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Preface

Covalent organic frameworks (COFs) provide a molecular platform for the production
of predictable ordered and extended 2D or 3D structures with topologically well-
defined channels and discrete micropores and/or mesopores, greatly enhancing the
possibilities of transforming organic materials into unique properties and functions.
The past 17 years have seen tremendous achievements in the design, synthesis and
functionalization of COFs to show their promising potential as a class of fascinating
organic materials. By way of illustration, this book first summarizes recent advances
in the interfacial synthesis of 2D COF films via gas/solid, liquid/liquid, liquid/solid
and gas/liquid interface. The COF films obtained exhibit better orientation and fewer
defects, endowing them with considerable potential for further applications. Next,
recent progress in COFs for photocatalysis in water splitting, CO, reduction, organic
transformation and environmental pollutant degradation is discussed. The latest
achievements of COFs as solid ion conductors in energy devices are summarized, the
controlled size, topology and interface properties of their ordered pores offering ideal
pathways for long-term ion conduction. Finally, the possibility of COFs as emerging
platforms in cancer therapy is discussed. Encouragingly, successful cases including
chemotherapy, photodynamic therapy, photothermal therapy and immunotherapy
have been realized. We believe this book will give readers a broad overview of the
design criteria and practical methodologies of COFs in various application fields.

Yanan Gao and Fei Lu
Hainan University,
Haikou, China






Chapter1

Interfacial Synthesis of 2D COF
Thin Films

Tao Zhang and Yuxiang Zhao

Abstract

Two-dimensional covalent organic frameworks (2D COFs) are emerging crystalline
2D organic material comprising planar and covalent networks with long-ranging struc-
tural order. Benefiting from their intrinsic porosity, crystallinity, and electrical proper-
ties, 2D COFs have displayed great potential for separation, energy conversion, and
electronic fields. For the most of these applications, large-area and highly-ordered 2D
COFs thin films are required. As such, considerable efforts have been devoted to explor-
ing the fabrication of 2D COF thin films with controllable architectures and properties.
In this chapter, we aim to provide the recent advances in the fabrication of 2D COF thin
films and highlight the advantages and limitations of different methods focusing on
chemical bonding, morphology, and crystal structure.

Keywords: interfacial synthesis, 2D material, COF, crystal, thin film

1. Introduction

In 2005, the first covalently bonded crystalline porous polymer was successfully
synthesized and named covalent organic frameworks (COFs). In subsequent develop-
ments, COFs linked by B—O, C=N, C=C, and other bonds have been reported. The
regular network structure of COFs can be fully characterized with the help of existing
instruments, which is very beneficial to study the relationship between the perfor-
mance and structure. COFs can also be divided into two-dimensional (2D) COFs
and three-dimensional (3D) COFs according to the specific structure. 2D COFs are
emerging crystalline 2D organic material comprising planar and covalent networks
with long-ranging structural order [1, 2]. In recent years, 2D COFs have been rapidly
developed due to their ease of synthesis and definite structure. Benefiting from their
intrinsic porosity, crystallinity, and electrical properties, 2D COFs have displayed
great potential for separation [3, 4], energy conversion [5-7], and electronic fields
[8]. The preparation of COF materials as thin films is advantageous for most applica-
tions. Large-area and highly ordered 2D COFs thin films are widely studied [9-12].
COFs are mostly connected by reversible covalent bonds. If the reaction conditions
can be adjusted to make the structure of COFs in a dynamic self-repair process, highly
ordered films can be obtained. Clever use of the interface can also give the film a good
substrate for growth, and the COFs can be spread out along the interface to produce a
smooth film. Common interfaces include gas/solid interface, liquid/liquid interface,
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liquid/solid interface, and gas/liquid interface. Hence, in this critical review, we aim
to provide the recent advances in the fabrication of 2D COF thin films and highlight
the advantages and limitations of different methods focusing on chemical bonding,
morphology, and crystal structure.

2. Preparation methods of COF film

At present, the common preparation methods include top-down method and
bottom-up method. The bottom-up method is mainly through the interface reac-
tion, so that the formation and rupture of chemical bonds of small organic mol-
ecules occur at the interface, and the final product is spread along the interface. The
interfaces include gas/solid interface, liquid/liquid interface, liquid/solid interface,
and gas/liquid interface. 2D COF films obtained by this method have better orienta-
tion and fewer defects, and the relationship between properties and structure can
be better studied in the application. But there are some problems such as low yield
and slow reaction through interface reaction. Reaction time and efficient utiliza-
tion of small molecular monomers are also important issues to be considered in the
process of synthesizing materials. The top-down preparation method is to peel the
powder COFs material into nanosheets by chemical treatment or physical method
and then process the nanosheets into large-size films by vacuum extraction and
filtration. The prepared materials via this method have many defects, weak orienta-
tion, and other problems. How to control the thickness and structure of materials
to obtain 2D films with orderly atomic structure is the main challenge at present
(Figure1).

Figure 1.
Schematic illustration of interface synthesis of COF films. (a) Solid/liquid interface; (b) air/solid interface;
(c) air/liquid interface; (d) Langmuir-Blodgett (LB) method; and (e) liquid/liquid interface.
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2.1 Bottom-up strategy
2.1.1 Solid/liquid interface

COFs were first reported by Yaghi et al. in 2005. COF-1 and COF-5 connected by
B-O bond were respectively prepared in Pyrex tubes by solvothermal method [1]. The
reversible B-O bond gives the material excellent repairability, resulting in a highly
regular pore structure and a high specific surface area. Solvothermal synthesis is still
the main strategy for preparing COFs powder [13-15].

The preparation of COF film by gas/solid interface is mainly to add solid substrate
in the solvent and let COFs grow into film on the surface of the substrate in situ. In
2011, Dichtel et al. prepared COF-5 films from the polymerization of two monomers,
2,3,6,7,10,11-hexahydroxytriphenyl (HHTP) and 1, 4-phenyldiboric acid (PBBA),
using a single layer of graphene as a substrate [16] (Figure 2a). In this process, the
concentration of monomer needs to be regulated. When the concentration of mono-
mer is high, the system will nucleate and generate powder. The characterization of the
COF-5 film by grazing incidence X-ray diffraction (GIXRD) and scanning electron
microscope (SEM) showed that the films were parallel to the graphene surface and
have good orientation (Figure 2b—d). In this work, COF powder was processed into
film for the first time, which is of great significance for the application of COF as
organic electronic devices. When COF is processed into a film, it can better character-
ize its optoelectronic properties. Inspired by this work, different research groups began
to choose different substrate materials for the preparation of thin films [17-19]. Base
materials include Indium Tin Oxides (ITO) and polyethersulfone (PES) [20, 21], etc.
The synthetic conditions of BDT-ETTA COF and the transmission electron microscopy
(TEM) images of the powder are shown in Figure 3a and b, respectively. SEM images
and GID patterns analysis of the cross section found that the COF film was spread
evenly on the ITO substrate (Figure 3c—f). The connecting units of COFs include
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Figure 2.

(a) Schematic illustration of chemical synthesis at solid/liquid intevface using a single layer of graphene as a
substrate; (b) X-ray scattering data obtained from COF-5 powder; (c) GID data from a COF-5 film on SLG/Cu;
(d) top-view SEM image of the COF-5 thin film.
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Figure 3.

Schematic illustration of chemical synthesis at solid/liquid interface using the indium tin oxides (ITO) as a
substrate; (a) synthesis process of BDT-ETTA COF; (b) TEM image of BDT-ETTA COF powder; (c,d) SEM
images (cross-section) of COF film; (e, f) GID patterns of COF film.

B—0 bond and C=N bond. These thin films can be well used for water splitting and
molecular separation. Solid/liquid interface synthesis is considered to be an effective
method for vertically growing high crystallinity films. Since the film grows on the
substrate surface, it is easy to collect and characterize. However, there is another prob-
lem with this method, that is, the adhesion force between the film and the substrate is
strong, and it is challenging to transfer it from the substrate. Since the film cannot be
transferred between different substrates, it is only possible to select the appropriate
substrate before each experiment [22].

2.1.2 Liquid/liquid interface

Water and various organic solvents are incompatible, resulting in a phase interface
at the junction of the two phases. If COFs can be spread out during growth, 2D COF
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films with excellent orientation can be obtained at the interface with the continuous
self-repair of dynamic chemical bonds. The films obtained by this method can be
easily transferred to different substrate materials, which is very beneficial in applica-
tion [23, 24]. In 2016, Xinliang Feng et al. designed and synthesized wafer-sized

2D imine COFs with high mechanical stiffness. Porphyrin amino monomer and
2,5-dihydroxyterephthalaldehyde monomer are dissolved in trichloromethane and
water, respectively [25] (Figure 4a). The amine group and aldehyde group contact
at the interface to form imine bond, leading to 2D polymerization. The authors
simulated the structure of COF film and characterized the surface topography of
the material by atomic force microscopy (AFM) and TEM, in which a highly ordered
arrangement of structures can be seen (Figure 4b-d). Photographic image of 2DP
on 4-inch 300 nm SiO,/Si wafer shows that the entire thin film is macroscopically
flat (Figure 4e). Liquid/liquid interface synthesis is another method that can effi-
ciently synthesize high-quality films. At present, the main problem is to prepare COF
films with higher crystallinity by adjusting the amount of catalyst and the choice

of solvent system. On the basis of this work, more efficient catalysts of Schiff base
reaction catalysts have also been developed. Dichtel et al. prepared high crystallinity
COF films efficiently using Sc(OTf); as a catalyst [26, 27]. The catalyst is dissolved
in the aqueous phase, and the monomers are dispersed in the organic phase. Amine
and aldehyde monomers can be polymerized into films at the phase interface under
the catalysis of Sc(OTf); (Figure 4f-g). Bo Wang et al. also used this catalyst to
covalently connect 2, 5-dihydroxy-1, 4-phthalate formaldehyde (DOBDA) and 1,3,

f) 4 i S R o
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Figure 4.

Schematic illustration of chemical synthesis at liquid/liquid interface. (a) Synthesis of a 2DP through Schiff-
base condensation reaction; (b) molecular structure of the 2DP by DFTB calculation. (c) AFM, and (d) TEM
images of 2DP; (e) photographic image of 2DP on 4-inch 300 nm SiO,/Si wafer; (f) schematic explanation and
photograph of TAPB-PDA COF; (g) photo of the TAPB-PDA COF film.
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5-tri (4-aminophenyl)-benzene (TAPB) to prepare compact COF films with different
thickness of 300 nm ~ 500 nm [28]. Besides, by removing C=N bonds and using the
defects in COF films, a vertical channel with hydrophilic gradient was fabricated.

The reaction time of interfacial synthesis is another problem that needs to be
considered. In order to obtain high crystalline films, the rate of reaction is usually
controlled to slow down the polymerization kinetics. In 2019, wafer-scale synthe-
sis of monolayer 2D porphyrin polymers was reported by Park Research Group
(Figure 5a). The authors report that by growing the film at the pentane/water
interface, a 2D porphyrin polymer film with sheet-level uniformity was synthesized
at the limit of the thickness of a single layer, by growing the film at the pentane/
water interface [29]. Films of different structures have different absorption spectra
and colors (Figure 5b—d). The superposition of films of different colors also reveals
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Figures.

(a) Schematic of monolayer 2DPs and corresponding chemical structures of the molecular precursors;

(b) absorption spectra of monolayer 2DPs on fused silica substrates; (c) hyperspectral transmission images and
resulting false color images of 1 inch-square 2DP I on a 2-inch fused silica substrate. Transmission images taken
at the wavelength of 405 nm, 420 nm, and 440 nm are assigned as red, green, and blue channel, respectively,
to generate the false color image. (d) False color images of monolayer 2DPs covering entire 2-inch fused silica
wafers.
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different optical properties. The corresponding color and monomer are very close,
which provides experience for future film designs of different colors.

In 2017, Banerjee et al. selected p-toluenesulfonic acid (PTSA) to form a self-
supporting COF film at the interface between water and methylene chloride [30]
(Figure 6a). The hydrogen bond network formed by PTSA can slow down the
diffusion rate of monomer and increase the quality of the COF film. The content of
catalyst and concentration of monomer have great influence on the thickness of thin
films. SEM image and AFM image of Tp-Bpy COF thin film prove that the surface of
the film is very smooth and the structural orientation is high (Figure 6b—c). Zhongyi
Jiang et al. prepared ionic covalent organic framework membranes (iCOFMs) with
ultrahigh ion exchange capacity via the double-activation interfacial polymerization
strategy (Figure 6d). Bronsted acid and Brgnsted base activate aldehyde monomers
and amine monomers with sulfonic groups in aqueous and organic phases, respec-
tively [31]. After the double activation of acid and base, the monomer can react
quickly at the interface and form iCOFMs with high crystallinity. At present, the
liquid/liquid interface synthesis is developing rapidly. The films synthesized by this
method are widely used in the fields of separation and purification and seawater
desalination. At the same time, this method has also been continuously improved in
the process of development, which can obtain higher quality films in a shorter time.
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Figure 6.

(a) Schematic illustration of the interfacial synthesis of Tp—Bpy COF thin film; (b) SEM images of Tp—Bpy COF
thin film; (c) AFM image of Tp—Bpy COF thin film; (d) schematic illustration of the TpBD-(SO;H), iCOFMs
fabrication process.



Covalent Organic Frameworks

2.1.3 Air/liquid interface

Zhenan Bao et al. first reported the preparation of polyTB film via DMF/air
interface reaction in 2015 [32]. The two types of monomers are 4,8-Bis(octyloxy)
thieno[2,3-f][1]benzothiophene-2,6-dicarbaldehyde (BDTA) and Tris(4-
Aminophenyl)amine (TAPA). Since the COFs powder is easily formed in the direct
polymerization process, the surface of the film obtained by this method is very
rough. To solve this problem, the team continued to grow the film using the solution
from the first reaction. By controlling the reaction conditions, the polyTB film with
different thickness was obtained. The average surface roughness of the material is
only 0.2 nm. Lai et al. loaded ultra-thin TFP-DHF 2D COF film (2.9 nm) on porous
substrate via the Langmuir-Blodgett (LB) method. This COF was formed through
the reaction between 1,3,5-triformylphloroglucinol (TFP) and 9,9-dihexylfluorene-
2,7-diamine (DHF).

In 2019, Xinliang Feng et al. reported surfactant-monolayer-assisted interfacial
synthesis (SMAIS) as a general method to prepare 2D polymer films with high crystal-
linity (Figure 7a). Sodium oleyl sulfate (SOS) was used as a surfactant to induce aniline
to align and polymerize on the surface of aqueous solution and obtain fully conjugated

Figure7.

Sr%ematic illustration of chemical synthesis at air/liquid interface. (a) the synthetic procedure for the 2D
polymers; (b) molecular structure of the 2DPI synthesized in the article; (c) optical microscope image of 2DPI
film; (d) AFM image of the 2DPI film; (e) molecular structure of the q2D polyaniline synthesized in the article;
(f) AC-HRTEM image of q2D polyaniline perpendicular to [001] axis; (g) simulated atomic structure of the
q2D polyaniline.
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2D polyaniline films with lateral size ~50 cm [2] and tunable thickness (2.6-30 nm)
(Figure 7e-g) [33]. In another work, the researchers prepared polyimide COF film by
the reaction of 4,4',4"",4""’-(porphyrin-5,10,15,20-tetrayl) tetraaniline and disochro-
meno (Figure 6b) [34]. The polyimide COF film was characterized by X-ray scattering
and AFM (Figure 7c and d). It is found that the thickness is about 2 nm and the average
domain size is about 3.5 pm [2]. Later, on the basis of the above two works, Xinliang
Feng et al. also synthesized a series of COF films connected by C=N and B—O bonds
[35, 36]. Bien Tan et al. reported an aliphatic amine-assisted interfacial polymerization
method to obtain independent covalent triazine frameworks (CTFs) films [37]. The
structure was investigated by grazing incidence wide-angle X-ray scattering (GIWAXS)
and small-angle X-ray scattering (SAXS). The lateral size of the film was up to 250 cm
[2], and average thickness can be tuned from 30 to 500 nm. The unique conjugated
structure of the material endows it with excellent photocatalytic performance for
hydrogen evolution reaction. Zhikun Zheng et al. synthesized a series of imine COF
films assisted by charged polymers [38]. The morphology and diffusion of preorga-
nized monomers in charged polymers on water surface are very important for the
formation of organic two-dimensional crystals. The monomers were 5,10,15,20-Tetrakis
(4-aminophenyl)-21H,23H-porphyrin (TAPP) and four aldehyde monomers with
different structures. Air/liquid interfacial synthesis is the most common method for
preparing 2D COF films. The film is easy to operate and has good crystallinity and
orientation. The air/liquid interface is very helpful for the preparation of single-layer or
few-layer COF films. First, the monomers should be induced to arrange at the interface,
and then the crystallinity of the film can be better guaranteed in the process of polym-
erization. So how to arrange the monomers on the surface is the main consideration

in this method. The transfer and characterization of monolayers are also not easy.
Generally, advanced electron microscope is needed to observe its morphology.

2.1.4 Air/solid interface

In 2008, Porte et al. prepared monolayer surface covalent organic frameworks
(SCOFs) on the surface of Ag (111) via chemical vapor deposition (CVD) [39]. The
polymerization process is achieved by the reaction of 1, 4-Benzenediboronic acid
(BDBA) and boronic acid. The experiment was performed under ultrahigh vacuum
(UHV) conditions. Two monomers were sublimated from two heated molybdenum
crucible evaporators to the clean Ag (111) surface to obtain a molecular array.

Dong Wang et al. reported the formation of highly ordered 2D COF film via
dehydration reaction of boronic acid (Figure 8a). The molecular layers were imaged
at room temperature using scanning tunneling microscopy (STM) (Figure 8b-c).
In 2013, Dong Wang et al. reported another method for the synthesis of imine COF
films at the air/solid interface [40]. The solution of the two monomers was first
coated on the substrate and then sealed in a reactor with copper sulfate pentahydrate
as a thermodynamic regulator. By heating the reactor to a specified temperature to
control the evaporation of aldehyde monomers, the aldehyde monomers condense
on the surface covered by amine monomers and polymerize with them, high-quality
monolayer imine COF films can be prepared at the air/solid interface [41]. Recently,
Yungqi Liu et al. reported the preparation of large area imine PyTTA-TPA COF film
with controllable thickness by gas-phase induced conversion in a CVD system
(Figure 8d) [42]. The assembly process is achieved by reversible reaction between
4,4',4",4"'-(1,3,6,8-Tetrakis (4-aminophenyl) pyrene (PyTTA) film and terephthal-
aldehyde (TPA) vapor. Driven by n-n superposition and catalyzed by acid vapors,

9
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O 0 c
PyTTA-TPA COF PyTTA-BPDACOF PyTTA-BPYDCA COF
Figure 8.

Schematic illustration of chemical synthesis at air/solid intevface. (a) the synthesis route to SCOF-1; (b) STM
image of SCOF-1 on HOPG formed after dehydration of BPDA precursors at 150°C; (c) a high-resolution STM
image showing the hexagonal structure of SCOF-1; (d) schematic representation for the growth of imine-linked
2D COF films on SiO,/Si substrates.

a uniform organic frame film was formed on a growing substrate. The COF films
obtained by air/solid interface synthesis have adjustable thickness and highly ordered
structure, which is an effective method to grow high-quality thin films [43-45].
However, this method requires high temperature and vacuum environment and has
high requirements for equipment.

2.1.5 Vapor-assisted conversion

Some organic solvents with low boiling point can evaporate at room temperature.
Combined with this feature, Bein et al. reported the strategy of steam-assisted
conversion at room temperature in 2014 [46]. They succeeded in making three thin
films named BDT-COF, COF-5, and pyrene-COF (Figure 9a). The monomers are
first mixed into a solution of acetone/ethanol, which is then dripped onto the matrix.
Finally, the material is transformed into crystalline porous COF films in a vapor atmo-
sphere of homotrimethylbenzene/dioxane. The presence of vapor plays an important
role in the growth of thin films.

This method can accurately prepare COF films from 100 nm to a few microns
thick. SEM characterization showed that the structure of the film was composed of
small particles stacked irregularly, and there were submicron intervals between the
particles (Figure 9b and c).
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2.1.6 Continuous flow condition synthesis

Because COFs are easy to form powder particles under thermodynamic condi-
tions, the films synthesized by liquid/solid interface method may have the problem of
high surface roughness. To remedy this problem, Dichtel et al. converted the solution
from a static state to a flowing state [47]. The flow rate affects the surface morphol-
ogy, thickness, and crystallization degree of films. High-quality films with different
thickness can be prepared by adjusting this condition (Figure 10). A quartz crystal
microbalance can be used as the base of the flow tank to monitor the quality of film

deposition at any time.
2.2 Other promising preparation methods of COF films

COFs powders are formed by layer upon layer of planes through = stacking and
the interlayer forces are weak relative to covalent bonds. Similar to graphene, a large
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Figure 9.

