V/s, respectively [73]. Similarly,
phthalocyanine-based COFs and CS-COF also demonstrated charge
carrier mobility [74,75]. Subsequently, Fullerene was mixed with
prototypical light-absorbing phthalocyanine phenylenebis (boron-
ic acid) COF and Kinetic Monte Carlo simulations was used to study
the dominant pore-filling mechanisms. Results indicated COF with
larger pores were favorable for electron conduction [76]. After-
wards, Banerjee0s group mechanochemically synthesized bipyr-
idine based COFs for the first time and the obtained materials
outperformed its conventional solvothermal counterpart as a
membrane electrode assembly with a stable open circuit voltage of
0.93 V at 50 �C and a proton conductivity of 1.4 �10�2 S/cm [77]. In
Fig. 2. Schematic presentation of (A) COF-320 membrane grown on porous a-Al2O3 subs
Source: Reproduced from Ref. [63] with permission. Copyright 2015, Royal Society of C
2016, Zhu0s group reported the first example of cationic COFs for
the development of charged COFs (EB-COF:X, X = F, Cl, Br, I) through
the process of ion exchange. Moreover, the proton conductivity of
ionic COFs could be enhanced by incorporating PW12O40

3� into
these COFs [78].

3.3.2. Energy storage
COFs with semiconductivity and facile-modified pore environ-

ment facilitate the applications of such materials for energy storage
and conversion [79]. Dichtel and coworkers reported the first COF by
condensing the 2,6-diaminoanthraquinone with 1,3,5-triformyl-
phloroglucinol that exhibited the reversible electrochemical pro-
cesses [80]. Moreover, the pre-synthesized COF modified electrodes
possessed enhanced capacitance and showed unconspicuous
changes after 5000 charge-discharge cycles. Recently, they prepared
a redox-active 2D COF film via the electropolymerization of 3,4-
ethylenedioxythiophene within the pores of COF endow such
formulations with enhanced electrical conductivity and improved
electrochemical responses as well as stable capacitances (Fig. 4)
[81]. Besides, COFs can also perform as host materials for sulfur
impregnation to show a positive effect on Li–S batteries as in the
case of Wang0s work. They constructed a sulfur electrode by
introducing sulfur into the pores of CTF-1, showing stable cycling
performance and a good rate capability [82]. Theyalso designed a 2D
porphyrin-based COF for sulfur storage in Li–S batteries by
impregnating sulfur into the COF to improve the performance of
the sulfur cathode with 633 mA h/g capacity after 200 cycles of
charge/discharge [83].

3.4. Sensing

The diverse compositions and synergistic functions of COFs
endow these materials with unique sensing characteristics and
successful attempts on sensing applications of COFs have been
reported. For instance, Jiang and coworkers fabricated an azine-
linked COFs, which was constructed from hydrazine and 1,3,6,8-
tetrakis(4-formylphenyl)pyrene and the as-prepared COFs were
highly luminescent [50]. Experimental results demonstrated that
the obtained COFs possessed high sensitivity and selectivity in the
detection of 2,4,6-trinitrophenol explosive and it0s worth men-
tioning that this was the first report on the employment of COFs for
chemosensing systems. Moreover, Fang et al. reported an imine-
linked COF on amino functionalized silicon substrate, which was
applied as biosensor for bovine serum albumin adsorption and
probe DNA immobilization owing to the strong electrostatic
interactions (Fig. 5) [28]. Such COF films constructed via step-wise
reaction between 1,3,5-benzenetricarboxaldehyde and 1,4-diami-
nobenzene were used as the sensitive layer of biosensors to extend
the applications of such materials. In addition, Wang0s group
fabricated a thioether-based fluorescent COF (COF-LZU8) for
trate and (B) gas permeation performance of the supported 3D COF-320 membrane.
hemistry.



Fig. 3. (A) Schematic illustration of iodine capture in the obtained COF. (B) Gravimetric uptake of iodine as a function of time at 75 �C (Inset: photographs of the COF before and
after being exposed to iodine vapor). Source: Reproduced from Ref. [65] with permission. Copyright 2017, Royal Society of Chemistry.
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sensitive removal of Hg2+ (Fig. 6) [27] and Liu0s group reported a
similar work of luminescent COF-JLU3 through the co-condensa-
tion of 1,3,5-tris(30-tert-butyl-40-hydroxy-50-formylphenyl)ben-
zene and hydrazine hydrate for selective detection of Cu2+ [84].
Wang0s group synthesized a novel 3D pyrene-based COF composed
of tetra(p-aminophenyl) methane and 1,3,6,8-tetrakis (4-formyl-
phenyl)pyrene and then applied for the explosive detection with
high selectivity [85].
Fig. 4. Depiction of preparation of conducting polymer-modified COF film and the cro
Source: Reproduced from Ref. [81] with permission. Copyright 2016, American Chemic
3.5. Small molecules adsorption