(a) Schematic representation of BDT-COF and COF-5; (b) top view SEM micrograph of BDT-COF film
synthesized by room temperature vapor-assisted conversion, representing the surface morphology; (c) cross-
sectional SEM micrograph shows a uniform film thickness.
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Figure 10.

(a) Turbidity as a function of reaction time during the formation of COF from homogeneous conditions provides
an induction period amenable to a flow cell configuration. (b) Schematic of flow setup designed with variable
induction period.
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(a) Schematic illustration of the preparation of a COF-1 membrane via the assembly of exfoliated COF-1
nanosheets; (b) overview of acid exfoliation and film casting procedures; (c) pove structure of the BND-TFB
COF.

area of smooth COF film can be obtained if the powdered COFs can be stripped into
a single layer of nanosheets, which can then be self-assembled into films [48]. The
common preparation methods of nanosheets include physical exfoliation and chemi-
cal exfoliation [49, 50].

The physical method is to disperse COFs powder in the solvent and then form
nanosheets assisted by ultrasound. Chemical methods require the addition of a chem-
ical agent to the solvent to promote lamellar abscission. Compared with COFs powder,
COFs nanosheets show more advantages in photoelectric applications. In addition,
the processing of nanosheets into films is also a key point in practical applications. In
2017, Tsuru et al. applied the obtained COF-1 nanosheet solution drops on an a-Al,O3
macroporous support with a SiO,-ZrO, intermediate layer and obtained uniform and
smooth COF films after several drops (Figure 11a) [51]. Dichtel et al. protonated
imine bond using trifluoroacetic acid to promote the stripping of COFs powder into
nanosheets dispersed in a solvent (Figure 11b and c) [52]. COF films with thickness
ranging from 50 nm to 20 pm can be prepared by deposition on any substrate.

3. Conclusion

The above is a review of common methods of film synthesis, including interfacial
synthesis and some other new and promising preparation methods. By replacing
different organic monomers, COF films with different functions can be designed in
a targeted manner. Combined with the final different applications, the appropriate
preparation method can be selected. At present, the solid/liquid interface synthesis
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method is mature and suitable for most COFs. However, if organic solvents are

used for solvothermal reaction at high temperature, only inorganic materials can be
selected as the substrate. COF films grown on solid surfaces cannot be transferred to
other substrates. The air/solid interface synthesis also has the problem that the grown
film is difficult to transfer. For liquid/liquid interface synthesis, organic solvents and
aqueous solutions will form an obvious contact surface, which is an ideal substrate

for the efficient growth of films at the interface. Liquid/liquid interface synthesis is
also the most promising method to grow single crystal thin films. This method usually
requires dissolving aldehydes and amines in two solvents, respectively, and reacting
at the interface to form a film. The growth of COF thin films depends on the diffusion
of monomers in solvents. The process of film formation at the interface will affect

the diffusion of molecules, and the subsequent polymerization reaction will also be
limited. Therefore, the surface of the grown film will be rough. If the two monomers
are dissolved in the same organic solvent, and then the catalyst is dissolved in water,
the monomers are catalyzed at the interface, and the polymerization reaction takes
place to form a film, which will significantly improve this problem. Air/solid interface
synthesis is also a strategy to prepare large-scale single crystal films. This strategy

can prepare ultrathin COF films with a thickness of several nanometers. Generally,
surfactants are used to induce the regular arrangement of monomers on the surface of
solvents. It usually takes a week to produce a better crystalline film.

Up to now, there are still few reports of the synthesis of wafer-scale films, and
the methods are not necessarily universal. To obtain large-scale crystalline films, the
reaction rate of monomers needs to be very slow. It usually takes a week. For imine
COF films, it is very important to find a suitable reagent to inhibit the diffusion of
monomers because of their high reactivity. In addition, surfactant is a good choice to
induce crystallization of thin films. In future research, the efficiency of interfacial
film formation and the crystallinity of the film are still important factors to be con-
sidered. Improving the existing methods, judging the catalyst activity in the reaction,
and adjusting the diffusion rate are all promising research contents.

The currently reported COF linkage bonds mainly include boron-oxygen bonds,
imide bonds, and carbon-carbon double bonds. COF films with higher reversibility
of boron-oxygen bonds and imine bonds are reported the most. However, sp’ carbon-
carbon COF films have not been reported. This type of COF powder with a high
degree of conjugate has been well applied in the field of photocatalysis. In future
research, it is a good research direction to prepare this type of COF thin films by
advanced interfacial methodologies. With its excellent light absorption ability and
photoelectron migration ability, sp” carbon-carbon COF films can show excellent
performance in seawater evaporation and photocatalysis.
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Chapter?2

Covalent Organic Frameworks for
Ion Conduction

Fei Lu and Yanan Gao

Abstract

Covalent organic frameworks (COFs) are an emerging class of crystalline porous
materials constructed by the precise reticulation of organic building blocks through
dynamic covalent bonds. Due to their facile preparation, easy modulation and
functionalization, COFs have been considered as a powerful platform for engineering
molecular devices in various fields, such as catalysis, energy storage and conversion,
sensing, and bioengineering. Particularly, the highly ordered pores in the backbones
with controlled pore size, topology, and interface property provide ideal pathways
for the long-term ion conduction. Herein, we summarized the latest progress of COFs
as solid ion conductors in energy devices, especially lithium-based batteries and fuel
cells. The design strategies and performance in terms of transporting lithium ions,
protons, and hydroxide anions are systematically illustrated. Finally, the current chal-
lenges and future research directions on COFs in energy devices are proposed, laying
the groundwork for greater achievements for this emerging material.

Keywords: COFs, ion conduction, lithium ion, proton, hydroxide

1. Introduction

The development of society depends on the effective use of new energy, which
relies on the innovation of novel energy storage technology. Environmentally friendly
energy storage devices such as lithium (Li)-ion batteries have achieved great success
in the fields of consumer electronics and electric vehicles due to their excellent energy
density. However, the large application of Li-ion batteries is limited by the use of liquid
electrolytes, which suffer from the potential risk of leakage, flammability, and narrow
voltage windows [1]. In contrast, solid polymer electrolytes with greater thermal and
chemical stability have been considered as the promising candidates for applications
in commercial energy devices including rechargeable batteries and fuel cells [2-4].
Recent representative solid-polymer electrolytes mostly involve with high-molecular-
weight fluoro-containing polymers such as Nafion and polyolefin-type membranes [5].
However, the sever capacity fade is inevitable for these membranes due to the low ionic
conductivity, especially under some extreme conditions including but not limited to
high temperature and low relative humidity [6, 7]. Thus, solid-state electrolytes with
outstanding ionic conductivity and superior stability are in high requirement.

The porous materials with high porosity and facial functionality, such as metal-
organic frameworks (MOFs), polymers of intrinsic microporosity (PIMs), porous
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aromatic frameworks (PAFs), and covalent organic frameworks (COFs), offer potential
high performance as solid electrolytes for energy devices. However, MOFs tend to
decompose during battery cycling due to the low thermal and electrochemical stabili-
ties. However, PIMs would reshaped their ultra-micropores to meso- and macropores
under alkaline conditions, which reduces their electrochemical performance. PAFs
with strong carbon-carbon bonds have a stable framework in harsh acidic and alkaline
environments. But the synthesis methodologies of PAFs are very limited. Compared
with all these porous materials, COFs can overcome the abovementioned disadvan-
tages and therefore act as suitable candidates for energy device applications. COFs

are synthesized by the polycondensation reaction to form covalent bonds between
lightweight-atom-containing monomers, such as carbon (C), oxygen (O), nitrogen
(N), hydrogen (H), boron (B), etc. [8, 9]. Most COFs are synthesized under thermo-
dynamic control to modulate the reversibility of bond formation and breakage. Asa
result, highly periodic networks with defined pore size, shape, topology, and crystalline
lattice will be formed according to the building blocks. The porosity generated by the
geometries of monomers as well as the stable covalent bonds makes COFs preferable
platforms for solid-state ion conduction. To be specific, 2D or 3D nanochannels can be
constructed by the pores of COFs, through which the ions can transport. For the ions
such as lithium ions (Li*), protons (H"), and hydroxides (OH"), the conduction behav-
ior mainly dominated by two mechanisms, which are hopping mechanism and vehicu-
lar mechanism [10-12]. For hopping mechanism, ions are preferable to hop between
counter-charged adjacent sites with lower energy requirement to transport. While for
vehicular mechanism, ions prefer bonding to some vehicular carriers such as H,O (for
H") or anions (for Li") to form large clusters, which needs higher energy to move. From
this sense, the well-defined nanochannels of COFs, which could be further precisely
installed ionic groups on the pore walls, provide an ideal pattern for ion conduction

[13, 14]. In addition, the possibility to introduce extra charged species into the pores of
COFs offers another opportunity for the high performance as ion conductors [15].

The superiority of COFs as high-performance ion conductors can also be described
by the point of diffusion energy barrier of ionic migration [16]. For the liquid elec-
trolytes, the charge carriers are surrounded by uniform and homogeneous solvents
and thus can be quickly conducted by the exchange with solvating molecules, which

b
(@) Liquid Conductor (b) Solid Conductor © COF Conductor
5 °% . g 1§
E| c4BRe— £ \®
B o€ O = =11
5 o % 3 g1
= C e = 2
Position Position Position
D mobile cation " solvent molecule PEO chain ' inorganic solid COF
Figure 1.

Schematics of the ion-conducting behavior and diffusion energy barrier in (a) liquid conductor, (b) typical solid
conductor; and (c) COF conductor, respectively. Reproduced with permission from Ref. [16]. Copyright 2022
Wiley-VCH GmbH.
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generally produce high ionic conductivity. Thus, the diffusion energy barrier for ion
conducting in liquid electrolytes can be considered flat (Figure 1a). However, the
ion transporting in the solid-state conductors needs to overcome high energy barrier,
which is related to the migration of charge carriers through the segmental motion of
polymers or periodic crystalline space of inorganic solid (Figure 1b) [17, 18]. While
for COFs, the charge species tend to migrate along the nanochannels due to the large
free volume combined with the inside ionic sites, thus resulting in a lower diffusion
energy barrier than that in typical solid-state conductor (Figure 1c). Thus, COFs are
considered to be an excellent solid ion conductor.

In this context, we focus on the application of COFs as solid-state polyelectrolytes
in energy devices, especially lithium-based batteries and fuel cells. The design strate-
gies, nanostructures, and performance in terms of transporting Li*, H*, and OH" are
systematically illustrated. Finally, the current challenges and future research direc-
tions for the utilization of COFs in energy devices are proposed.

2. COFs for lithium-ion conduction

Li-ion batteries have been considered as the mainstream devices in commercial
portable electronics. However, traditional Li-ion batteries suffer from serious safety
risk due to the utilization of liquid electrolytes consisting of Li salts and flammable
organic solvents. The long-term performance of Li-ion batteries is also limited due to
the narrow voltage windows of liquid electrolytes. It means that the charging process
would induce the decomposition of organic solvents and result in obvious capacity
fade [19]. Additionally, the separators that are essential in liquid-electrolyte batteries
commonly exhibit low conductivity, also inducing the decrease in the performance
of Li-ion batteries [20]. Thus, the development of polymer electrolytes for all-solid-
state batteries can address the above safety problems. The third key parameter is the
Li* transference number (#y;,), which represents the number of Li* transferred per
Faraday of charge during charge and discharge process. The values of ;, for most
polymer electrolytes are always lower than 0.5. These low t1;, values would generate
aion concentration gradient between cathode and anode, leading to the polarization
and limiting the charging/discharging rate and lifetime of batteries [3, 21]. Based on
this background, the state-of-the-art polymer electrolytes should possess high ionic
conductivity, high t;;, values, and better electrochemical stability.

Due to the particular nanostructures and properties, COFs can act as an excellent
Li" conductor due to some intrinsic merits. Firstly, the well-defined open channels of
COFs provide fast pathways for the conduction of ions by reduced diffusion energy
barrier. Second, the organic nature endows COFs’ flexibility to introduce functional
group to facilitate the dissociation of lithium salt and enhance the trapping of anions,
which is beneficial to improve t1;, value. Thirdly, the superior electrochemical and
thermal stabilities make COFs available in the practical application.

In 2016, Zhang and coworkers synthesized a novel type of ionic COFs (ICOFs) con-
taining sp® hybridized boron anions by the formation of spiroborate linkages [22]. After
immobilization of Li* into the nanochannels, the obtained ICOF-2 exhibited an ionic
conductivity of 3.05 x 107 S/cm and an average t1;, value of 0.80 at room temperature,
which was ascribed to the predesigned pathway for ion conduction. However, insertion
of Li" into the bare nanochannels of COF can only produce a limited ionic conductivity.
Inspired by the poly(ethylene oxide) (PEO)-based electrolytes, which can solvate Li*
for fast ion conduction by the segmental motion, Jiang and coworkers firstly integrated
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the flexible oligo(ethylene oxide) chains on the pore walls of COFs [23]. Compared with
the bare COF (Li*' @TPB-DMTP-COF), the EO-modified COF (Li* @ TPB-BMTP-COF)
can exhibit an enhanced ionic conductivity and a lower energy barrier (Figure 2a).
Furthermore, Horike ez al. developed a bottom-up method to accumulate different con-
centration of glassy PEO moieties into the nanochannels of COF (Figure 2b) [24]. Asa
result, the material containing highest density accumulation of PEO (COF-PEO-9-Li)
exhibited the superior ionic conductivity over 10~ S/cm at 200°C. The similar trend
was also demonstrated by branched PEO-functionalized COFs as solid conductors [26].
Recently, Horike used the similar side-chain engineering strategy to fabricate a gel-state
COF (COF-Gel) with facile processability by implanting soft branched alkyl chains as
internal plasticizers into the nanopores of COFs (Figure 2c) [25]. Benefiting from the
gel-state morphology, the COF-Gel can be easily manufactured into gel electrolyte with
controlled shape and thickness with enhanced ion conducting kinetics and reduced
interfacial resistance, which showed a better performance in LiFePO,-Li cell than the
typical liquid electrolyte (Figure 2d).

The simple permeation of lithium salts into the nanopores of COFs usually results
in a relatively low ionic conductivity and poor ion diffusion kinetics due to the closely
associated ion pairs. While enhancing the binding interaction between the anions
of lithium salt and COF backbones, the transfer of Li* would be promoted. In 2018,
Chen et al. synthesized a cationic COF incorporated with LiTFSI to improve the ionic
conductivity [27]. Compared with the neutral framework, the cationic skeleton can
generate stronger dielectric screening to split Li* and the related anions, increasing
the amount of free Li* and resulting in an improved solid-state ionic conductivity
up t02.09 x 10™* S/cm at 70°C (Figure 3a). Similarly, Feng and coworkers employed
imidazolium monomer as the building block to construct cationic COF to enhance the
trapping of counter ions of lithium salts and improve the lithium ionic conductivity
(Figure 3b) [28]. The obtained Im-COF-TFSI possessed the ionic conductivity as
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(a) Structural representation of Li* @TPB-DMTP-COF with bare pore walls and Li' @TPB-DMTP-COF
with EO-modified pore walls. Reproduced with permission from Ref. [23]. Copyright 2018 American Chemical
Society. (b) Structural representation of COFs containing different concentration of PEO moieties. Reproduced
with permission from Ref. [24]. Copyright 2018 American Chemical Society. (c) Structural representation
and the corvesponding state of COF with alkyl chains. (d) Rate performance of COF-Gel in a LiFePO ,-Li cell.
Reproduced with permission from Ref. [25]. Copyright 2021 Wiley-VCH GmbH.
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(a) Structural representation of the cationic COF for binding with anions as Li* conductors. Reproduced with
permission from Ref. [27]. Copyright 2018 American Chemical Society. (b) Synthesis of cationic Im-COF-TFSI.
Reproduced with permission from Ref. [28]. Copyright 2020 Royal Society of Chemistry.

high as 4.64 x 10~* S/cm at 80°C and 4.04 x 107* S/cm at 150°C, respectively. Recently,
Han’s group utilized the defects of COFs to introduce imidazolium groups onto
the pore walls via the Schiff-base reaction [29]. After ion exchange with TFSI", the
resultant dCOF-ImTFSI-Xs not only had the 2D pathways for Li* transport, but also
contained the cationic moieties to promote the dissociation of lithium salts.
Although COFs have been demonstrated as a new concept of solid-state Li*
conductors, most of the reported works are involved with the incorporation of
lithium salts into the nanopores of COFs to facilitate ion transfer, thus failing to real-
ize a single Li* conduction, which performs the ¢;;, value close to unity (Figure 4a).
To address this issue, Lee and coworkers presented a sulfonated COF (TpPa-SO;Li)
with anionic framework and well-defined directional channels (Figure 4b) [30]. As
the sulfonates were covalently anchored to the pore walls, a real single Li* conduc-
tor can be achieved. The obtained TpPa-SO;Li showed the #1;, value as high as 0.9 at
room temperature, thereby possessing a more stable Li plating/stripping on lithium
anode than the previously reported COF-based ion conductors (Figure 4c). Recently,
Loh et al. used a post-synthetic method to graft sulfonate groups on the pore wall
of COFs and exfoliated COF powders to nanosheets to create better ion conduction
channels because the repulsive forces between Li* were stronger than the van der
Waals interactions between frameworks (Figure 4d) [31]. As a result, the sulfonated
COF nanosheets achieved the ionic conductivity of 0.9 x 10~ S/cm at —40°C and
1.17 x 10™* S/cm at 100°C with ¢, value of 0.92 when equipped in an all-solid-state
battery, indicating the possibility to be practically applied under harsh conditions.

3. COFs for proton conduction

Due to the high energy conversion efficiency, low emission, fuel flexibility, and
mild operation accessibility, fuel cells are considered as electrochemical power plants,
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(a) Conceptual illustrations of ion transport phenomena in the porous crystalline ion conductors: previous
approaches (top) and this study (bottom). (b) Chemical structure of lithium sulfonated COF (TpPa-SO,Li).

(c) Galvanostatic Li plating/stripping profile of the Li/Li symmetric cell containing TpPa-SO;Li. Reproduced
with permission from Ref. [30]. Copyright 2019 American Chemical Society. (d) Schematic illustration describing
the fabrication of all-solid-state ovganic Li-ion battery using lithiated COF nanosheets. Reproduced with
permission from Ref. [31]. Copyright 2020 American Chemical Society.

which convert chemical energy to electrical energy by the cost of specific fuels.
Among the typical fuel cells, which differentiated by the type of electrolytes (phos-
phoric acid, proton exchange membrane, oxide, and alkaline), the proton exchange
membrane fuel cell (PEMFC) has attracted the most attentions due to the relatively
lower operation temperature [32]. Except for PEMFC, proton-conducting materials
are also the key component for other electrochemical devices such as supercapaci-
tors, proton sieving, proton transistors and hydrogen sensors [33]. Up to now, the
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universally utilized proton-conducting membranes are sulfonated polymers such as
Nafion. Nafion can display proton conductivity as high as 10~ S/cm in fully hydrated
state at a moderate temperature [5]. However, when the temperature exceeds 100°C,
the proton conductivity would dramatically decrease due to the loss of water. Other
polymer-based proton conducting materials such as polybenzimidazole (PBI)-based
membranes can perform excellent properties in 150-200°C. While the heteroge-
neous random structures and the amorphous nature hinder the efficient analysis of
conducting mechanism and determination of structure-property relationship at the
molecular level [34]. In this regard, COFs with precise structural designability, syn-
thetic controllability, and available functionality hold the promise to work as superior
proton conductors.

Inspired by the structure of Nafion, sulfonated COFs would be the ideal candi-
dates for proton conduction and fuel cell practical application. In 2016, Banerjee’s
group firstly synthesized sulfonic-acid-based COFs (TpPa-SO;H) by a Schiff-base
reaction of 1,3,5-triformylphloroglucinol and 2,5-diaminobenzenesulfonic acid to
form periodic intervals with free -SOsH groups within COF backbones to promote the
proton hopping along the hexagonal 1D channels [35]. The intrinsic proton conduc-
tivity of TpPa-SO;H can reach 1.7 x 10~ S/cm at 120°C under anhydrous condition.
After shortly, Zhao et al. reported two sulfonated COFs, NUS-9(G) and NUS-10
(G), by liquid-assisted grinding strategy at room temperature (Figure 5a) [36]. The
obtained NUS-9(G) and NUS-10 (G) exhibited hexagonal architecture and displayed
eclipsed AA stacking layers (Figure 5b). Due to the pre-implanted free -SOsH groups,
NUS-9(G) showed a proton conductivity of 1.5 x 10~* S/cm at room temperature and
33% relative humidity (RH), which was increased to 3.96 x 107> S/cm at 97% RH.
While for NUS-10 (G), which possessed twice as many free -SO;H groups as NUS-
9(G), the intrinsic proton conductivity increased to 2.8 x 10~* S/cm at 33% RH and
3.96 x 107> S/cm at 97% RH with long-term stability. Very recently, Zhu’s group used
surface-initiated condensation polymerization to synthesize the same sulfonic COF
TpPa-SO;H (Figure 5c) [37]. Through the precise control of polymerization time, the
thickness of SCOF layer can be tuned from 10 to 100 nm, overcoming the processable
challenge of COFs. The obtained free-standing COF membrane exhibited a proton
conductivity of 0.54 S/cm at 80°C under fully hydrated state.

For these sulfonated COFs, the high water-assisted proton conductivity could be
attributed to the presence of aligned -SO;H groups on the pore walls of COFs, which
not only enhance the adsorption of water but also facilitate the formation of hydro-
philic domains to generate proton conducting pathways. At a high RH percentage, the
proton transportation is mainly dominated by the hopping mechanism benefiting
from the continuous hydrogen bonds between H,0 and -SO;H groups. However,
under low humidity condition, the significant decrease of proton conductivity would
be still inevitable, which is similar to Nafion. Otherwise, the preinstallation of proton
conducting groups onto the pore wall of COFs is sometimes difficult. Thus, incorpo-
ration of guest protonic species into the nanochannels of COFs would provide a more
effective approach to improve the proton conductivity.

In one aspect, some proton donors can incorporate with COFs to trigger proton
conductivity by donating more protons or facilitating the formation of hydrogen
bonds. In 2016, Jiang and coworkers developed a highly robust COF, TPB-DMTP-
COF, with hexagonally aligned, dense, mesoporous channels (Figure 6a) [38]. By
loading the N-heterocyclic proton carriers, 1,2,4-triazole (trz) and imidazole (im),
the anhydrous proton conductivity of trz@TPB-DMTP-COF and im@TPB-DMTP-
COF can reach the maximum of 1.1 x 107> S/cm and 4.37 x 10~* S/cm at 130°C,
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(a) Synthetic scheme of NUS-9(G) and NUS-10(G) via liquid-assisted grinding at room temperature.

(b) Crystal structure and representation of the eclipsed AA stacking for NUS-9(G) and NUS-10(G), respectively.
Reproduced with permission from Ref. [36]. Copyright 2016 American Chemical Society. (c) Preparation of the
SCOF membrane grafted on silicon wafers and the molecular structures TpPa-SO;H. Reproduced with permission
from Ref. [37]. Copyright 2021 Wiley-VCH GmbH.

respectively. The activation energy calculation also demonstrated that protons were
transported by hopping along the interconnected hydrogen bonding networks of
proton carriers.

Besides, phosphoric acid (H;PO,) is also a good proton donors for the extrinsic
incorporation with COFs [40]. In 2020, Horike’s group reported perfluoroalkyl-
functionalized COFs (COF-Fx-H) with super hydrophobic well-defined 1D channels
to accommodate a large amount of H;PO, (Figure 6b) [39]. Due to the interactions
between H;PO, and the NH groups of framework as well as the fluorinated side chains,
the guest H;PO, could be anchored onto the pore walls through P=0...H—N, OH...
N=C, and O—H...F—C hydrogen bonding networks, which further generated an
efficient proton conducting pathway (Figure 6c). After 62 wt% loading of H;POy, the
maximum anhydrous proton conductivity reached 4.2 x 10> S/cm. Recently, Jiang’s
group also designed polybenzimidazole COFs in conjunction with H;PO, to achieve
stable and ultrafast proton conduction over a wide range of temperature [41]. Due to the
presence of imine linkage and the benzimidazole chains, H;PO, could be tightly locked
by the electrostatic and hydrogen binding interactions. More importantly, the N atom of
benzimidazole moieties could be protonated by H;PO, and release open H,PO4™ anion.
Thus the proton conduction would be facilitated by the activated proton networks.
Asaresult, the H;PO,@TPB-DABI-COF realized a hydrous proton conductivity of
8.35 x 107 S/cm at 160°C.

Although great progress has been achieved for improving the proton conductiv-
ity by extrinsic incorporation with proton carriers such as acids and N-heterocycles,
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Publishing Group. (b) Synthesis voute of COF-Fx-H. (c) Illustration of proposed proton conducting mechanism.
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(a) Schematic of the synthesis and structure of IL-COF-SO;H. Reproduced with permission from Ref. [42].
Copyright 2021 Elsevier B. V. (b) Structure and illustration of the proton transfer of PIL-TB-COF. Reproduced
with permission from Ref. [43]. Copyright 2022 The Royal Society of Chemistry.

relatively less attention has been paid on the proton conducting property of ionic
liquids (ILs) impregnated COFs. In 2021, Tang and coworkers firstly reported an IL
impregnated sulfonic-acid-based COF (IL-COF-SO;H), which further combined with
silk nanofibrils (SNFs) to fabricate a composite membrane (Figure 7a) [42]. The elec-
trostatic interactions between imidazolium anions and sulfonic acids promoted the
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deprotonation to release more protons and immobilized ILs. The uniform distribution
of ILs in the channels of COF-SO;H could provide a large amount of hopping sites for
protons. Moreover, the hydrogen bonding networks between SNFs and IL-COF-SO;H
could provide additional proton conduction pathways. Particularly, the IL-COF-
SOsH@SNF-35, which loaded 35 wt% SNFs, acquired an ionic conductivity of 224
mS/cm at 90°C and 100% RH. Very recently, Yan's group developed a protic ionic
liquid (PIL), 1-methyl-3-(3-sulfopropyl) imidazolium hydrogensulphate ([PSMIm]
[HSO4]) to incorporate with a high-density —SO;H functionalized COF (TB-COF) for
efficient anhydrous proton conduction (Figure 7b) [43]. As expected, the addition

of PIL into the nanochannels of COFs can significant increase the ionic conductivity
from 1.52 x 107* S/cm t0 2.21 x 107 S/cm at 120°C due to the increase of hopping sites
for protons.

4. COFs for hydroxide anion conduction

Compared with PEMFC, alkaline fuel cells, which are operated on hydroxide anion
transport, have attracted increasing attention due to the high energy density, rapid
reaction kinetics, and low-cost catalyst [44]. As one of the critical components, the
hydroxide conducting membrane affords the transfer of anions and determines the
terminal electrochemical output. However, the high-performance hydroxide anion
conduction is challenging because of its lower diffusion coefficient compared with
protons [45]. Similar to proton conducting materials, the typical anion conducting
membranes depend on polymer system, which can form percolated water channels
via the microphase separation of hydrophobic/hydrophilic domains [46-48]. Multiple
factors including the polarity of segments, distribution of charged moieties, and
anion concentration have influence on the physical phase-separation process. Thus,
precise control of the phase-segregated morphologies usually has of a large difficulty.
Based on this background, COFs with structural tunability and functional pore
surface build a powerful platform to achieve fast anion transport.
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(a) Synthesis route of [OH" ] ;o,-TPB-BPTA-COF. (b) Structure of [OH ] 5,-TPB-BPTA-COF. Reconstructed
structures of (c) [OH"] ;0,-TPB-BPTA-COF and (d) [OH"]5,-TPB-BPTA-COF (red O, blue N, gray C, white H).
Reproduced with permission from Ref. [49]. Copyright 2021 American Chemical Society.
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For example, Jiang and coworkers constructed an anion-surfaced channels for
hydroxide anion conduction via supramolecular self-assembly while maintaining both
the ordering topology and skeleton stability of COFs [49]. The precursor COF with
ethynyl side groups was synthesized by the condensation of C;-symmetric 1,3,5-tris(4-
aminophenyl)benzene (TAPB) as knot and 2,5-bis(2-propynyloxy)terephthalaldehyde
(BPTA) and 2,5-dimethoxyterephthalaldehyde at different molar ratios (DMTA) as
linker (Figure 8a). Then an azide-imidazolium salt was introduced into the pores by
the click reaction with the ethynyl sides. After anion exchange, the hydroxide anion
conducting [OH™]19o-TPB-BPTA-COF was constructed (Figure 8a). The crystal struc-
tural analysis demonstrated that the imidazolium cations were extruded from pore
walls and concentrated in the channel center aligning with OH™ at the end of cationic
chains, thus creating a continuous anionic phase (Figure 8c). While for [OH ]5o-
TPB-BPTA-COF in which half of the edge units were appended with ethynyl groups
(Figure 8b), the hydroxide anion interface was not continuous due to the reduced
anion density (Figure 8d). Consequently, the conductivity of [OH],0o-TPB-BPTA-
COF was 2-8 times higher than that of [OH]5,-TPB-BPTA-COF.

The poor processability of COFs generally produces insoluble powders, which
dramatically limits their practical application as free-standing membranes. Thus,
it is highly desirable to develop efficient methods to fabricate COF-based anion
conducting membranes. Recently, Jiang’s group has made remarkable achievements
on engineering COF membranes via interfacial polymerization strategy [50-52].
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(a) Scheme for the synthesis of COF-QAs. (b) Schematic of anion transport through the 1D channel of COF-QAs.
(c) Schematic of COF-QAs membrane fabrication process. Reproduced with permission from Ref. [53]. Copyright
2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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For instance, they used hydrazide units functionalized with quaternary ammonium
(QA) groups bearing different length of alkyl chains and aldehyde units to construct
four quaternized COFs (COF-QAs) (Figure 9a) [53]. The well-defined ordered nano-
channels with aligned QA cations provided an ultrafast pathway for anion transport
(Figure 9b). In order to realize the self-standing membrane with robust crystalline
framework, a phase-transfer polymerization process, which involved phase transfer
of 1,3,5-triformylbenzene to polymerize with QA-functionalized hydrazide in a mesit-
ylene-water system (Figure 9c). Due to the slight solubility in water, the aldehyde
units would gradually diffuse from organic phase to aqueous solution to react with
hydrazides, resulting in a stable colloidal suspension. Upon solvent removal, the COF
nanoplates could further be assembled into free-standing membrane with identical
crystalline structures, which exhibited the hydroxide conductivity as high as 212 mS/
cm at 80°C. Very recently, they developed six QA-functionalized COFs via the assem-
bly of hydrazides and aldehyde precursors by interfacial polymerization to systemati-
cally elucidate the impact of aldehyde size, electrophilicity, and hydrophilicity on the
synthesis process as well as the anion conducting property of COFs [54]. Particularly,
more hydrophilic aldehydes were preferable to react with hydrazides in the aqueous
solution rather than the interface region, which led to the tight membrane. Compared
with the loose membranes, the anion conductivity could improve around 4-8 times.

5. COFs for other ion conduction

Among various electrical devices to date, sodium-ion batteries have gained
considerable attention due to its low cost and sustainability. Similar with lithium-ion
batteries, sodium-ion batteries also suffer from the easy formation of dendrite in
traditional liquid electrolyte and have high desire to develop solid ion conductors. To
tackle these bottlenecks, Sun and coworkers studied the first example of carboxylic
acid sodium functionalized COF (NaOOC-COF) as quasi-solid-state electrolyte to
accelerate the transporting of Na" and simultaneously restrain the dendrite growth
(Figure 10a). The covalently tethered carboxylic acid sodium groups in the pore wall
of COFs provided sufficient content of Na* and favorable nanostructures for Na*
migration. Benefiting from the well-defined ion channels, NaOOC-COF displayed an
excellent conductivity of 2.68 x 10™* S/cm at room temperature and high transference
number of 0.9. Finally, NaOOC-COF devoted to durable cycling performance of Na
plating/stripping and outstanding performance in solid-state battery [55].

Aqueous Zn-ion batteries are also a great promising energy storage system owing
to the high energy density driven by multielectron redox (Zn”*") and prominent
safety supported by water-based electrolytes. However, the practical application has
still been limited due to the lack of suitable electrolytes to ensure stable interface
with electrodes. Recently, Lee and coworkers demonstrated for the first time to
use COF-based single Zn** conductors, which can both secure interfacial stability
with electrodes and exhibit competitive ionic conductivity [56]. A zinc sulfonated
COF (TpPa-SO;Zny 5, Figure 10b) with well-defined directional channels in which
covalently anchored and delocalized sulfonates was designed to realize single Zn**
conduction. From the molecular dynamics (MD) simulations, a significantly uni-
form Zn®* flux was observed due to the anionic groups along the directional pores
(Figure 10c). While in the control model of liquid electrolyte (LE), which is2 M
ZnSO, in H,0, only randomly spread Zn®* clusters can be observed due to the freely
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(u% The synthetic route of NaOOC-COF. Reproduced with permission from ref. 55. Copyright 2021 Elsevier
Ltd. (b) Chemical structure of TpPa-SO;Zn,s. Representative snapshots obtained from the MD simulations
showing time-dependent ion distributions in (c) TpPa-SOZn,s and (d) LE. Zn**: colored diversely for a clea
representation of the movement, TpPa-SO;": gray, SO,*": green, H,0: omitted for clarity. Reproduced with
permission from Ref. [56]. Copyright 2020 The Royal Society of Chemistry.
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mobile SO,* (Figure 10d). As a result, TpPa-SO;Zn, s enabled the Zn-MnO, cells to
exhibit a long-term cycling performance.

6. Conclusion and outlook

In this chapter, we summarized the recent progress of COFs as solid-state ion
conductors in energy devices, especially lithium-based batteries and fuel cells. As the
emerging crystalline porous materials with controllable chemistry, tunable topology,
and well-defined order channels, COFs exhibit a promising performance to conduct
lithium ion, proton, and hydroxide anion. However, the development of COF-based
solid ion conductors is still in its infancy, and many challenges remain to be issued.

Firstly, most ion-conducting COFs relate to ionic frameworks. Compared with
neutral COFs, the examples of ionic COFs are still limited due to the more restricted
synthesis conditions for crystallization and ionization. Although a series of covalent
bonds have been successfully applied to construct COFs, only a few of linkages afford
the formation of ionic COFs. To date, most ionic COFs are formed by the imine bonds.
Thus, deep chemistry insight and novel synthetic approach to ionize COFs are in
high demand. In addition, universal strategies to construct 3D ionic COFs, which are
scientifically intriguing with unique properties, are also requiring since most COFs
have 2D frameworks.

Secondly, most COFs are synthesized via a solvothermal method under harsh
reaction conditions with powder products. Thus, the large-scale synthesis of
COFs at industrial level is still challenging. To achieve more practical application,
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the large-scale synthesis with retaining the crystallinity and porosity of COFs is of
critical significance. Moreover, the powder nature also hinders their application in
electronic devices. Although some strategies such as interfacial polymerization can
develop free-standing COF membranes to some extent, the limited mechanical prop-
erty is always hard to meet the practical requirement. Therefore, efficient approaches
to prepare COF membrane with good mechanical stability should be explored to
enhance their practicality, especially in flexible electronic devices.

Thirdly, the development of COFs as ion conductors is in the initial state with most
research interests focusing on the improvement of apparent performance via experi-
mental investigations. To better clarify the structure-property relationship and guide
the structural design, the theoretical simulations, which can provide more thorough
insight on the ion transport mechanism in COFs, should be probed.

To sum up, COFs offer new opportunities for the solid ion conductors and exhibit
tremendous advantages over other materials such as highly ordered pores, tailorable
pore surface, tunable chemical composition, etc. Benefiting from the rapid develop-
ment of experimental and theoretical tools, the electrochemical performance of COFs
is expected to gain greater achievements.
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Chapter 3

Photoredox Catalysis by Covalent
Organic Frameworks

Shuai Bi

Abstract

In recent years, photocatalysis that uses solar energy for either fuel production,
such as hydrogen evolution and hydrocarbon production, or directed organic trans-
formations, has shown great potential to achieve the goal of finding clean and renew-
able energy sources. Covalent organic frameworks (COFs) are crystalline organic
porous materials formed by the covalent bonding of organic building blocks, which
features superior structural regularity, robust framework, inherent porosity, and
diverse functionality. The introduction of organic monomers with adjustable light
absorption ability into COFs can make them show strong potential in photocatalysis.
This chapter presents the recent progress of COF-based photocatalysts. The use of
COF photocatalysts in a myriad of photoredox catalysts with a range of applications,
including photocatalytic water splitting, photocatalytic CO, reduction, photocatalytic
organic transformations, and photocatalytic environmental pollutant degradation will
be highlighted. Furthermore, various linkers between COF building blocks such as
nitrogen-containing connections and all sp>-carbon connections will be summarized
and compared. Finally, a perspective on the opportunities and challenges for the future
development of COF and COF-based photocatalysts will be given.

Keywords: covalent organic frameworks, photocatalytic hydrogen evolution,
photocatalytic CO, reduction, photocatalytic organic reaction, photocatalytic
degradation of pollutants

1. Introduction

Covalent organic frameworks (COFs) materials are a new class of crystalline
organic porous polymers, which are formed by the expansion of organic monomers
through covalent bonds in two or three dimensions [1-4]. In 2005, Yaghi et al.
reported the synthesis of two kinds of crystalline organic porous materials, namely
COF-1 and COF-5 for the first time through trimerization of aromatic boric acid
compounds, which opens the research of COFs materials [5]. By elaborately design-
ing the organic monomers that constitute COFs, the precise control of material
structures and functions can be realized [6]. By virtue of the topology design
theory in Reticular Chemistry, COFs have developed rapidly in recent years [7, 8].
So far, the linking mode of COFs has developed from the initial B—0 bond to C=N
bond and then to C—O bond and C=C bond, etc. [9]. In terms of spatial topology,
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COFs can be divided into two-dimensional (2D) COFs and three-dimensional
(3D) COFs [10]. The 2D COFs are similar to graphite in structure. The organic
monomers in the layers are connected by covalent bonds to form a 2D plane, and
the interlayers are stacked by n-n conjugated interaction. 3D COFs are constructed
by using non-planar organic monomers that expand in 3D direction through
covalent bonds. 3D COFs have various types of topological structures, usually
with interpenetrated structures.

COFs materials usually have the characteristics of high structure order, large
specific surface area, and good thermal stability, which endow this kind of material
with a wide range of applications in gas storage and separation, catalysis, sensing,
energy storage, and photoelectric conversion [11]. In recent years, with more in-depth
research on COFs, it has been found that COFs can generate and separate charge
carriers under the irradiation of light. Combined with their designable pore structure,
COFs have been witnessed as potential photocatalysts [12-14].

Photocatalysis uses light energy to drive chemical reactions, which is a green
catalytic method and has great research value. In recent years, a large number of
photocatalysts suitable for different systems have been developed [15]. Generally,
photocatalysts are divided into homogeneous and heterogeneous photocatalysts.
Compared with homogeneous photocatalysts, heterogeneous photocatalysts have the
advantages of recyclability and reusability while maintaining high catalytic activity,
which makes heterogeneous photocatalysts more potential for industrial application.
However, current heterogeneous photocatalysts based on inorganic metal oxides and
other systems still face some challenges, such as weak light absorption ability and
poor charge separation ability [16]. In this context, recently developed COFs materials
have unique advantages in the field of photocatalysis: (1) Structure designability: The
light absorption capacity and energy band structure of COFs can be finely adjusted
by changing the chemical structure of the monomers. (2) Facile functionalization.
The COFs skeleton can be modified in two ways, before and after preparation, so that
the catalytic sites can be easily introduced into the COF skeleton. (3) High surface
area and good stability. This allows the catalytic sites on the COFs to be effectively
dispersed and fully exposed and to remain stable during the catalytic process. In
this chapter, the research progress of COFs in photocatalytic hydrogen production,
photocatalytic carbon dioxide reduction, photocatalytic organic reactions, and photo-
catalytic pollutant degradation is summarized, and the future application of COFs in
the field of photocatalysis is also prospected.

2. Photocatalytic hydrogen production

Hydrogen energy is recognized as clean energy. Photocatalytic hydrogen production
from water splitting by using solar energy is a very promising approach. At pres-
ent, the main obstacle to photocatalytic hydrogen production is the lack of efficient
catalysts. The structural diversity of COFs enables them excellent visible light
absorption ability, tunable band position, and good stability. These advantages
make COFs expected to become efficient catalysts in the field of photocatalytic
hydrogen production. In recent years, COFs as catalysts for photocatalytic hydrogen
production have gradually attracted researchers’ attention. Up to now, there are
mainly three kinds of COFs photocatalytic hydrogen production systems: pure COFs
photocatalysts, COFs-based heterojunction photocatalysts, and COFs composites
photocatalysts.
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Figure 1.

( a§ Chemical structure of TFPT-COF. (b) High-resolution transmission electron microscope (TEM) images.
(c) Photocatalytic H, evolution with TFPT-COF using sodium ascorbate donor and Pt cocatalyst under visible
light irradiation. Inset: H, evolution using TEOA as an electron donor. Adapted with permission from Ref. [17].
Copyright 2014 Royal Society of Chemistry.