COFs have aroused sustainable attention in the field of
adsorption of small molecules, especially for the separation and
enrichment due to their fascinating properties. In 2015, a novel
benzimidazole-functionalized 2D COF containing a number of
carboxylic groups was developed and applied as a matrix of solid
phase extractant for the separation and enrichment of uranium
ss-section of pore following the oxidation and reduction of the DAAQ moieties.
al Society.
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[86]. Such COFs-based solid phase extractant indicated high
selectivity to uranium by comparing with 11 kinds of competing
ions and all these results demonstrated that the COFs-based
materials could be potential functional solid-phase matrixes.
Similarly, a new “stereoscopic” 2D super-microporous phospha-
zene-based COF by linking hexachorocyclotriphosphazene and
p-phenylenediamine was prepared and used for selective sorption
towards uranium [87]. In addition, Zhang0s group designed a
hydrazone COF-based micro-solid phase extraction (Fig. 7) for
enrichment and analysis of trace Sudan dyes in chilli powder and
sausage samples with low detection limit of 0.03–0.15 g/L,
indicating that COFs could be promising sample preparation
media for sampling, enrichment and separation purpose [88].
Furthermore, we fabricated two kinds of COFs-based solid phase
microextraction adsorbent for the enrichment of pesticide
residues with desirable enhancement factors and low detection
limits, confirmed that COFs with fascinating properties are
promising adsorbents for pretreatment technology (Fig. 8)
[89,90]. Similarly, Yan and coworkers reported a spherical COF
for high-resolution chromatographic separation of various impor-
tant industrial analytes [91]. The abovementioned results indicat-
ed that the COF materials play an important role in the adsorption
of small molecules.

3.6. Drug delivery

Compared with MOFs, the application of COFs in the field of
drug delivery is still in its infancy, but it is undeniable that the use
of COFs for drug delivery have gained increasing attention and
great efforts have been made to construct COFs-based drug
delivery systems. For example, Yan et al. constructed two 3D
polyimide COFs, which is composed of pyromellitic dianhydride
and 1,3,5,7-tetraaminoadamantane for PI-COF-4 and tetra(4-
aminophenyl)methane for PI-COF-5, respectively [92]. Important-
ly, this was the first example of applying COFs to drug delivery and
both PI-COFs featured high ibuprofen loading and well-controlled
release profiles (Fig. 9). All these results paved a new way for the
subsequent development of COFs for pharmaceutical applications.
In 2016, a surface-confined, photoresponsive single-layer COF was
fabricated, in which an azobenzene group was introduced into the
backbone of diboronic acid. The surface of the COF could be
destructed under UV irradiation via isomerization and then the
decomposed surface COF could be recovered after annealing due to
the reversibility of the condensation of boronic acid. Such
Fig. 5. Schematic presentation of imine-linked COF on surface for bio-molecular adsorpt
Shanghai & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
reversible photoinduced decomposition-recovering of COF dem-
onstrated controlled loading and release of copper phthalocyanine
(Fig. 10), opening a new avenue to the development of
photosensitive COFs which can be applicable in the field of drug
delivery [93]. Furthermore, Zhao et al. synthesized two nanoscale
COFs by a condensation reaction of aldehyde and amine
compounds and three different drug molecules, 5-FU, captopril,
and ibuprofen were selected to further study the potential of COFs
as drug carriers [34]. Experimental results indicated that the as-
prepared COFs presented high drug loading capacity and
appreciable release performance with low cytotoxicity, promoting
further studies of COFs-based systems for disease therapy.
Additionally, a nanoscale covalent triazine polymer was synthe-
sized via the Friedel�Crafts reaction as a potential nanocarrier for
cancer therapy and imaging [94]. Doxorubicin, an anticancer drug,
was loaded onto the material and could be controlled release at pH
4.8 and 7.4 with appropriate toxicity. Cell imaging experiments
demonstrated that such material was potential for bioimaging and
disease theranostics.

4. Conclusion

Varieties of COFs have been synthesized and attracted much
attention since the pioneering work by Yaghi et al. in 2005, as
outlined in this mini-review, many remarkable researches of COFs
with advantages of predictable structures, versatile functionalities,
and potential applications have been reported. In summary, we
introduced the main linkages of COFs and briefly highlighted the
applications of COFs in various fields including gas storage and
separation, catalysis, optoelectronics, sensing, small molecules
adsorption, and drug delivery. While remarkable progress has been
made in terms of the synthesis and applications of COFs, there are
still many challenges need to be addressed and greater spacer for
improvement. Firstly, the future challenges pertain to extending
building blocks of COFs to provide excellent properties with facile
synthetic strategies. Secondly, more efforts should be made to
expand the applications of COFs such as in the field of energy
storage and stimulus responsiveness. Finally, the applications of
COFs in disease theranostics are still in its early stage and more
research developments are expected. We envision a bright future
for the development of COFs materials in sweeping fields.
ion. Source: Reproduced from Ref. [28] with permission. Copyright 2014 SIOC, CAS,



Fig. 6. Schematic introduction for the application of synthesized COF-LZU8 for both detection and removal of Hg2+. Source: Reproduced from Ref. [27] with permission.
Copyright 2016, American Chemical Society.

Fig. 7. Schematic introduction of hydrazone COF-based micro-solid phase extraction system. Source: Reproduced from Ref. [88] with permission. Copyright 2015 Elsevier B.V.
All rights reserved.

Fig. 8. Schematic introduction for the synthesis of the hydrazone COF-based SPME fiber. Source: Reproduced from Ref. [89] with permission. Copyright 2016, Elsevier B.V.
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Fig. 9. (A) Structural representations of 3D PI-COFs. (a–c) Extended structure of PI-COF-4; (d–f) Extended structure of PI-COF-5. (B) Release profiles of IBU-loaded 3D PI-COFs.
Inset: the structure of IBU. C, black; H, gray; O, red. Source: Reproduced from Ref. [92] with permission. Copyright 2015, American Chemical Society.

Fig. 10. Corresponding STM images of the controlled capture and release of CuPc using the photoresponsive surface COF and it0s recovered after heating at 100 �C.
Source: Reproduced from Ref. [93] with permission. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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