2.1 Pure COFs photocatalysts

In 2014, Lotsch et al. used 1,3,5-tris(4-formyl-phenyl)triazine (TFPT) and
2,5-diethoxy-terephthalohydrazide as building blocks to construct hydrazone-linked
TFPT-COF and used this COF to realize the photocatalytic hydrogen production from
proton reduction in water (Figure 1) [17]. Under the irradiation of visible light, in the
presence of metallic platinum that was used as the cocatalyst, and triethanolamine
used as the hole sacrificial agent, the hydrogen production rate of this COF reached
1970 pmol-h~".g~! with an apparent quantum efficiency of 2.2%. The authors specu-
lated that the central triazine unit with good planarity in this COF enables enhanced
stacking interactions and thus charge transport in the axial direction, rendering
TFPT-COF an effective H,-evolving photocatalytic system.

Lotsch et al. further explored the effect of the number of nitrogen atoms in the
benzene ring at the central node of COF on the photocatalytic activity [18]. A series
of stable azine-linked N,-COFs, named Ny-COF, N;-COF, N,-COF, and N;-COF, were
synthesized by condensation of hydrazine and triphenylaryl monomers with 0, 1,

2, or 3 nitrogen atoms in the central benzene ring, respectively. Under visible light
irradiation, with platinum as the cocatalyst and triethanolamine as the hole sacrificial
agent, the hydrogen production rates of this kind of COF gradually increased with
the increase of nitrogen content, and the hydrogen production rates from Ny-COF

to N3-COF were 23, 90, 438, and 1703 pmol-h_l-g_l, respectively. This indicates that
N;-COF has a high photocatalytic activity, which may be attributed to the stabiliza-
tion of photogenerated radical anions by the electron-deficient triazine center, which
enhances the charge separation ability and facilitates the electron migration to the
platinum cocatalyst.

In 2017, Lotsch et al. further demonstrated that both the number and position of
nitrogen atoms had a great impact on the photocatalytic activity of COFs [19]. PTP-
COF has a similar structure to N3-COF with three nitrogen atoms located on the pyri-
dine group at the periphery of the 1,3,5-tripyridyl benzene monomer. Under the same
photocatalytic hydrogen production conditions as N3-COF, the hydrogen production
rate of PTP-COF is only 83.83 pmol-h "-g~". The authors further studied the effect of
the number of nitrogen atoms in the peripheral aromatic ring of COF monomer on the
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photocatalytic hydrogen production activity. Three azine-linked COFs were synthe-
sized by condensation of hydrazine with three monomers containing 0, 1, or 2 nitrogen
atoms in the peripheral aryl group of 1,3,6,8-tetrakis(4-ethynylbenzaldehyde)-pyrene
[20]. The hydrogen production rates of these COFs decreased gradually with the
increase of nitrogen content, which were 98, 22, and 6 pmol-h_l-g_l, respectively. It

is obvious that the subtle structural changes of monomers have significant effects on
photocatalytic hydrogen production of COFs, but the underlying mechanism needs to
be further confirmed by theory and experiment.

The photocatalytic hydrogen production activity of COFs can be changed by
designing different monomer structures. Therefore, in recent years, the diacetylene-
and thiophene-based COF photocatalysts systems have been developed. Thomas
et al. synthesized TP-BDDA-COF and TP-EDDA-COF containing acetylene fragments
[21]. The diacetylene groups in TP-BDDA-COF possess larger conjugation, which
endows TP-BDDA-COF with a narrower band gap and faster charge mobility. Under
visible light irradiation, with platinum as cocatalyst and triethanolamine as hole
sacrificial agent, the hydrogen production rate of TP-BDDA-COF is 324 pmol-h".g~",
which is about 10 times that of TP-EDDA-COF that is linked by only acetylene
group (30 pmol-h™g™"). Cooper et al. constructed S-COF and FS-COF by using
3,7-diaminodibenzo[b,d]thiophene and 3,9-diamino-benzo[1,2-b:4,5-b’]bis[1]ben-
zothiophene sulfone as monomers, respectively [22]. The key dibenzo[b,d]thiophene
sulfone (DBTS) unit is the monomer of photosensitive polymer P10 [23]. Under
visible light irradiation, with platinum as cocatalyst and sodium ascorbate as hole sac-
rificial agent, the hydrogen production rate of FS-COF was 10.1 mmol-h".g™!, while
that of S-COF was 4.44 mmol-h™"-g™". Without platinum as a cocatalyst, FS-COF and
S-COF could still produce hydrogen efficiently with hydrogen production rates of
1.32 and 0.6 mmol-h™".g™", respectively. They claim that the higher performance of
FS-COF is due to the characteristics, such as larger pore size, higher specific surface
area, wider light absorption range, and more hydrophilic pore structure, which
make FS-COF have better charge transfer ability and more abundant photocatalytic
sites. They further investigated the effect of crystallinity of COF on photocatalysis,
showing that crystalline FS-COF had higher photocatalytic activity compared with
amorphous or semi-crystalline FS-P. They also improved the photocatalytic activity
of FS-COF by organic dyes sensitization, enhancing the hydrogen production rate to
16.3 mmol-h g~

The functional groups on the skeleton of COFs have a strong influence on their
photocatalytic activity. Sun et al. obtained TpPa-COF, TpPa-COF-(CHj;),, and
TpPa-COF-NO, by condensation of p-phenylenediamine, 2,5-dimethyl-p-phenylene-
diamine, 2-nitro-p-phenylenediamine, and 1,3,5-trimethylphloroglucinol, respec-
tively [24]. Under visible light irradiation, with platinum as cocatalyst and sodium
ascorbate as hole sacrificial agent, the hydrogen production rates were 1.56, 8.33,

0.22 mmol-h~".g™, respectively. Through a series of characterizations, they proved
that the electron donor groups in COFs have a strong conjugation effect, which
enhanced the light absorption and carrier mobility of the material, thus improving
the photocatalytic activity of the material.

In 2019, Zhang et al. reported a series of vinylene-linked (—HC=CH-) 2D COFs
through Knoevenagel condensation of 3,5-dicyano-2,4,6-trimethylpyridine (DCTMP)
with different aromatic aldehyde monomers (Figure 2) [25]. The polymerization and
crystallization processes were performed in N,N-dimethylformamide (DMF) with
piperidine as a catalyst. Upon reaction of DCTMP with 4,4-diformyl-p-terphenyl
(DFPTP), 4,4-diformyl-1,1-biphenyl (DFBP), and 1,3,5-tri(4-formylphenyl)
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(a)g Synthesis of the vinylene-linked g-C,,N,-COF. (b) Powder X-ray diffraction (PXRD) analysis and structural
simulation of g-C,0N;-COF. (c) High-resolution TEM images of g-C,,N;-COF. (d) Photocatalytic H, evolution
performance of Pt@g-C,,N;-COF. (e) Apparent quantum yield (AQY) of g-C ,,N;-COF along with its UV-vis
diffuse reflectance spectra (DRS). Adapted with permission from Ref. [25]. Copyright 2019, Springer Nature.

benzene (TFPB) respectively, three 2D COFs (denoted as g-C,N,-COF) with trans-
disubstituted C=C bond linkages (vinylene linkages) are formed in high yields. The
fully aromatic structures of the frameworks containing pyridine rings, benzene rings,
vinylene bonds, and cyano groups grant them intrinsic n-electron delocalized proper-
ties and excellent light-harvesting capabilities. In addition, the COFs showed ordered
structures with high crystallinity, high surface area up to 1235 m” g™*, and appropriate
band structures, which allowed them to drive two half-reactions of water splitting to
generate hydrogen or oxygen separately under visible light irradiation. The sample
g-C4oN3-COF exhibited the most prominent performance with a high H, production
rate of 4120 pmol'h g ™" and a remarkable apparent quantum efficiency (AQY) of
4.84% (at a wavelength of 420 nm). These values exceeded all the other COF-based
photocatalysts at that time, demonstrating the superior catalytic activities of this kind
of COF.

In the same year, by using another key monomer 2,4,6-trimethyl-1,3,5-triazine
(TMTA) to react with aromatic multi-aldehydes, Zhang et al. established two
triazine-cored COFs with unsubstituted carbon-carbon double bond linkages [26].
The resulting sp>-carbon-linked 2D COFs showed high crystallinity, extended
n-electron delocalization, tunable band energy levels, as well as high surface areas,
regular open channels, and superior chemical stabilities. These features endow the
COFs with potential as semiconducting photocatalysts. Moreover, these COFs showed
fibrous morphologies, which allowed for fabrication of thin films as photoelectrodes
by a simple drop-casting performance. The corresponding photoelectrodes exhibited
photocurrents up to 45 pA cm > at 0.2 V vs. RHE, which is significantly higher than
that of its imine-linked COF analogue, demonstrating the superior semiconducting
properties of the vinylene-linked COFs. In the particulate photocatalysis system, a 3%
Pt-modified sample exhibited an H, production rate of 292 pmol-h~"-g™" with an AQY
of 1.06% at 420 nm upon visible light irradiation, outperforming its imine-linked
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COF analogue that nearly lost its crystallinity upon 4-h light exposure, indicating
the superior photostability of vinylene-linked COFs over their imine-linked COF
counterparts.

In a subsequent work, Zhang et al. developed two semiconducting vinylene-linked
COFs with aligned octupolar structures and tunable polarity. The polarity of the COFs
was tuned by reticulating Dj,-symmetric 2,4,6-tris(4'-formyl-biphenyl-4-y1)-1,3,5-
triazine with Dj,-symmetric tricyanomesitylene (g-CssNg-COF) and C,,-symmetric
3,5-dicyano-2,4,6-trimethylpyridine (g-Cs,N¢-COF), respectively [27]. The highly
symmetric g-Cs4,Ng-COF exhibited the octupolar conjugated characters with more
promising semiconducting behavior as compared with the less-symmetric g-Cs,Ng-COF.
The octupolar n-conjugated g-Cs,Ne-COF exhibited enhanced light harvesting as well
as excellent photo-induced charge generation and separation capabilities. Due to the
appropriate band energy levels that are suitable for water splitting, g-Cs4Ne-COF enabled
the two half-reactions of photocatalytic water splitting with an average O, production
rate of 51.0 pmol'h™g™* and H, production rate of 2518.9 pmol-h g, indicating the
immense prospect of vinylene-linked COFs for photocatalytic overall water splitting. In
summary, g-Cs4Ng-COF showed significantly higher photocatalytic performance than
the less-symmetric g-Cs,Ng-COF, implying that changing the geometric symmetry of
monomers within vinylene-linked COFs could exert profound effects on their polarity,
semiconducting properties, as well as photocatalytic performance.

The robust solid-state crystalline structure of COFs is fully modular and hence
possesses almost unlimited chemical tunability for the different functions funda-
mental to the photocatalytic process at an atomic level precision. Among the reported
COF-based photocatalysts, vinylene-linked COFs showed higher H, evolution effi-
ciency than the other COFs, probably due to their superior n-electron conjugation,
excellent light-harvesting capability, fast charge isolation, high carrier mobility, and
exceptional stability. However, a wide range of structural and optoelectronic fac-
tors need to be well orchestrated to maximize the H; evolution efficiency of a COF
photocatalyst. Engineering the chemistry of COF—sacrificial electron donor and the
COF—cocatalyst interfaces, or creating COF-based heterojunction composites would
be vital for further improvement of H, evolution efficiency.

2.2 COFs-based heterojunction photocatalysts

To further enhance the separation of photogenerated charges, researchers
designed COFs heterojunction catalysts, which were formed by covalent bonding.
There are two main design strategies for this type of catalyst: (1) introducing donor
and acceptor units into the COFs to form heterojunction catalyst; (2) composite COFs
with other materials to form heterojunction catalyst. These two strategies can effec-
tively tune the energy band structure of the photocatalyst and increase the separation
efficiency of photogenerated electrons and holes.

Jiang et al. reported a newly developed photocatalyst that consists of all sp” carbon
frameworks with full n-conjugation (Figure 3) [28]. The COF was synthesized by
Knoevenagel condensation between tetrakis(4-formylphenyl) pyrene and 1,4-phen-
ylenediacetonitrile (PDAN). Further, the framework was designed to constitute
built-in donor-acceptor heterojunction by integrating the electron deficient 3-ethyl-
rhodanine (ERDN) unit as an end-capping group to the periphery of the sp’c-COF
lattice. The resultant COF created dense yet ordered columnar n-arrays, electron
push-and-pull effect, and substantial reaction centers in pores or on surface, which
could promote exciton migration and offer a narrow band gap to harvest visible and
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Design and synthesis of the 2D stable sp? carbon-conjugated COFs for H, production from water. Schematic
representation of (A) sp’c-COF, (B) sp’c-COFERDN with electron-deficient ERDN end groups. Inset: electron donor-
acceptor pull-push effects on the 2D skeletons. Adapted with permission from Ref. [28]. Copyright 2019, Elsevier Inc.

near-infrared light. Consequently, the COFs enabled an immediate yet continuous
stable hydrogen production from water upon irradiation. These results demonstrated
that the sp’ carbon frameworks ensemble a light-driven photocatalytic system in
which a chain of photochemical events—including light harvesting, exciton migra-
tion, exciton splitting, and electron transfer and collection—is structurally inter-
locked and seamlessly coupled. One could rationally design the COF photocatalysts
with specific semiconducting properties for the continuous and efficient production
of hydrogen from water.

Heterojunctions between COFs and other materials can be formed by covalently
bonding COFs with semiconductors that have different energy band structures. For
example, COF and g-C;N, are connected by the imine bond to form heterojunction
CN-COF. CN-COF can produce hydrogen under visible light with high photocata-
lytic activity [29]. The rate can reach 10.1 mmol-h™".g™!, which is mainly due to the
suitable light absorption range and reasonable energy band structure of the het-
erojunction material. In addition, covalent bonding can change the photogenerated
electron transport path, inhibit carrier recombination, and effectively improve
photocatalytic activity.

The formation of heterojunction materials between metal-organic frameworks
(MOFs) and COFs is a new way to improve photocatalytic activity. NH,-UiO-66 was
immobilized on the surface of TpPa-1-COF by the covalent bond, and the maximum
hydrogen yield rate was 23.41 mmol-h~"-g~" under visible light [30]. In this photo-
catalytic process, the photogenerated electrons of TpPa-1-COF transition from the
valence band to the conduction band and are rapidly transferred to the conduction
band of NH,-UiO-66 by heterojunction, so as to ensure the effective separation of
photogenerated electrons and holes, and thus improve the catalytic efficiency.

2.3 COFs composites photocatalysts

In addition to the advantages of COFs, such as facile structural designability,
compositing COFs with other materials to form photocatalysts is also an important
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strategy that is developed in recent years. COFs that composite with other materi-
als can not only make full use of their own advantages but also greatly improve the
separation and transport efficiency of photogenerated carriers.

Banerjee et al. synthesized f-ketoenamine-linked COF (TpPa-2 COF) with
extended n-conjugation, high specific surface area, and excellent stability [31].
Subsequently, CdS nanoparticles were uniformly dispersed in the synthesized TpPa-2
COF to form a composite photocatalyst. Two-dimensional TpPa-2 COF can not only
stabilize CdS nanoparticles within its pore channels but also promote charge transfer
and inhibit photogenerated carrier recombination, thus improving photocatalytic
activity. Under visible light irradiation, the hydrogen production rate of the CdS-COF
composite catalyst was up to 3678 pmol-h™".g™" with platinum as cocatalyst and lactic
acid as hole sacrificial agent. However, the hydrogen production rate of CdS nanopar-
ticles was 128 pmol-h™.g™", and that of COF alone was only 28 pmol-h~".g™%.

COFs combined with other noble metal nanoparticles can also effectively inhibit
the recombination of photogenerated carriers and improve photocatalytic ability.
Long et al. coated Pt nanoparticles with polyvinylpyrrolidone (PVP) and assembled
the coated Pt nanoparticles with hydrophilic imine-linked TP-COF by electrostatic
assembly method to prepare a metal-insulator-semiconductor (MIS) photocatalytic
system [32]. Under visible light irradiation, the hydrogen production rate of the
ternary PT-PVP-TP-COF photocatalyst is 8.42 mmol-h "-g™", which is 32 times higher
than that of the corresponding metal-semiconductor Mott-Schottky photocatalyst.
The authors clarify that the ternary system can extract photogenerated electrons from
COF with the help of an electrostatic field and transfer them to platinum nanoparti-
cles through an insulator. However, the existence of an insulator prevents the pho-
togenerated holes generated in COF from migrating to platinum nanoparticles, thus
effectively improving the separation efficiency of electrons and holes and suppressing
the recombination of photogenerated carriers.

In the process of photocatalytic hydrogen production, platinum is usually needed
as a cocatalyst to facilitate the proton reduction to hydrogen in the system. However,
the use of platinum increases the cost and hinders the industrial application of
photolytic water splitting. In order to solve this problem, Lotsch et al. developed a
photocatalytic hydrogen production system with chloro(pyridine)cobaloxime as
cocatalyst (Figure 4) [33]. With triethanolamine as the hole sacrificial agent, the
hydrogen production rate of N2-COF can reach 782 pmol-h™"-g™". This work represents
an economic system for photocatalytic H, evolution using COF photosensitizers
and earth-abundant cocatalysts. Recently, Lotsch et al. used an earth-abundant,
noble-metal-free nickel-thiolate hexameric cluster as a cocatalyst for photocatalytic
hydrogen production [34]. Under the condition of visible light irradiation and trietha-
nolamine as hole sacrificial agent, TpDTz COF synthesized from thiazolo[5,4-d]
thiazole monomer was used as a photocatalyst, delivering the hydrogen production
rate of 941 pmol-h™.g™".

3. Photocatalytic CO, reduction

With the development of human society, the CO, content in the atmosphere is
increasing rapidly, which leads to the greenhouse effect. It is urgent for human beings
to find a green and convenient way to convert CO, into usable chemicals. The CO,
molecule has a highly symmetric structure and is chemically relatively inert. Although
chemical and electrochemical methods have demonstrated excellent CO, conversion
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Figure 4.

(a) Schematic illustration of photocatalytic H, evolution by using N,-COF photosensitizer and Co-1 cocatalyst.
(b) H, evolution rates with various COF photosensitizers using Co-1 cocatalyst and TEOA donor. Adapted with
permission from Ref. [33]. Copyright 2017, American Chemical Society.

capabilities, the direct use of light energy to achieve CO, conversion, especially CO,
reduction, still presents many challenges. Photocatalytic CO, reduction requires not
only high stability and strong visible light absorption capacity but also strong CO,
adsorption capacity and suitable photocatalytic sites. On the basis of high crystallin-
ity, high specific surface area, and adjustable light absorption ability, the introduction
of suitable CO, catalytic sites will make COFs become potential CO, heterogeneous
photocatalysts.

3.1 Introduction of metal sites into COFs for photocatalytic CO, reduction

Rhenium complexes are excellent homogeneous CO, reduction photocatalysts. Cao
et al. synthesized pyridine-containing covalent triazene framework (CTF) materi-
als and used pyridine nitrogen atoms in the organic skeleton to anchor Re(CO);Cl
complexes [35]. The obtained photocatalyst Re-CTF-py with CO, reduction ability has
high stability, strong CO, adsorption ability, and good photoactivity. Under visible
light irradiation and triethanolamine as a hole sacrificial agent, the rate of CO, reduc-
tion to CO is 353. 05 pmol-h~".g™" with high selectivity. Due to the coordination of Re
and pyridine in Re-CTF-py, the leaching of Re(CO);Cl can be effectively avoided,
exhibiting excellent recyclability. Similarly, Huang et al. synthesized imine-linked
COF using 2,2’-bipyridyl-5,5'-dialdehyde (BPDA) and 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)trianiline (TTA), which anchored Re(CO)sCl at the adjacent nitrogen atoms in
bipyridine units to form COF-based photocatalyst (Figure 5) [36]. The COF can reduce
CO, to CO with a selectivity of up to 98% and a reaction rate of 750 pmol-h™".g™". The
reduction mechanism was investigated by transient spectroscopy, X-ray absorption
spectroscopy, and in situ diffuse reflectance spectroscopy. It was concluded that
photogenerated electrons could be rapidly transferred from COF to Re catalytic sites.
In recent work, TpBpy COF chelates Ni(ClO,), through the bipyridine units to form
Ni-TpBpy COF containing a single atomic Ni site [37]. With Ru(bpy);Cl, as a photo-
sensitizer, triethanolamine as a hole sacrificial agent, and Ni-TpBpy COF as cocata-
lyst, the photocatalytic reduction rate of CO, to CO can reach 811.4 pmol-h™.g™" with
the selectivity of 96%. In the Ni-TpBpy COF system, COF can not only serve as a
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Figure 5.
Synthesis and characterization of COF and Re-COF. Proposed catalytic mechanism for CO, reduction. Adapted
with permission from Ref. [36]. Copyright 2018, American Chemical Society.

carrier of the CO2 catalytic site but also promote the stability of the intermediate and
improve the reduction efficiency of CO,.

Oxygen atoms in COFs can also act as metal anchoring sites. For example, Lan
et al. synthesized DQTP COF with 2,6-diaminoanthraquinone as the monomer,
in which the oxygen atoms of quinone between the adjacent layers have suitable
distances, which provides a feasible coordination environment for anchoring transi-
tion metal catalysts [38]. Interestingly, CO, can be selectively reduced to different
products after introducing different metal catalytic sites. DQTP COF coordinates
with Zn(II), Co(II), and Ni(II) to form DQTP COF-M photocatalyst, respectively.
CO, was reduced by using Ru(bpy);Cl, as a photosensitizer and triethanolamine as
a hole sacrificial agent under visible light. The reduction product of DQTP COF-Co
was CO at a production rate of 1020 pmol-h"-g™". When the coordinated metal ion
is changed to Zn, the reduction product of DQTP COF-Zn is HCO,H with a rate of
152.5 pmol-h™".g™", and the selectivity is greater than 90%. The authors concluded
that the electron-rich coordination environment tends to form CO in the reduc-
tion process, while the electron-deficient coordination environment tends to form
HCO,H. CO(1I), as a good n-bond donor, is conducive to the conversion of CO, to
CO. However, Zn(II) is a poor donor of the n-bond, so its reaction product is mainly
HCO,H. The photocatalytic CO, reduction products of DQTP COF-Ni with a moder-
ate electron coordination environment are almost equal amounts of CO and HCO,H.

Metal porphyrins are excellent catalytic sites for CO, reduction. Introducing metal
porphyrins into the COF skeleton is also an important strategy for the design of CO,
photoreduction catalysts. Lan et al. synthesized TTCOF-Zn from electron-deficient
Zn metal porphyrin and electron-rich tetrathiafulvalene [39]. In TTCOF-Zn, the
donor-acceptor structure between tetrathiafulvalene and porphyrin was formed,
which could effectively improve the separation ability of photogenerated charge.
Under visible light irradiation, without adding any sacrificial agent or photosen-
sitizer, TTCOF-Zn can reduce CO, to CO in an aqueous solution with a yield of 0.
2055 pmol-h™".g ™, while the selectivity reaches 100%. The catalyst can still maintain
good catalytic activity after five cycles.
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The morphology of the catalyst also has a significant influence on the performance
of the catalyst. The bulk catalyst can be nano-sized to expose more catalytic sites and
thus improve catalytic activity [40]. Jiang et al. synthesized COF-367-Co nanosheets
from 5,10,15,20-tetra(p-aminophenyl) porphyrin (H,TAPP) and 4,4'-biphenyldi-
aldehyde (BPDA) as monomers [41]. 2,4,6-Trimethylbenzaldehyde (TBA) can be
introduced to the edge of COF-367-Co nanosheets by imine exchange reaction.

TBA with large steric hindrance obstructs the axial packing of COF 2D lamellae and
promotes the growth of COF nanosheets along the plane direction, resulting in ultra-
thin 2D COF nanosheets. Ultrathin 2D COF nanosheets can effectively expose the
catalytic site of cobalt metalloporphyrin and shorten the distance of photogenerated
charge carriers migrating to the catalytic site. Under visible light irradiation, with
Ru(bpy);Cl, as a photosensitizer and ascorbic acid as a hole sacrificial agent, COF-
367-Co ultrathin 2D nanosheet can reduce CO, to CO at a rate of 10,162 pmol-h™".g™
with the selectivity of 78%.

3.2 Introduction of metal-free sites into COFs for photocatalytic CO, reduction

In addition to using metal as the catalytic site for CO, reduction, nitrogen atoms
in the COFs skeleton can be directly used as the catalytic site for CO, reduction,
which can achieve a totally metal-free heterogeneous photocatalytic system. Zhu
et al. synthesized ACOF-1 and N;-COF by condensation of 1,3,5-triformylbenzene
(TFB) and 2,4,6-tris(4-formylphenyl)-1,3,5-triazine (TFPT) with hydrazine,
respectively [42]. Through control experiments, it was found that the triazine
units in COFs not only improved the light absorption capacity but also contrib-
uted to the adsorption of CO, and served as catalytic sites. The electron-deficient
triazine in N3-COF can effectively stabilize the negatively charged intermediate
in the catalytic process. Without any sacrificial agent, N3-COF can reduce CO,
to methanol in an aqueous solution under visible light irradiation at a rate of
0.57 pmol-h™.g™". The catalytic activity of N3-COF is higher than that of ACOF-1
without the triazine ring.

The COF heterojunction based on the donor-acceptor structure can further
improve the catalytic activity. To this end, Kong et al. designed an intramolecular
donor-acceptor heterojunction CT-COF containing an electron-rich carbazole group
as the donor and an electron-deficient triazine group as the acceptor [43]. CT-COF
has a wide optical absorption range and narrow band gap due to the push-pull elec-
tron effect on the donor-acceptor structure, which effectively improves the separa-
tion and transportation efficiency of photogenerated carriers. They proved that the
nitrogen atom in the triazine group was the catalytic site of CO, reduction by density
functional calculation. Under visible light irradiation, the rate of CO, reduction to CO
in an aqueous solution is 102.7 pmol-h g ™" catalyzed by CT-COF without any co-
catalyst or sacrificial agent.

The heterojunction structure formed by COF and inorganic semiconductors
can also improve photocatalytic activity effectively. Lan et al. synthesized COF-318
from 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 2,3,5,6-tetrafluoro-
4-pyridinecarbonitrile (TFPC) as precursors, which then formed a Z-scheme
heterojunction catalyst by covalently bonding with inorganic semiconductor TiO,,
Bi,WOg, and a-Fe,0;, respectively (Figure 6) [44]. Both pyridine nitrogen and nitrile
nitrogen in monomers can be used as CO, catalytic sites. Meanwhile, the Z-scheme
heterojunction formed by COF and inorganic semiconductors can effectively improve
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Schematic representation of the preparation of COF-318-SCs via the condensation of COF-318 and semiconductor
materials. Adapted with permission from Ref. [44]. Copyright 2020, Wiley-VCH.

the separation efficiency of photogenerated electrons and holes and inhibit carrier
recombination. Under visible light irradiation, the reduction rate of CO, to CO in an
aqueous solution can reach 69.67 pmol-h™".g™" without adding other cocatalysts.

Although the use of COFs photocatalysts to reduce CO, has been widely reported,
the quantum efficiency of COF-based photocatalysis is still difficult to compare with
other systems, and it is difficult to obtain more valuable hydrocarbon products such
as ethane or ethylene through COFs photocatalysis. However, it still showed great
promise, and one could rationally expect that there would be more and more research
focusing on the development of more efficient and promising COF-based photocata-
lysts for photocatalytic CO, reduction.

4. Photocatalytic organic reactions

Photocatalytic organic reactions can achieve the green synthesis of organic
intermediates and can obtain compounds that cannot be obtained by other methods,
which plays an important role in fine organic synthesis. In recent years, a series of
homogeneous photocatalysts, such as ruthenium complexes and small-molecule dyes,
have greatly improved organic photocatalytic reactions in terms of both reaction
types and reaction efficiency. However, the high cost and high toxicity of a series of
noble metal catalysts represented by ruthenium complexes limit their application
in the pharmaceutical industry. Therefore, it is particularly important to develop
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nontoxic and recyclable heterogeneous photocatalysts. Among them, porous materi-
als, especially COFs, are used as organic photocatalysts, which have attracted exten-
sive attention from researchers.

Cross-dehydrogenating coupling (CDC) is a highly efficient C—C bond coupling
reaction, which can be used to synthesize a variety of important organic intermediates.
For example, Liu et al. designed and synthesized COF-JLUS, which contains an elec-
tron-deficient triazine group and electron-rich 2,5-dimethoxyphenyl group to form a
donor-acceptor structure [45]. The COF has the characteristics of large crystallinity,
high specific surface area, high stability, and photoredox activity. The cross-coupling
reaction of N-aryl-tetrahydroisoquinoline can be catalyzed under blue LED irradia-
tion, with a yield up to 99%, a wide substrate range, and excellent recyclability.

Liu et al. further synthesized COF-JLU22 based on electron-rich 1,3,6,8-tetrakis
(4-aminophenyl) pyrene and electron-deficient 4,4'-(benzothiadiazole-4,7-diyl)
dibenzaldehyde [46]. The pyrene segment can not only enhance the crystallization
of COF-JLU22 but also connect with the acceptor structure of the electron-deficient
benzothiadiazole group. The resulting COF-JLU22 has a wide optical absorption
range, and its band structure is very close to that of Ru(bpy);Cl, complexes that are
widely used in photocatalysis. Conclusively, COF-JLU22 exhibited excellent catalytic
performance in the reductive dehalogenation of phenacyl bromide derivatives and
a-alkylation of aldehydes under visible-light irradiation and retained its original
catalytic activity after three cycles.

Wau et al. synthesized a hydrazone-linked COF with high specific surface area and
high crystallization, which could catalyze the CDC reaction of tetrahydroisoquinoline
with nitromethane, acetone, acetophenone, and other nucleophiles under visible
light, with the yield up to 87% [47]. The COF has high stability, and its catalytic activ-
ity is not reduced after three cycles.

Although imine bond-linked COFs photocatalysts show excellent catalytic perfor-
mance in the field of photocatalysis, such kinds of COFs are unstable in acidic systems
due to the reversibility of imine bonds. Therefore, it is very important to design and
synthesize COFs with high stability for photocatalytic organic conversion.

Banerjee et al. designed and synthesized f-ketoenamine-linked COF, which has
high stability [48]. TpTt COF was synthesized from 1,3,5-triazine-2,4,6-triamine and
2,4,6-triformylphloroglucinol. This COF is isomerized into the f-ketoenamine-based
structure, which makes the bond of COF irreversible and thus has high chemical
stability. The COF can initiate a cis-trans isomerization reaction of olefin under blue
LED light irradiation. Due to the stability of the -ketoenamine linkage fragment,
the COF could still maintain the original photocatalytic activity after four cycles of
catalytic reactions.

COFs connected by carbon-carbon double bonds possess higher chemical stability
and full n-electron conjugation, representing a kind of exceptional photocatalysts.
Wang et al. synthesized 2D porphyrin-based sp>-carbon conjugated COF [49], which
could maintain stability in 9 mol 1" HCl and 9 mol 1! NaOH. Due to the unique
photophysical and redox properties of porphyrin, as well as the high stability and
n-conjugation properties of carbon-carbon double bond-linked COF, the photo-
catalytic yield of Por-sp” COF in the process of catalyzing the oxidation of amines
to imines can reach 99% within 30 min. Compared with the COF of the imine bond,
it shows obviously higher photocatalytic activity and stability. Subsequently, the
fully conjugated sp*~carbon-linked Py-BSZ-COF with donor-acceptor structure was
synthesized by the reaction of 1,3,6,8-tetrakis(4-formylphenyl) pyrene and 4,4’-(ben-
zothiadiazole-4,7-diyl) diacetonitrile [50]. The resultant COF has high stability and
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(a) Synthetic scheme of iwvCOF-O and vCOF-N. (b) Photocatalytic organic veactions catalyzed by ivCOF-O and
vCOF-N. Adapted with permission from Ref. [44]. Copyright 2021, Wiley-VCH.

can maintain the original skeleton structure after 3 days in 12 mol 1" HCI, 12 mol 1I"*
NaOH, boiling water, and under 15 W white LED light, respectively. The donor-
acceptor structure improves the separation ability of photogenerated electrons and
holes, making the COF usable for mediating the photocatalytic oxidative amine
coupling and cyclization of thioamide to 1,2,4-thiadiazole, with a broad substrate
scope and good cyclability.

In 2020, Zhang et al. developed a variety of vinylene-linked COFs with fully
sp’-carbon-connected skeletons by reacting tricyanomesitylene with multi-topic
aromatic aldehydes through Knoevenagel condensation (Figure 7) [51]. With the
use of appropriate secondary amines as catalysts, which could generate highly
reactive iminium cation intermediates by reacting with aldehyde groups, the
reversibility of the Knoevenagel condensation was greatly enhanced and highly
crystalline vinylene-bridged COFs were achieved, which exhibited long-range
ordered skeletons, well-defined nanopores, high surface areas (up to 1231 m? gfl),
efficient light-harvesting capabilities, and facilitated exciton migration and
charge transport. Upon visible-light irradiation, these COFs accelerated oxidative
hydroxylation of arylboronic acids to phenols with a low loading amount and short
reaction time, comparable to homogeneous catalysts (e.g., Ru(bpy);Cl,, methylene
blue), but recyclable.
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Very recently, Miillen et al. developed a 2D vinylene-linked COF comprising
nanographene units by employing a dibenzo[/i,st]ovalene-based building block to
react with 3,5-dicyano-2,4,6-trimeth;rlpyridine (DCTMP) [52]. The resultant DBOV-
COF formed unique ABC-stacked sp”-carbon lattices with robust vinylene linkages.
By virtue of the narrow-energy-gap nanographene cores as active sites, DBOV-COF
demonstrated high photoconductivity, enhanced charge-carrier mobility, and
remarkable photocatalytic activity in hydroxylation of boronic acid to phenols with
stable cycling performance. This work illustrated a facile strategy of introducing vari-
ous functional building blocks (e.g., nanographenes) to the library of COFs to novel
structures and promising properties (e.g., enhanced photocatalytic activity).

In addition to the photocatalytic oxidative reaction, vinylene-linked COFs have
also been explored as efficient photocatalysts for much more complicated photoredox
reaction systems. In 2021, Zhang et al. reported a two-dimensional pyrylium-based
COF with vinylene linkages through aldol condensation of a trimethylsubstituted
pyrylium salt with a tritopic aromatic aldehyde [53]. The resultant oxonium-embed-
ded 2D vinylene-linked COF, namely ivCOF-O, was further converted to a neutral
pyridine-cored COF (vCOF-N) by in situ replacement of oxonium ions with nitrogen
atoms under a post-synthetic ammonia treatment. Both COFs are conceptually iso-
electronic with each other, which means that they have similar geometric structures
but significantly different electronic structures. The band structures of the two COFs
were evaluated by UV-vis DRS and UPS analyses, showing the ivCOF-O with high
oxidative potential and vCOF-N with low reductive potential. Consequently, ivCOF-
O enabled photocatalytic [2 + 2 + 2] cyclization of alkynes with nitriles to pyridines
upon visible light irradiation due to its high oxidative potential that induced the single
electron transfer from alkyne to pyrilium. On the other hand, the lower reductive
potential of vCOF-N allows it to reduce molecular oxygen to superoxide radical anion
under the visible light excitation. Then the generated active oxygen species induced
the coupling of amine with ketone to produce 2,4,6-triarylpyridine derivatives with
good substrate tolerance and recyclability. This work provides a method for the
precise construction of heteroatom-embedded COFs with highly tailorable band
structures and energy levels, thus prospectively expanding the practical applications
of COF materials, especially in photocatalysis.

Chen et al. constructed BBO-COF by self-condensation of monomer containing
aldehyde and amino functional groups [54]. This “two-in-one” strategy can facilitate
the construction of imine-bonded COF with the benzoxazole linkage. The COF can
maintain stability in 12 mol 1™ HCl and 12 mol I"* NaOH. BBO-COF showed high
activity, good substrate tolerance, and reusability in the process of photocatalytic
oxidative hydroxylation of aryl boric acid. After 10 cycles, COF still maintains the
original structure and catalytic activity.

Using the post-synthetic modification (PSM) strategy to transform reversible
bonds into irreversible bonds in COFs is also an effective way to enhance the stability
of COFs. Wang et al. constructed a series of benzoxazole-linked COFs with the strat-
egy of “killing two birds with one stone” [55]. After 3 days of storage in boiling water,
9 mol I"? HCl, and 9 mol 1! NaOH, the COFs’ crystallinity is still retained, indicating
the ultrahigh stability of these COFs. The benzoxazole units introduced by means of
PSM into these conjugated COF skeletons can not only effectively improve the light
absorption capacity but also provide significant catalytic sites. The yield of this kind
of COF in the photocatalytic oxidative hydroxylation of aryl boric acid can reach
99%. Meanwhile, it has high recyclability, which was confirmed by that the skeletal
structure and catalytic activity are still maintained after 20 cycles.
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The morphology of COFs also has a significant influence on their photocatalytic
activity. Aleman et al. synthesized a series of imine-linked COFs with spherical,
layered, and 3D structures, respectively [56]. They used these COFs to study the
effects of molecular structure, crystallinity, and microstructure on photocatalytic
performance. In the selective oxidation of thioether to sulfoxide, crystallinity has a
great influence on the photocatalytic activity of 2D COF with spherical and layered
morphology, while it has a small influence on 3D COF.

In addition to the abovementioned reactions in photoredox organic transforma-
tions catalyzed by COFs, several other reactions, such as the polymerization of methyl
methacrylate, Alder-Ene reaction, and trans (E) to cis (Z) isomerization of olefins,
etc. have also been exploited by employing COFs as the photocatalysts. It showcased
that COFs hold great potential in photoredox organic transformation yet need to be
further explored.

5. Photocatalytic degradation of pollutants

In recent years, with the development of industrialization, the natural
environment has been greatly affected, and a variety of different types of pollutants
need to be dealt with. Photocatalytic degradation of pollutants is an effective way to
solve environmental pollution. In this process, singlet oxygen "0, is usually induced
by photocatalysts to kill pathogenic bacteria in the environment. In addition, photo-
excited catalysts can be used to generate electrons and holes. The photogenerated
electrons reduce O, to -O,” and oxidize OH™ to -OH" in the environment. Both active
oxygen species can be used to degrade the pollutants in the environment.

5.1 Singlet oxygen generated by COFs for catalysis

Porphyrins and their derivatives can generate excited triplet states under
light irradiation and then interact with oxygen molecules to form singlet oxygen.
Heterogeneous catalytic singlet oxygen formation can be achieved by introducing
porphyrin derivatives into COFs. CuP-SQ-COF was synthesized by Jiang et al. using
copper porphyrin derivatives and squaric acid [57]. The squaraine-linked COFs have
a zigzagged conformation that protects the layered structure from sideslip, are highly
stable in solvents, provide an extended n-conjugation over the 2D sheets, and have
lower band gap energy and greatly enhanced absorbance capability. Using 1,3-diphe-
nylisobenzofuran (DPBF) as a label, CUP-SQ-COF can effectively produce singlet
oxygen under visible light irradiation.

Hydrogen-bonding interactions in the COF intralayer can effectively enhance the
stability and photocatalytic activity. Jiang et al. reported the condensation between
5,10,15,20-tetrakis (4'-tetraphenylamino) porphyrin derivatives with terephthalade-
hyde and dihydroxyterephthalaldehyde in different proportions to obtain a series of
COF with different numbers of intramolecular hydrogen bonds, which were used in
photocatalysis to produce singlet oxygen (Figure 8) [58]. The intramolecular hydro-
gen bonds formed between imine bonds and hydroxyl groups lock the conformation
of 2D in-plane fragments, thereby enhancing the interlayer interaction of COF and
enabling it to generate excited triplet states faster and to trigger the transformation
of oxygen molecules. The results show that with the increase of hydrogen bonds
in COFs, the photocatalytic singlet oxygen generation rate increases gradually. In
addition to porphyrin-based COF, imine-linked COFs containing triazine units can
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Figure 8.
Schematic of the synthesis of 2D porphyrin COFs with tunable content of hydrogen-bonding structures. Adapted
with permission from Ref. [58]. Copyright 2015, American Chemical Society.

also be used for photocatalytic production of singlet oxygen. Zhang et al. synthesized
COFs-Trif-Benz and COF-SDU1 by condensation of 2,4,6-tris(4-formylphenyl)-1,3,5-
triazine (TFPT) with benzidine and p-phenylenediamine, respectively [59]. These
two n-conjugated imine COFs can be used to produce singlet oxygen, and then their
bactericidal effect has been explored. After 60-90 min of visible light irradiation,
90% of grape mold and Escherichia coli were killed.

5.2 Electrons and holes generated by COFs for catalysis

Organic dyes are usually toxic and carcinogenic pollutants. Photocatalytic
degradation of organic dyes into harmless substances such as CO, and water is of great
value. Cai et al. used 1,3,5-triformylphloroglucinol to condense with melamine to
form imine-bonded COF, and then the imine bonds irreversibly tautomerize to obtain
TpMA COF, which is stable in acid, base, and under light [60]. Upon visible light irra-
diation, TpMA COF can generate electrons and holes to reduce O, to -O,™ and oxidize
OH™ to -OH", respectively. Since -O,” and -OH™ have strong oxidation ability, the COF
can effectively catalyze photodegradation of methyl orange dye with apparent kinetic
constant of 0.102 min~?, which is 59 times that of g-C3N,.

In order to further enhance the photocatalytic degradation ability of COFs, itis
an effective strategy to construct Z-scheme heterojunction catalysts based on COFs.
Z-scheme heterojunctions can effectively inhibit the recombination of photogene-
rated carriers and thus improve the ability of photocatalytic degradation of pollutants.
Cai et al. combined NH,-MIL-(Ti) with 4,4',4”-(1,3,5-triazine-2,4,6-triyl)tribenzal-
dehyde (TTB) and 4,4’,4”-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) to synthesize
MOF/COF composites by one-pot method [61]. The Z-scheme heterojunction formed
by NH,-MIL-(Ti) and TTB-TTA COF can enhance the separation and migration
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Figure 9.
Principles of photogenerated electron transport between Au NCs and the COF support. Adapted with permission
from Ref. [62]. Copyright 2020, Wiley-VCH.

ability of photogenerated carriers and improve the photocatalytic degradation
performance of organic pollutants. Under visible light irradiation, photogenerated
electrons migrate from the conduction band of NH,-MIL-(Ti) to the valence band

of TTB-TTA COF, generating -OH™ at the valence band of NH,-MIL-(Ti) and -O," at
the conduction band of TTB-TTA COF, which are used to degrade methyl orange dye.
The photodegradation kinetics of methyl orange by NH,-MIL-(Ti)/TTB-TTA COF
heterojunction were nine times and two times that of pure NH,-MIL-(Ti) and pure
TTB-TTA COF, respectively. Noble metal nanoparticles can also form heterojunctions
with COF for photocatalytic pollutant degradation. Lu et al. anchored gold nanopar-
ticles with thiol-modified imine-bonded COF to form Z-scheme heterojunction, thus
improving the efficiency of charge separation (Figure 9) [62]. Under visible light
irradiation, the degradation rate of rhodamine dye and bisphenol A by Au-S-COF
within 30 min could reach 93.7% and 90%, respectively. In addition, the degradation
ability of Au-S-COF was tested in a continuous flow system contaminated by rhoda-
mine dye. In the flow device, Au-S-COF was used as the filter membrane, the clear
solution could directly flow out from the end of the filter. The used Au-S-COF filter
paper changed from red to yellow after 30 min of light irradiation, indicating that the
pollutant could be completely degraded by light.

In addition to the degradation of organic pollutants, the photogenerated electrons
of COF can also be used to reduce heavy metal ions in the environment. Chen et al.
used tris(4-aminophenyl)benzene (TPB) or tris-(4-aminophenyl)triazine (TAPT)
as donor and electron-deficient benzothiadiazole (BT) as acceptor to construct two
COFs with donor-acceptor structure, which were denoted as TPB-BT-COF and TAPT-
BT-COF, respectively [63]. The Mott-Schottky spectra of TPB-BT-COF and TAPT-BT-
COF show that their conduction band positions are —0.44 and —0.30 V (vs. NHE),
respectively. Both are lower than the reduction potential of hexavalent chromium to
less-toxic trivalent chromium (1.33 V vs. NHE). This indicated that the COFs can be
used to reduce chromium heavy metal ions by photocatalysis. The reduction rate of
hexavalent chromium can reach 99% without adding any sacrificial agent or adjusting
the pH value. Such high performance was attributable to the stronger photoactivity of
TPB-BT-COF due to its more negative band position and narrower band gap.
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COFs as purely organic materials might have the smallest impact on the natural
environment and have great promise in the practical application of environmental
remediation. Thus, one could expect that massive efforts would be made to advance
the COF photocatalysts in photocatalytic pollutant degradation.

6. Summary and outlook

As a new type of crystalline organic porous materials, COFs have attracted the
attention of researchers due to their unique structural and property advantages and
have been rapidly developed in the application of photocatalysis. The designability of
the building block makes COFs predictable in structure and adjustable in function,
so as to achieve strong light absorption ability and superior stability. The ordered
structure and uniform channel can improve the separation and migration ability of
photogenerated carriers. High specific surface area can expose more catalytic sites
and enhance catalytic activity. All these make COFs become advanced heterogeneous
photocatalysts with relatively high conversion rates and excellent recyclability.

In recent years, the research on COF photocatalysts has made some achievements,
but it is still in the stage of rapid development. At the same time, there are still some
challenges in the field of photocatalytic application by using COFs:(1) rapid and
scalable synthesis of COFs photocatalysts. At present, the methods of synthesizing
high-quality COFs are cumbersome and time-consuming, which restrict the develop-
ment of their photocatalytic research and industrial application. (2) Since the pho-
tocatalytic mechanism of COFs needs to be further explored, it is a great challenge to
design the specific COFs photocatalysts according to the requirements of the specific
catalytic reactions. (3) Currently, the number of photocatalytic cycles catalyzed by
COFs is limited, and the development of highly stable COFs is an important issue
to expand the application scope of COFs photocatalysts. (4) The structure of pho-
toactive COFs is simple. Light absorptive monomers can effectively increase light
absorption through covalent bonding to the n-conjugated COFs skeleton. However,
suitable photoactive monomers are limited. The design of reasonable photoactive
monomers is an effective method to enhance the photosensitivity of COFs. (5) When
COFs are used in photocatalysis, most of the reaction systems need additional noble
metal cocatalysts and sacrificial agents. It is an important development direction to
design COFs photocatalytic systems that are independent of cocatalysts and sacrificial
agents. (6) The preparation of high-efficiency and low-cost COFs photocatalytic
devices will provide an important way to address the environmental pollution issue
and energy crisis.
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Chapter 4

Photocatalysis of Covalent Organic
Frameworks

Hui Liu and Yingjie Zhao

Abstract

The development of clean and sustainable energy is gaining attention in light of
the current energy crisis and global warming. An ideal way to utilize renewable solar
energy is to convert clean energy through photocatalysis. This includes splitting water,
reducing CO,, regenerating coenzymes, etc. Photocatalysis relies heavily on photocata-
lysts. It has recently become popular to use organic porous polymers in this process.
Covalent organic frameworks (COFs), as one of the organic porous polymers, have the
characteristics of high crystallinity, porosity, and structural designability that make
them perfect platforms for photocatalysis. An overview of recent advances in COF pho-
tocatalysts is presented in this chapter. The photocatalytic applications of COFs with
different ligation and different structures were first discussed, including photocatalytic
hydrogen evolution, CO, conversion, coenzyme regeneration, and conventional organic
reactions. Finally, conclusions and prospects were provided in the last section.

Keywords: covalent organic frameworks, photocatalysis, photocatalytic hydrogen
evolution, photocatalytic CO, reduction

1. Introduction

As fossil fuels (e.g. oil, coal, and natural gas) were excessively utilized, energy
crisis and climate issues gradually became global concerns [1-3]. Developing “green
energy” as a replacement for traditional fossil fuels will be the most efficient solution
to these problems. Photocatalysis is a green technology with important application
prospects in energy and environment. Photocatalytic reaction refers to the process of
semiconductor photocatalysts promoting the conversion of compounds under light
conditions, which can effectively convert light energy into chemical energy. On the
one hand, photocatalytic degradation of organic pollutants and photocatalytic reduc-
tion of CO; is helpful to solve environmental problems. On the other hand, photolysis
of hydrogen and oxygen in aquatic products can develop new energy for human
beings. It should be noted that photocatalyst materials play an important role in the
whole photocatalytic process. During the photocatalytic process, electron-hole pairs
in the photocatalysts are generated by absorption of photons with higher energy than
the band gap. In redox reactions, electrons and holes migrate to the surface, catalyz-
ing the reaction. The first photoelectrochemical water splitting on TiO, was reported
by Fujishima and Honda in 1972 [4]. Since then, a series of inorganic photocatalysts
including TiO; [5, 6], cadmium sulphide (CdS) [7, 8], zinc oxide (ZnO) [9] and silver
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phosphate (AgsPO,) [10] emerged and lead the research over the past several decades.
Its practical application was limited, however, by the requirements for UV light,
heavy metal toxicity, and photo corrosion. In recent years, using organic polymers
like linear conjugated polymers (CPs) [11-14], graphitic carbon nitride (g-C;Ny)
[15-17], conjugated microporous polymers (CMPs) [18-23], covalent organic frame-
works (COFs) [24-27] and covalent triazine-based frameworks (CTFs) [28-31] as
photocatalysts became hot topics. Among them, COFs have drawn wide attention due
to advantages of easy structure design, large surface area, tunable electronic proper-
ties and band gaps, and diverse synthesis methods.

COFs are a new type of crystalline organic porous polymer based on covalent bond
connection [32]. COFs with two-dimensional (2D) or three-dimensional (3D) networks
could be prepared according to the construction units of different building blocks. The
unique structures of COFs also bring a couple of important advantages: (1) the struc-
tural designability endows them with enhanced visible-light absorption and tunable
band structure; (2) the porous structure is conducive to the adsorption of substrates and
the transport of products; (3) the strong covalent bonds endow COFs with good stabil-
ity, which thereby prolongs the lifetime of the photoactive structure; (4) the ordered
conjugated structure is beneficial not only to the absorption of light energy but also to
the transport of excited electrons. As a result of these potential advantages, COFs have
been extensively used in gas storage and separation [33-36], catalysis [37-39], optoelec-
tronics [40], sensing [41-43], and energy storage [44, 45]. There have been many excel-
lent reviews about the synthesis, structures, and applications of COFs materials [46-55].
It can be said that COFs material has many advantages as a heterogeneous photocatalyst.

In this chapter, we will focus on the photocatalytic applications of COFs including
water splitting, CO, reduction, coenzyme regeneration, and photocatalytic organic
reactions. Finally, we will discuss the challenges and opportunities of COFs as
photocatalysts.

2. Photocatalytic applications of COFs
2.1 Photocatalytic hydrogen evolution

Hydrogen energy is regarded as the most promising clean energy in the 21st
century because the only product of hydrogen combustion is water [56]. Hydrogen
production from powder photocatalyst is expected to break the cost barrier and
become the cheapest technology to decompose water to produce hydrogen, which is
expected to surpass fossil fuels. In recent years, organic semiconductor materials have
been extensively explored in photocatalytic hydrogen evolution. Among them, COFs
with well-ordered conjugate structures showed great advantages not only in photo-
catalytic performance but also in the deep understanding of the structure-activity
relationship [55-58]. A great deal of research work has focused on improving the
performance of the photocatalyst by adjusting the building units and linkages of the
COFs. In this section, representative building blocks and linkages of COFs for photo-
catalytic hydrogen evolution were summarized and discussed.

2.1.1 Hydrazone-linked COFs

Hydrazone-linked COFs with hydrolytic and oxidative stability were pre-
pared by condensation between hydrazide and aldehyde derivatives. Therefore,
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hydrazone-linked COFs provide a valuable design platform for water-splitting
photocatalysts. In 2014, Lotsch group constructed a 2D COF (TFPT-COF) with
hydrazone-linked through the condensation reaction of 2,5-diethoxyterephtha-
lohydrazide and triazine-based aldehyde (Figure 1) [25]. This is the first report
of COFs materials applied to photocatalytic hydrogen production. TFPT-COF is a
mesoporous material with a pore size of 3.8 nm, a specific surface area of 1603 m*/g,
and a pore volume of 1.03 cm®/g. Compared with monomer, TFPT-COF has better
visible light absorption performance, and the absorption boundary can reach more
than 600 nm. TFPT-COF was selected as a photosensitizer, while Pt was used as
the proton reduction catalyst. When illuminated with visible light, the hydrogen
evolution rate in the first five hours reached 1970 pmol h™ g™! using 10 vol% aqueous
triethanolamine (TEOA) solution as the sacrificial electron donor. The quantum
efficiency was determined to be 2.2%. Under the same conditions, the hydrogen
production efficiency of TFPT-COF was much superior to Pt-modified amorphous
melon, g-C3N, and crystalline poly (triazine imide) [59].

As a type of conjugated macrocycle, porphyrin displays unique photophysical
and redox characteristics [60]. Wang and co-workers designed and synthesized
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Figure 1.
(a) Synthetic route and top view of the TFPT-COF. (b) Photocatalytic performance of Pt-modified TFPT-COF
with different SED (black: sodium ascorbate solution; ved: triethanolamine solution).
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Schematic representation of the synthesis of MPor-DETH-COFs.
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four isostructural porphyrin-based 2D COFs (Figure 2) [61]. By incorporating
different transition metals into the porphyrin rings, the physical and electronic
properties of COFs were rationally tuned. There was a high level of crystallin-

ity and surface area in all of the COFs. When illuminated with visible light while
containing Pt as a co-catalyst and TEOA as a sacrificial electron donor, these four
COFs exhibited tunable hydrogen evolution efficiency with the order of CoPor-
DETH-COF (25 pmol g"' h™) < H,Por-DETH-COF (80 pmol g h™!) < NiPor-
DETH-COF (211 pmol g' h™) < ZnPor-DETH-COF (413 pmol g " h™"). A molecular
engineering approach was mainly responsible for the tunable photocatalytic
performance. Moreover, hydrazone-linked COFs were also can be converted into
oxadiazole-linked COFs via oxidization reaction, which endow COFs with narrow

bandgaps and continuous n-electron delocalization for high photocatalytic activity
(2615 pmol h™! g’l) [62].

2.1.2 Azine-linked COFs

The azine-linked COFs are synthesized by the condensation of aldehyde deriva-
tives with hydrazine. The electronic band structure and steric hindrance can be
regulated by introducing different heteroatoms into COFs. Lostch and co-workers
synthesized a series of azine-linked COFs and investigated the connection between
the number of nitrogen atoms in their structures and the photocatalytic hydrogen
production efficiency (Figure 3) [63]. Pt and 10 vol% TEOA were selected as the co-
catalyst and sacrificial electron donor, respectively. The photocatalytic performance
was gradually enhanced with the increase of nitrogen content in the central benzene
ring. The hydrogen production efficiencies of Np-COF, N;-COF, N,-COF, and N3-COF
were 23, 90, 438, and 1703 pmol h! g’l, respectively. Through theoretical calcula-
tion, it is found that the planarity of COFs increased with the increase of nitrogen
element content. Therefore, N;-COF has the best planarity, which was conducive
to the photogenerated electron migration and thus improves the corresponding
photocatalytic activity. In addition to the above work, the authors also reported a
series of planar pyrene-azine-COFs (A-TEXPY-COFs) with varied nitrogen atoms in
the peripheral aromatic units [64]. The photocatalytic efficiency of A-TEXPY-COFs
was regulated by nitrogen element content in the peripheral aromatic units. The
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(a) The formation of N~COF. (b) Photocatalytic H, evolution of N,-COFs as photocatalyst over 8 h under visible
light irradiation.
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photocatalytic efficiency exhibited a decreasing tendency with an increasing nitrogen
element content. Quantum-chemical calculations suggested that the thermodynamic
driving force increased with the decrease of nitrogen content. In addition, Lostch and
co-workers also developed cobaloxime as a co-catalyst instead of platinum, a precious
metal [65]. The HER rate of N,-COF could reach 782 pmol h™* g™! with TEOA as SED.

2.1.3 p-ketoenamine-linked COFs

The f-ketoenamine-linked COFs could be synthesized through Schiff base reac-
tion and this kind of COFs shows great potential in photocatalytic hydrogen produc-
tion due to its excellent solvent stabilities of keto—enamine. In 2018, Cooper et al.
synthesized two COFs (S-COF and FS-COF) with ultra-high photocatalytic hydrogen
evolution activity using benzo-bis(benzothiophene sulfone) moieties (Figure 4)
[27]. Pt acted as the co-catalyst, while the sacrificial electron donor was changed to
0.1 M ascorbic acid. The average photocatalytic HER rate of S-COF and FS-COF were
measured to be 4.44 mmol h™ g™ and 10.1 mmol h™ g7/, respectively. Both S-COF
and FS-COF have sufficient stability under visible light radiation, and FS-COF could
work stably for 50 hours under ascorbic acid conditions. It was noted that HER rate
of 1.32 mmol h™' g™* for FS-COF was obtained even in the absence of Pt. Moreover,
higher HER of 16.1 and 16.3 mmol h™' ¢! were achieved when FS-COF were filled
with Eosin Y and WS5F, respectively.

With the introduction of functional organic units in COFs, tunable platforms have
become possible. Acetylene as functional group has received significant attention in
the field of photocatalysis. For instance, the f-ketoenamine-linked COFs (TP-EDDA
and TP-BDDA) were modified with acetylene and diacetylene groups by Thomas
etal. (Figure 5) [66]. TP-BDDA has a narrower band gap than TP-EDDA due to
its enhanced conjugated structure. Therefore, TP-BDDA showed better activity of
photocatalytic hydrogen evolution. With Pt as co-catalyst and 10% TEOA as sacri-
ficial electron donor, TP-BDDA exhibited an HER of 324 pmol h™ g'l, substantially
higher than that of TP-EDDA (30 pmol h™' g™). In addition, the optical and electronic
properties of f-ketoenamine-linked COFs could be adjusted by slightly changing
the structure of their building blocks. Seki and co-workers synthesized a series of
p-ketoenamine-linked isoreticular COFs based on 1,3,5-triformylphloroglucinol
and 4,4”-diamino-substituted p-terphenyl derivatives [67]. Among these COFs,
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Figure 4.
Synthetic routes for FS-COF and S-COF.
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Figure 5.
Scheme of the synthesis of TP-EDDA and TP-BDDA COFs.

electron-deficient benzothiadiazole substituted COF (BtCOF150) exhibited better
hydrogen evolution efficiency of 750 pmol h™ g™,

2.1.4 Imine-linked COFs

In COF synthesis, amine linkages are commonly formed by condensation between
aldehydes and amines, which are abundant and easily accessible. Various attempts
have been made to construct imine-linked COFs for high photocatalytic activity since
the 2010 report on photocatalytic H, production from conjugated poly(azomethine)
networks [68].

The introduction of D-A strategy into COFs was beneficial to enhance charge
separation and transport ability and thus enhaning photocatalytic activity. In 2020,
Wen and co-workers constructed PyTz-COF with a band gap of 2.20 eV using the
electron-rich pyrene (Py) and electron-deficient thiazolo[5,4-d]thiazole (Tz) [69].
Overlapping orbitals between Py and Tz units enabled electron transfer and charge
separation. With ascorbic acid as SED and Pt as co-catalyst, the hydrogen produc-
tion rate of PyTz-COF was up to 2072.4 pmol h™' g™, Besides, Dong et al. prepared a
benzothiadiazole (BT)-based COF (BT-TAPT-COF) using the same strategy [70]. For
at least 64 hours, BI-TAPT-COF demonstrated efficient and steady photocatalytic H,
evolution. The maximum HER rate was 949 pmol h™* g’1 with SED (ascorbic acid) and
co-catalyst (Pt). In addition, Chen and co-workers synthesized BT-based COFs that
are efficient photocatalysts by introducing halogen moieties into D-A arrangements
(Figure 6) [71]. It was found that Py-CITP-BT-COF with co-catalyst (Pt) and SED
(ascorbic acid) has superior HER rate of 8875 pmol h? g’l. At 420 nm, Py-CITP-BT-
COF achieved an apparent quantum efficiency (AQE) of 8.45%, which was higher
than most reported COF-based photocatalysts at that time. Besides, the HER rate of
Py-CITP-BT-COF could also reach 2200 pmol h™ g™! without co-catalyst.

Although imine-linked COFs show the potential of photocatalytic hydrogen pro-
duction, but their stability and conjugation degree are still their shortcomings, which
also restricts the further improvement of their photocatalytic efficiency.

2.1.5 Vinylene-linked COFs

It has been recently discovered that COFs with vinylene-linked have been fabri-
cated via knoevenagel condensation or aldol condensation. As compared to imine,
hydrazone, and azine-linked COFs, vinylene-linked COFs show greater conjugation
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Figure 6.
(a) The formation of Py-XTP-BT-COFs and stacking mode of Py-CITP-BT-COF. (b) Photocatalytic hydrogen
evolution of Py-XTP-BT-COFs under visible light irradiation.

degree. For vinylene-linked COFs, extended conjugation through C=C linkages not
only enhances photothermal stability but also enhances absorbance and exciton
migration. It was anticipated that vinylene-linked COFs, which combine chemical
stability with crystallinity, porosity, and the ability to conjugate, would be highly pho-
toactive. Although the vinylene-linked has many advantages, the poor reversibility

of this linkage makes the construction of vinylene-linked very challenging because
the bad self-adjusting process is unfavorable for the formation of highly ordered
structures.

Jiang and co-workers first synthesized sp” carbon frameworks by knoevenagel
condensation. Then, a strong electron-withdrawing group (3-ethylrho-danine, ERDN)
was introduced at the edge of sp’c-COF to obtain D-A heterojunction (Figure 7) [72].
In consequence, visible light was clearly absorbed more widely. As a result of the push-
and-pull effect, exciton migration and charge transport were also facilitated. When
illuminated with visible light in the presence of Pt and TEOA, sp2 c-COFggpy exhibited
an HER of 2.12 mmol g" h™", higher than sp” c-COF (1.36 mmol g h™"). According
to Zhang and co-workers, vinylene-linked COFs have been investigated as effective
photocatalytic water splitter [73, 74]. As an example, they designed and synthesized
two triazine-cored COFs (g-CygN3-COF and g-C;3N;-COF) with unsubstituted olefin
linkages [74]. The higher HER rate was observed in g-C;gN3;-COF (14.6 pmol h™) and
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Figure 7.
Schematic representation of the synthesis and photocatalytic hydrogen evolution of sp’c-COFERDN.
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g-C33N3-COF (3.7 pmol) under the same conditions than in imine-linked COF with
a similar topology and unit cell parameters. Furthermore, the ordered conjugated

structure of g-C1gN3-COF yielded a high photocurrent of 45 pA cm™at 0.2 V vs. RHE.
In order to achieve high photocatalytic performance, effective charge separation
and transport must be achieved. Structures built between donors and acceptors are
proving to be highly effective. According to Zhao et al., sp’-carbon-linked COFs with
periodic D-A structures were shown in a recent study (Figure 8) [75]. Cyano-vinylene
linkages are incorporated into an electron-deficient benzobisthiazole structure
to form a conjugated structure. It was found that the two-dimensional networks
exhibited a strong D-A effect when electron-rich benzotrithiophene was introduced.
Taking advantage of the highly conjugated and ordered structure of D-A, BTH-3
displayed an attractive photocatalytic HER of 15.1 mmol h™" g™ in the presence of
co-catalyst (Pt) and sacrificial electron donor (0.1 M ascorbic acid).

2.2 Photocatalytic CO, reduction

Energy crisis and environmental concerns like greenhouse gas emissions can be
addressed by converting CO, into chemical fuels using solar energy [76]. In compari-
son to photocatalytic hydrogen evolution, CO, reduction involves more complicated
mechanisms. A variety of products could be generated, including carbon monoxide,
formic acid, hydrocarbons, and alcohols. As part of the photocatalytic CO, reduction
system, COFs often served as photosensitive supports [77-82].

A post-synthetic strategy was used by Huang and his colleagues to prepare
are-doped COF for CO, reduction (Figure 9a) [83]. A triazine-based COF was
firstly prepared via reaction between 2,2-bipyridyl-5,5-dialdehyde (BPDA) and
4,4',4"-(1,3,5-triazine-2,4,6-triyl) trianiline (TTA). After bipyridine ligand was
reacted with Re(CO)sCl, the Re moiety was integrated into COF as a homogeneous
photocatalyst for CO, reduction. Re-COF was found to be an effective photocatalyst
for reducing CO2 to CO with high selectivity (98%) (Figure 9b). Because the COFs
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Figure 8.
Synthetic voutes and chemical structures of COFs BTH-1, 2, 3.
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Figure 9.
(a) Synthesis of COF and Re-COF. (b) Proposed Catalytic Mechanism for CO, reduction.

are crystalline and porous, they demonstrated better activity than homogeneous Re
catalysts. Cooper and co-workers combined the rhenium complex with vinyl-linked
conjugated Bpy-sp’c-COF affording a Re-Bpy-sp’c-COF heterogeneous photocatalyst
[84]. In this case, bipyridine unit offered the ligation to Re complex, was integrated
into the vinyl-linked Bpy-sp°c-COF via Knoevenagel condensation. To produce the
desired photocatalyst, [Re(CO)sCl] was loaded on the Bpy-sp°c-COF. In the presence
of TEOA, the yield of CO was 1040 pmol g h™" and the selectivity for H, was 81%
under visible light irradiation. The dye-sensitization process improved selectivity to
86% and CO production rate to1400 pmol g™ h™". Furthermore, platinum will generate
syngas when added. Moreover, platinum could be tuned to adjust the chemical compo-
sition of the gas obtained.

A synergistic catalyst (Ni-TpBpy) was developed by Zou and co-workers by
combining COF (TpBpy) with a single Ni site. [85]. They first constructed a
2,2'-bipyridine-based COF using 5’-diamino-2,2'-bipyridine. Then, the single Ni sites
were loaded via treatment with Ni(ClO,),. In the presence of [Ru(BPY)3]Cl,, the CO
yield reached 4057 pmol g ™" within 5 hours, and the selectivity was as high as 96%. A
unique microenvironment around single Ni sites in TpBpy was found to be respon-
sible for the excellent photoactivity.

Metalloporphyrin (TAPP) complexes have shown good absorption of visible
light and potential to reduce CO, emissions [86]. Taking that into account, Lan and
co-workers constructed a variety of porphyrin-tetrathiafulvalene covalent organic
frameworks for CO, reduction (Figure 10) [87]. By introducing electron-rich tet-
rathiafulvalene (TTF) molecules into COFs, a donor-acceptor effect was created.
Consequently, the generated charge carriers could be efficiently separated and
transferred from TTF to TAPP moiety. With TTCOF-Zn as photocatalyst, the yield
of CO is 12.33 pmol and the selectivity is close to 100% after 60 hours of visible light
irradiation without adding any sacrificant and noble metal cocatalyst. In order to
further enhance reduction efficiency, the same group prepared a series of Z-scheme
photocatalysts based on COF semiconductors, which combined inorganic semicon-
ductors (TiO,, Bi,WOg, and a-Fe,03) with COFs (COF-316/318) [88]. It was shown
that photocatalytic CO production could reach 69.67 pmolg ™ h™! without additional
photosensitizers and sacrificial agents.
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Figure 10.
(a) Schematic of the synthesis of TTCOF-M. (b)Schematic of the mechanism of TTCOF-M CO,RR.
(c) Theoretical simulation UV/Vis DRS of TTCOF-Zn and scheme of PET route under light excitation (inset).

Recent studies have shown that COFs without metal active centers can also be
used for photocatalytic reduction of carbon dioxide. It is obvious that the reduction
efficiency is much less than that of metallic-supplemented COFs, but metal-free COFs
are also of great significance for the development of future carbon dioxide reduction.
With these concerns, Liu and co-workers prepared a p-ketoenamine-based 2D COF,
termed TpBb-COF (Figure 11), by condensation of 2,6-diaminobenzo(1,2-d:4,5-d’]
bisthiazole and 1,3,5-triformylphloroglucinol, exhibited an excellent CO production
in gas—solid system without using any photosensitizer and sacrificial agent [89].
Interestingly, the reduction of CO, concentration was more beneficial to CO produc-
tion, and when CO, concentration was reduced to 30.0%, the CO generation rate
increased to 89.9 pmol g™ h™". The mechanism of photocatalytic reduction of carbon
dioxide and the rate equation between the production rate of CO and the concentra-
tions of CO, are given.

In recent years, 3D COFs have also made progress in the field of photocatalytic
CO; reduction. Zhang and co-workers designed eight-linked structural units
(TTEP) based on functional porphyrin rings and obtained a 3D COF with pcb
topology through Scheff base reaction under solvothermal synthesis conditions
(NUST-5 and NUST-6) (Figure 12) [90]. Based on the excellent photoelectric
characteristics of porphyrin units, these two COFs have shown great application
value in the field of CO; adsorption and photocatalytic CO, reduction. After
10 hours of visible light irradiation, the photocatalytic CO, reduction performance
test showed that the CO yield of NUST-5 and NUST-6 was 54.7 pmol g ™' and
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Figure 11.
Schematic of the synthesis of TpBb-COF.

Figure 12.
Illustration for the veticular design and synthesis for NUST-5 (R = H) and NUST-6 (R = Me) 3D COFs with pch
topologies.

76.2 pmol g™, respectively. In addition, the CH, yields of NUST-5 and NUST-6
were 17.2 and 12.8 pmol g, respectively. The calculated CO/CH, ratios are 76%
and 86%.
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2.3 Photocatalytic NADH regeneration

As an environmentally friendly and sustainable method of converting solar energy,
artificial photosynthesis is modeled after natural photosynthesis. An important com-
ponent of artificial photosynthesis is coenzyme regeneration (NADH/NADPH) [91].
Many enzyme-mediated synthetic processes require NADH regeneration. Organic
polymers with excellent visible light absorption have exhibited excellent photocatalytic
performance under the irradiation of visible light [92-94].

A fully sp2-carbon conjugated COF (TP-COF) was synthesized and character-
ized for use in photocatalytic NADH regeneration in a previous study by Zhao et al.
[95]. TP-COF (Figure 13) was used as a photosensitizer, while [Cp*Rh(bpy) (H)]"
was selected as the electron mediator. Within 10 minutes of irradiation with 420 nm
light, the NADH regeneration yield reaches 90.4%. The NADH regeneration system
was then coupled with L-glutamate dehydrogenase (GDH) (a redox enzyme) to test
the activity of the regenerated NADH. Benefiting from the high efficiency of NADH
regeneration, a-ketoglutarate was efficiently converted to L-glutamate with a yield of
97% within 12 min.

Also, the linkage effect was investigated in the photocatalytic NADH regeneration
[96]. Post-synthesis conversion of two imine-linked COFs (B-COF-1 and T-COF-1)

Figure 13.
(a) Synthesis and structures of the TP-COF. (b) Illustration of the artificial PSI-induced coenzyme regeneration
and photoenzymatic synthesis of l-glutamate by l-glutamate dehydrogenase (GDH).
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into conjugated COFs (B-COF-2 and T-COF-2) was conducted (Figure 14). Asa
result of the subtle structure changes, the photoactivity was entirely different. NADH
regeneration yielded 74.0% in 10 min with triazine-containing T-COF-2, much higher
than with imine-linked precursors. Subsequently, Chen and co-workers introduced
bipyridinium units into the framework structure and constructed a mesoporous
alkene-linked COF as a porous solid carrier for co-immobilized formate dehydro-
genase (FDH) and Rh-group electron medium [97]. By adjusting the incorporation
amount of Rh electron medium, it was beneficial to regenerate NADH from NAD*,
with an apparent quantum yield (AQY) of 9.17 + 0.44%. Finally, the assembled
photocatalyst-enzyme coupling system can selectively convert CO, to formic acid,
with high efficiency and good reuse.

2.4 Photocatalysis for other organic reactions

The photocatalytic organic reaction has been recognized as a green method for
the synthesis of small molecules. In recent years, COFs have been frequently used
for photocatalytic synthesis [48, 55, 98]. For instance, Wang and his group reported
three COFs (LZU-190, LZU-191, LZU-192) with benzoxazole as the bonding type via
a “killing two birds with one stone” strategy (Figure 15) [99]. The COFs structure
was kept stable in strong acid and base (9 M NaOH, 9 M HCl), trifluoroacetic acid,
boiling water, and light (all for 3 days). Subsequently, it was applied in the experi-
ment of photocatalytic oxidation of arylboronic acids to phenols. Under visible light,
all three COFs could oxidize arylboronic acids to phenols using air as oxygen source.
Subsequently, LZU-190 was taken as an example to study substrate expansion and

Figure 14.
Synthesis and Structures of B-COF-1,2; T-COF-1,2.
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mechanism, and electron spin-resonance spectroscopy (ESR) and isotope labeling
experiments were used to confirm the mechanism of single electron transfer process.

Banerjee and co-workers designed and synthesized a stable COF(TpTt) based on
triazine units for photocatalytic E-Z isomerization of olefins (Figure 16) [100]. TpTt
has obvious absorption of visible light and can catalyze conversion of trans-stilbene
to cis-stilbene under the irradiation of blue light diode. As a result of the good stabil-
ity of p-ketoenamine linkage, the photoactivity was retained after four cycles. This
work also investigated the importance of visible light for this conversion, which
begins when light is illuminated and stops when light is closed, suggesting that the
reaction takes place through a photocatalytic pathway. In order to further explore the
mechanism of photocatalysis, the author uses free radical quenching agent TEMPO
for the controllable photocatalytic reaction. When using 4 equiv. TEMPO, cis product
yield was significantly reduced to 3%, which confirmed the existence of free radicals
and the importance of light catalytic reaction. For different trans olefin substrates,
TpTt showed good isomerization of light yield. Besides, Wang et al. developed a red
light-driven catalysis system combining the Por-sp’c-COF with TEMPO [101]. When
irradiated with 623 nm red light-emitting diode, amines were converted into imines
in minutes using this catalytic system.

3. Conclusions

In summary, COFs have been viewed as promising materials for photocatalysis
applications. As a result of the large specific surface area and the porous struc-
ture, light and reactants could be absorbed more efficiently, further optimizing
photocatalysis. Conjugated structures with a high degree of order could promote
direct charge transport and efficient charge transfer. As an added benefit, COF
materials are easily synthesized using the versatile toolbox of organic synthesis.
The photoactive building blocks can be altered according to practical applications
to synthesize COFs with different structures. A variety of influencing factors, such
as pore size, band gap, and other factors, can be adjusted based on the structures.
The aforementioned characteristics make COFs a suitable photocatalytic platform.
Benefiting from these advantages, COFs have shown excellent capacity in harvest-
ing visible light efficiently and have been frequently used for photocatalytic water
splitting, CO, reduction, coenzyme regeneration, dye degradation, some organic
reaction, etc. There are, however, still some problems that need to be solved. It is
still challenging to synthesize COFs materials due to the dichotomy of crystallinity
and stability. Additionally, the exfoliation of layered 2D COFs during long-term
photocatalysis would influence the performance. The exploration of new linkages
and synthetic strategies to increase the stability and maintain the crystallinity of the
COFs is necessary both for the development of COFs materials and the application of
the photocatalyst. Both of these two factors are important to photocatalytic perfor-
mance. Notably, the application of 3D COFs for photocatalysis is still rare. 3D COFs
could avoid the exfoliation problem usually associated with 2D COFs. In addition,
the large-scale synthesis of COFs materials is crucial to this field’s future. From the
point of view of photocatalysis, the efficiency is still relatively low in such as water
splitting and CO, reduction compared to the traditional inorganic materials. These
organic materials should be explored in more detail for some specific applications.
Besides, noble metals as co-catalyst and sacrificial agents are normally necessary at
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the current study lever. It is desirable to avoid the use of noble metals as co-catalyst
and sacrificial agents. This could be realized through the structure regulation of the
COFs. For example, we could introduce different heteroatom doping (F, Cl, N) and
D-A heterojunction structure into structure, which can make the COFs have more
reactive active sites and stronger exciton separation and charge transport ability of
the COFs material. Furthermore, COFs materials possess highly tunable structures,
providing a great advantage for studying photocatalysis mechanisms. By experiment-
ing with different COF catalysts, it is possible to conclude that the structure-activity
relationship. We are likely to gain a better understanding of some key points concern-
ing photo-induced charge carriers, such as the separation efficiency and the carrier
transport, as time goes on. While traditional photocatalysis has been studied for half
a century, the role of COFs materials in photocatalysis is still relatively new. Despite
many challenges, we believe COFs materials will offer new development potential in
the field of photocatalysis.
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Chapter 5

Applications of Covalent
Organic Frameworks (COFs)
in Oncotherapy

Guiyang Zhang

Abstract

Covalent organic frameworks (COFs) are emerging organic crystalline polymer
materials, which are formed by reversible condensation reactions between lightweight
molecular fragments. They have excellent properties such as low density, good
porosity and crystallinity, and high thermal stability. These materials are biodegrad-
able due to the reversible condensation process between the monomers. Compared
with another widely studied material with metal-organic frameworks, COFs have
no additional toxicity caused by introducing metal ions. Therefore, a high potential
exists in biomedicine. The chapter aimed to introduce the application of biomaterial
COFs in oncotherapy and identify the specific advantages of different types of COFs
for specific biomedical applications.

Keywords: covalent organic frameworks, nanomaterials, oncotherapy, drug carriers,
combination therapy

1. Introduction

Porous materials have significantly affected biomedical applications and have been
widely used in biomaterials, drug delivery, immune engineering, tissue engineering,
and biomedical devices [1-3]. Note that these porous materials have the advantage of
encapsulating drugs within their pores and can sustain drug release in drug delivery
[2, 4]. Porous polymeric materials traditionally used in biomedicine are amorphous,
so there is no porosity in the matrix to optimally encapsulate drugs. For example, poly
(lactide-co-glycolide) acid (PLGA) has been widely used as a biomaterial for preclini-
cal and clinical research [5-7]. However, polylactic acid-glycolic acid copolymers
are usually amorphous and have no well-defined porous structure. Therefore, the
synthesis of biomaterials should be optimized to maximize the drug encapsulation
efficiency. On the other hand, high-purity crystalline materials have a well-defined
porous structure, which significantly affects the biomedical field [8, 9]. Nanocarriers
generally have multiply layers, mesoporous, and hollows, and their unique nanometer
size, pore structure, and good biocompatibility make them good drug carriers [10].
The advantages of the current application of nanomaterials in tumors mainly include
the following aspects: (1) large specific surface area and high drug encapsulation
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efficiency; (2) improving the permeability of cell membranes and drug utilization,
with efficient drug delivery; (3) a long half-life in vivo; (4) controllable release in

the slightly acidic environment of tumors; (5) the functionalized surface [11]. Ideal
cancer therapy cannot be achieved due to the current single treatment method. The
use of nanomaterials as carriers for drug co-delivery or the integration of multiple
therapeutic modalities can overcome the inherent shortcomings of single therapeutic
strategies. Organic frameworks are newly developed crystalline porous composites in
recent years. Metal/covalent-organic frameworks have been widely studied and used
for oncotherapy due to their advantages such as good biocompatibility, large specific
surface area, and easy modification [12].

Since COFs were first reported by Yaghi and his colleagues in 2005, the develop-
ment of COFs with unique structural features and properties has attracted great
research interest in the scientific community [13]. It has great application potential in
biomedical applications due to its unique properties, such as controllable pore size,
easy modification, high stability, and good biocompatibility [14]. COFs are promising
new porous materials synthesized by covalent bonding. Note that the 2D or 3D porous
crystal structures with specific spatial subunit organization endow them with highly
desirable features: low density, structural diversity, porous structure, high specific
surface area, free of heavy metal ions, and tunable pore size [14, 15]. The covalent
bonds (B-O and C-N bonds) in the common structures of COFs are chemically and
thermally stable. Importantly, the internal ordered structure of COFs is different
from other groups of covalent polymers. Organic molecules linked by covalent bonds
produce short-range ordered structures within small regions, resulting in amorphous
or semi-crystalline materials. Interestingly, slow and reversible reactions between
organic ligands or building blocks enable these short-range ordered structures to
grow, which generates long-range structures and forms COFs. Besides reversible reac-
tions, other features (rigidity) also contribute to the formation of structurally regular
COFs [14, 15]. For structurally regular COFs synthesis, these factors require some
basic preconditions, such as the reaction and choice of rigid building blocks for COFs.
The pore size and porous structure of COFs are affected by the molecular length and
established element type. Based on the above characteristics, reversible reactions have
been generally recognized as the preferred synthetic route to generate COFs [16].

Materials are generally subjected to post-modification in exploring material appli-
cations to make them have more excellent properties, or achieve the functional effect
consistent with the expectation. Functional groups are modified on the material sur-
face by chemical or physical methods, and the same is true for studying COFs. COFs
expand their applications in catalysis, sensing, separation, and drug delivery after
these functional modifications. The advantages of COFs are mainly reflected in the
following aspects: (1) COFs are easy to modify due to their structural characteristics
and can realize biomedical applications such as tumor targeting, fluorescence imag-
ing, and cancer therapy. (2) The cavities of COFs can encapsulate guest molecules due
to their inherent porosity; therefore, they can serve as carriers for drug delivery. (3)
COF monomers have different energy level structures under the framework due to
their conjugated structure. (4) COFs do not contain metal ions, which can avoid the
biological toxicity caused by metal elements [17, 18]. In addition, the inherent limita-
tions of COFs, such as poor physiological stability, poor dispersion, and non-specific
targeting, limit their applications in cancer therapy [19-22].

However, based on their superior properties, COFs are still considered a promising
and efficient organic material platform for cancer therapy. The section summarizes the
applications of COFs in oncotherapy. Although the preparations and applications of COFs
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are still in their infancy and face many challenges, the huge potential of COFs is bound to
provide some new approaches for future oncotherapy and pharmaceutical fields.

2. Research progress in the application of COFs in the drug therapy of
tumors

Recently, COFs as carriers have been widely used in cancer therapy research. COFs
can deliver drugs to targets and use their photothermal and photodynamic effects to
kill tumor cells. The applications of COFs in oncotherapy mainly include the follow-
ing four types: chemotherapy, photodynamic therapy, photothermal therapy, and
combination therapy.

2.1 Application of COFs in chemotherapy

Chemotherapy is one of the main methods for the clinical treatment of tumors.
However, the efficacy of chemotherapeutic drugs is limited by many factors, such as
poor stability and dispersibility in aqueous solutions, low permeability of cell mem-
branes, non-specific targeting, and uncontrollable drug release. Therefore, the use of
chemotherapy drugs directly in patients has certain limitations. COFs-based porous
materials have become ideal materials for drug delivery due to their excellent proper-
ties such as large specific surface area, porosity, and tunable pore size [23]. COFs as
nanocarriers for drug delivery have the following advantages: (1) The coordination
bonds in COFs are reversible, which makes them biodegradable. (2) With high drug
loading, drugs can be encapsulated through surface mesopores. However, their
dispersibility in water is poor compared with other common porous materials, such as
nano-silica and polymers.

Zhao’s research group synthesized two-dimensional COFs (PI-2-COF and PI-3-COF)
in 2016. They have good biocompatibility-existing stably in water in the form of nanopar-
ticles and maintaining a good pore structure. Three different drugs, 5-fluorouracil (5-FU),
captopril, and ibuprofen (IBU), were loaded using these two 2D COFs, respectively. The
drug-loaded COFs are characterized by powder X-ray diffraction (PXRD), thermogravi-
metric analysis (TGA) and Fourier transform infrared spectroscopy (FT-IR), and the
drug loading effect of COFs is determined by TGA. The results show that the drug loading
is as high as 30%. The survival rate of MCF-7 cells treated by the drug-loading system is
significantly reduced [24]; however, the unmodified COFs-based drug-loading system has
no cancer-cell targeting.

Banerjee’s group selected TpASH to modify COFs and synthesized and prepared
folic acid-conjugated covalent organic nanosheets (CONs) for targeting in 2017
(Figure 1a). Such targeted CONs deliver the drug 5-FU to breast cancer cells via endo-
cytosis and kill them. Ultraviolet-visible (UV-Vis) absorption spectroscopy analysis
showed that such CONs are loaded with 12% 5-FU. Cell migration and cellular uptake
are investigated by MTT experiments and fluorescence microscopy, respectively,
indicating that the system has good cancer-cell targeting. Although this system has
great potential value in targeted drug delivery, its low drug load limits its develop-
ment to some extent [25].

Lin’s group dissolved 1,3,5 Tris(4-aminophenylbenzene) and 2,5 dimethoxytere-
phthalaldehyde in a solvent to explore a simpler assembly process of COFs and drugs
in 2019. The reaction is carried out under the catalysis of acetic acids to obtain TAPB
DMTP COF. Then DOX and TAPB-DMTP-COF are assembled into a COFs-based
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Figure 1.

(a) Structure of Tp ASH-FA-CONs and cancer thevapy [25]. Reproduced with permission from vef. [25].
Copyright 2017, American Chemical Society; (b) Synthesis process and oncotherapy of DOX-loaded PEG-CCM@
APTES-COF-1 nanomaterials [26]. Reproduced with permission from vef. [26]. Copyright 2018, Springer
Nature; (c) Synthesis scheme of thin platelet-polymer COFs-based nanocomposite, establishment of the tumor
model, and treatment scheme for BMIRC [27]. Reproduced with permission from vef. [27]. Copyright 2020,

Royal Society of Chemistry; and (d) PcS@COF-1-mediated photooxidation and photodynamic thevapy [28].
Reproduced with permission from ref. [28]. Copyright 2020, Royal Society of Chemistry.

drug-loading system. COFs have good binding to DOX by FT-IR results. According
to the absorption intensity of DOX in the UV-Vis spectrum, the drug loading of the
system is about 32.1 wt%, which is much higher than previously published results.
Besides, in vivo experiments are performed in mice by intratumoral injection, show-
ing that the system has a good killing effect on cancer cells [29].

In addition to the modification of targeting groups on the surface of COFs,
polyethylene glycol (PEG) derivatives can also be modified to enhance their hydro-
philicity, prolong their circulation time in vivo, and facilitate their accumulation at
tumor sites. Jia et al. prepared a series of PEG-modified COF nanomedicines PEGx-
CCM@APTES-COF-1@DOX (X = 350, 1000, and 2000) with better dispersibility
(Figure 1b). The nano-drug is self-assembled from curcumin (CCM)-modified PEG
and amino-functionalized APTES-COF-1@DOX [26]. PEGX-CCM coatings endow
the nanomaterials with fluorescence imaging capability and significantly enhance the
cellular uptake of materials, the in vivo blood circulation time, and the accumulation
capability at tumor sites. APTES-COF-1 can be dissociated under acidic conditions
to release the internally loaded DOX. In vitro fluorescence imaging shows that the
PEG;000-CCM@APTES-COF-1@DOX group accumulates more drugs in tumor tissues
than in the other groups. In vivo anti-tumor experiments prove that PEG;p90-CCM@
APTES-COF-1@DOX has an excellent tumor-inhibiting effect compared with other
groups.

Subsequently, Zhang et al. developed an amphiphilic platelet-like polymer, COFs-
based nanocomposite (PEG;5,-CCM@APTES-COF-1@PA). Efficient delivery of the
tyrosine kinase inhibitor drug PA can be achieved for treating brain metastases from
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renal cancer (BMRC) (Figure 1c) [27]. As a drug delivery vector, the nanomaterials
can enhance drug retention in brain tumors. Iz vivo imaging experiments demon-
strates that these COFs-based nanocomposites can cross the blood-brain barriers
in mice and accumulate at orthotopic intracranial tumor sites of BMRC. The acidic
environment of intracranial tumors degrades COF-based polymer nanocomposites
due to boronate ester bonding and releases the drugs, which finally inhibits BMRC.
To sum up, chemotherapy drugs still occupy a vital position in cancer treatment.
However, traditional drug delivery systems lack targeting, and drugs are distributed
everywhere in the body, resulting in various serious toxic and side effects. To solve
this problem, COFs have been developed as carriers for traditional chemotherapeutic
drugs recently. The drug-loading system enhances the effect of permeability and
retention (EPR) at tumor sites through nanocrystallization, which improved the
accumulation of the nano-drug system at tumor sites. Meanwhile, COFs are easy to
modify, and specific modifications can improve hydrophilicity and targeting as well
as reduce the toxic and side effects. Based on their inherent tunable porous structures,
the drug loading and drug release rate can be adjusted by adjusting pore sizes and
polarity of COFs to meet different drug uses. Most of the reports show that the use of
COFs to deliver chemotherapeutic drugs is targeted and controllable, and the efficacy
of the compound system is often better than that of single chemotherapeutic drugs.
Therefore, other therapies should be combined to exert the synergistic effect between
different therapies, which achieves high anti-tumor efficacy and reduce adverse reac-
tions after medication.

2.2 Application of COFs in photodynamic therapy

Similar to chemotherapeutic drug delivery, the improved effect of nanocarriers
on photodynamic therapy (PDT) is mainly reflected in the enhanced accumulation
of photosensitizer molecules at tumor sites. Traditional photosensitizers are usually
organic molecules with a wide range of conjugation systems. They have poor water
solubility and tend to aggregate. Small molecules of photosensitizers accumulate
less in tumor tissue after systemic administration, which is difficult to satisfy in vivo
applications. Combining small photosensitizer molecules with nanocarriers can make
up for the above deficiencies through passive and active targeting.

On the other hand, nanomaterials can improve the photochemical properties of
photosensitizers. The loading of photosensitizers inside nanoparticles can prevent
their aggregation at the molecular level, which avoids fluorescence quenching and
improves the quantum yield of '0,. The photosensitizers can be adsorbed on the COF
surface to prepare COF-photosensitizer materials using the interaction between COFs
and photosensitizers. Yuan et al. used APTES-COF-1 nanosheets to adsorb phthalo-
cyanine photosensitizers to prepare PcS@COF-1 (Figure 1d) [28]. Phthalocyanine
dyes are highly dispersed on the APTES-COF-1 surface, so PcS@COF-1 exhibits good
photodynamic performance under 660-nm laser irradiation, which has obvious kill-
ing effects on CT26 cells.

Lin et al. used the COF as a nano template to grow gold nanoparticles (Au NPs)
on the COF surface in 2020. Hyaluronic acid (HA) is introduced to improve biocom-
patibility after covering the material surface with a thin layer of manganese dioxide
(MnO,) (Figure 2a) [30]. Synthetic product COF-Au-MnO, participates in multiple
processes in the tumor microenvironment, which forms a cascade reaction. COF-
Au-MnO,; first reacts with intratumoral H,0, to generate O, in the tumor hypoxic
environment, which enhances type-II PDT. Next, Au NPs can decompose glucose to
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(a) Synthesis process and thevapeutic mechanism of COF-Au-MnO2-HA [30]. Reproduced with permission from
ref. [30]. Copyright 2020, Springer Nature; (b) Preparation process of CONDs-PEG nanodots and the use of
COF nanoparticles as photodynamic agents for cancer treatment [31]. Reproduced with permission from vef. [31].
Copyright 2019, Elsevier Ltd; (c) Fabrication of therapeutic COF nanoplatforms for tumor imaging, PDT, and
prognostic assessment applications [32]. Reproduced with permission from ref. [32]. Copyright 2020, Royal Society
of Chemistry; and (d) Synthesis and working of the COFs-based nanoplatform [33]. Reproduced with permission
from vef- [33]. Copyright 2019, Royal Society of Chemistry.
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generate H,O,, which promotes starvation treatment and increases O, concentration
in tumor tissues. Besides, MnO, depletes glutathione (GSH) to enhance the antitumor
effect. The released Mn”* is used for T;-weighted magnetic resonance imaging (MRI).
Both in vitro and in vivo experiments prove that COF-Au-MnO, nanoparticles have
good tumor-Kkilling effects.

Given the unique structural advantages of COFs, photosensitizers can directly
participate in constructing COFs as monomers. The photosensitivity of some porphy-
rin-based COFs has been reported; however, their applications in PDT are still scarce.
Qu et al. synthesized the ultra-small nanodots of porphyrin-based TphDha COFs
(Figure 2b) with PDT properties [31]. First, TphDha COFs are synthesized in a Pyrex
test tube using tetraaldehyde phenyl porphyrin and 2,5-dihydroxyterephthalaldehyde
as starting materials. Subsequently, ultrasonic stripping and surface modification
with DSPE-PEG are performed. Finally, the CONDs-PEG nanodots are obtained by
filtration and separation. The PEG-coated COF nanodots have good physiological
stability and biocompatibility. The uniformly dispersed porphyrin molecules on the
COF surface endow the CONDs-PEG nanodots with superior light-triggered-induced
reactive oxygen species (ROS) generation ability, which shows the excellent PDT
effect and good tumor accumulation ability.

COFs have emerged as a promising material for analysis and biomedicine. However,
simultaneous use of COFs for cancer diagnosis and treatment remains a challenge.
Tang’s group reported a COF-based therapeutic nano-platform. Dye-labeled oligonu-
cleotides (TSAS) are modified on porphyrin-based COF nanoparticles (COF NPs) for
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efficient cancer diagnosis and treatment (Figure 2c) [32]. The fluorescence of dyes on
TSAS is quenched by COFs via fluorescence resonance energy transfer (FRET). When
tumor marker mRNA exists, TSAS form more stable double strands and dissociate
from COF NPs. Fluorescence signal recovery can be used for selective cancer imaging.
Moreover, porphyrin-based COF NPs generate a large amount of ROS through PDT
under near-infrared laser irradiation to induce cancer-cell apoptosis. Iz vitro and in
vivo experiments demonstrate that the COF nano-platform can specifically recognize
cancer cells and be used for oncotherapy.

Real-time and in situ monitoring of ROS generation is critical to minimize non-
specific damage caused by the high doses of ROS required during PDT. However,
phototherapeutic agents generating ROS-related imaging signals during PDT are rare,
which prevents easy prediction of future treatment outcomes. Tan et al. developed an
upconverting COFs-based nano-platform with upconverting nanoparticles (UCNPs)
as the core. A layer of TphDha COF was grown in situ on its surface to realize near-
infrared (NIR) light-excited PDT (Figure 2d) [33]. When the UCNP core is excited
with a 980-nm laser, the emissions at 541 and 654 nm are absorbed by the TphDha
COF shell to produce 10,. When the shell thickness was 15 nm, the cell hoes of
TphDha COFs have the optimal ability to generate 'O, as well as the optimal inhibi-
tory effect on HeLa cells. 10,-1abile indocyanine green (ICG) fluorescent dyes are
loaded into the pores of TphDha COFs, which enables in situ monitoring of 'O, and
oncotherapy iz vivo.

Ca”" is a ubiquitous but subtle regulator of cellular physiology tightly controlled
within cells. However, intracellular Ca** regulation, such as mitochondrial Ca’* buff-
ering capacity, may be disrupted by '0,. Therefore, intracellular Ca** is overloaded by
the synergistic effect of '0, and exogenous Ca*" delivery, which is recognized as one
of the important pro-death factors. Dong et al. constructed NCOF-based nanofor-
mulation CaCO;@COF-BODIPY-2I@GAG [34]. The small molecules of BODIPY-2I
photosensitizer are modified with amino residues on its surface, and CaCO; NPs are
loaded in the COFs-based channel. Finally, glycosaminoglycan (GAG) molecules
are surface-modified for targeting CD44 receptors in gastrointestinal tumor cells.
After intravenous injection of CaCO;@COF-BODIPY-2I@GAG NPs, the premature
leakage of CaCO; NPs during in vivo circulation was avoided under the protection of
COFs. CaCO; NPs are decomposed in the acidic environment of lysosomes to release
Ca™ after entry into tumor cells via CD44 receptor-mediated endocytosis. Besides,
BODIPY-2I covalently attached to the surface can generate 102 for PDT under laser
irradiation. In vitro and in vivo experiments demonstrate that the PDT synergistic
treatment mode of Ca®* overloads can significantly increase the anti-tumor efficiency.

Photodynamic therapy does not induce tolerance to treatments due to its low
toxicity. The therapy is considered to be a promising mode of oncotherapy due to its
unique advantages such as low invasiveness for patients. However, the current appli-
cation of photodynamic therapy is mainly in superficial and flat lesions. The lesions
are observed through endoscopy, and it is taken as adjuvant therapy for surgery [35].
However, photodynamic therapy is not effective for solid tumors, large tumors, and
deep tumors. According to the principle of photodynamics, the curative effect of pho-
todynamic therapy consists of light, photosensitizer, and oxygen. Defects from these
three elements greatly limit the efficacy of photodynamic therapy in actual treatment.

Overall, photodynamic therapy, as a unique non-invasive and selective method,
has been applied in the clinical treatment of diseases such as cancers. The develop-
ment of nanotechnology can increase the photodynamic effectiveness and biocom-
patibility of photosensitizers. Besides, nanotechnology has been used to address issues
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such as hydrophobicity and the retention and aggregation of photosensitizers as well
as improve pharmacokinetic properties and photosensitizer concentration within
tumor cells. Although research using COFs for PDT is still in its early stages, these
materials offer compelling advantages. For example, the absence of metal elements

in their structures may improve their safety and biocompatibility; more importantly,
they have excellent photosensitivity and photodynamic properties. Moreover, the
PDT performance of COFs can be improved by changing the dimension, composition,
and structure of COFs.

2.3 COFs used for photothermal therapy (PTT)

PTT, as an effective cancer treatment strategy, has attracted the attention of
researchers. PTT absorbs NIR excitation energy through photothermal agents
(PTAs). It is subsequently dissipated in the form of heat, which increases the tem-
perature around the cancer cells and kills cancer cells [36, 37]. PTT has also become
one of the most effective ways to treat tumors. Heteropoly blue (HPB) is an ideal PTA
with good photothermal conversion efficiency. Wang et al. loaded HPB into COFs in
situ by a one-pot method (Figure 3a). The resulting HPB@COF platform exhibits
ideal biocompatibility, pH-responsive release properties, and high tumor-suppressive
efficiency for PTT, which inhibit tumor growth. A safer and more effective COF-
based nano-delivery platform is fabricated for future pH-responsive photothermal
therapy [38].

Photothermal therapy ablates tumors by hyperthermia (>50°C) under laser
irradiation. However, hyperthermia inevitably damages surrounding healthy tis-
sues, which causes additional damage. Therefore, effective cancer treatment by mild
photothermal therapy at low temperatures is vital. Sun et al. designed nano-agents
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Figure 3.

(a) Synthesis process of HPB@COF; Mechanism by which HPB@COF protects normal cells and kills cancer cells
[38]. Reproduced with permission from ref. [38]. Copyright 2022, Royal Society of Chemistry; (b) Preparation

of COF-GA and enhanced mild-temperature photothermal therapy [39]. Reproduced with permission from vef.
[39]. Copyright 2021, Royal Society of Chemistry; and (c) Synthesis process of GA@PCOF@PDA nanocomposite;
Therapeutic principle of multifunctional COFs-based nanocomposites for low-temperature synergistic
oncotherapy [40]. Reproduced with permission from vef. [40]. Copyright 2021, Springer Nature.
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(COF-GA) to inhibit heat shock protein (HSP90), which enhances photothermal
hypothermia for cancer therapy (Figure 3b). Nanoscale COFs can raise the tem-
perature of tumor tissues under laser irradiation, which converts the laser light into
heat to kill cancer cells. Gambogic acid (GA), as an inhibitor of HSP90, is used to
overcome the thermotolerance of tumors and achieve efficient mild-temperature pho-
tothermal therapy. With the increased laser-irradiation time, COF-GA increases the
temperatures at tumor sites. Iz vivo experiments demonstrate that tumor growth is
significantly inhibited after COF-GA treatment. Mild photothermal therapy exhibits
excellent antitumor efficacy at relatively low temperatures and minimizes nonspecific
thermal damage to normal tissues [39].

Feng et al. synthesized GA@PCOF@PDA nanocomposites using stepwise bonding
defect functionalization (BDF) and guests (Figure 3c) for encapsulation and surface
modification processes of cryogenic cancer therapy. The resulting GA@P COF@

PDA reverses the thermal resistance of tumor cells by inhibiting the expression of
HSP90. It is the first example of using enhanced light therapy to suppress primary
and metastatic tumors at low temperatures. The approach can be further applied to
other therapies involving hypothermia and broaden the development of NCOF-based
multifunctional nanomedicines for safe and effective clinical applications [40].

COFs have shown great potential in catalysis and biomedicine, but it is difficult
to obtain monodisperse COFs with adjustable sizes. Jing et al. developed a series of
COFs based on electron donor-acceptor (DA) under mild conditions. Synthesized
COFs exhibit excellent colloidal stability and uniform spherical morphology. Sizes can
be flexibly adjusted by catalyst content, and absorption spectra also vary with sizes.
By changing the electron-donating ability of the monomers can corresponding COFs
possess a broad absorption spectral range, which can even be extended to the second
near-infrared biological window. Obtained COFs have strong photothermal activity
under laser irradiation, which inhibits tumor growth [41].

Zhao et al. prepared two types of 2D COFs containing naphthalene diimide (NDI)
as electron acceptor (A) and triphenylamine (PT-N-COF) or triphenylbenzene
(PT-B-COF) as electron donor (D). In-plane donor and acceptor units are linked
by imine bonds with precise spatial distribution. The charge transfer (CT) process
induced by the D-A interaction in the 2D plane results in a pronounced near-infrared
absorption property. Unique structural modifications in the COF framework lead to
huge differences in photophysical properties and photothermal conversion proper-
ties. Compared with PT-B-COF, PT-N-COF containing triphenylamine as donor has
stronger D-A interaction and CT effect, which exhibits distinct red-shifted absorp-
tion in the NIR region. The photothermal conversion efficiency reaches 66.4%, which
is in sharp contrast to 31.2% of PT-B-COF. EPR spectra confirm unpaired electrons,
consistent with CT interactions in the ground state. DFT molecular-orbital simula-
tions reveal photophysical properties and the CT process [42].

Liuet al. developed an efficient strategy to synthesize nanoscale DA-structured
COFs with tunable sizes, long-term water dispersibility, and special selectivity
recently. The designed DA structure provides channels for efficient charge-carrier
transport, which endows COFs with excellent photothermal properties and greatly
enhances starvation treatment efficiency. The large surface area and porosity in the
cross-linked crystals allow for a high loading capacity of glucose oxidases (GOx).
Surface modification with biomolecules endows it with colloidal water stability and
targeting selectivity. All these good properties guarantee better tumor ablation in
vitro and in vivo than monotherapy, with excellent anti-migratory effects. Detailed
apoptosis studies show that combination therapy is effective in generating reactive
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oxygen species. The endogenous mitochondrial apoptotic pathway and Caspase-3
activation process induce apoptosis, which ultimately makes cancer cells more sensi-
tive to insufficient energy supply and high temperatures [43].

COFs are considered to be good carriers with good biocompatibility for pho-
tothermal therapy. They are widely used due to their excellent properties such as
tunability, high thermal stability, and porous structure. The effects of COFs on the
photothermal system can be divided into two types. (1) COFs are taken as the carriers
of photothermal material, and the effect of photothermal therapy is achieved through
complexes. (2) COFs, as multifunctional carriers, can simultaneously load antitumor
drugs, photosensitizers, and photothermal agents to achieve the synergistic effect of
photothermal therapy and other therapies. Another type of COFs has a n-conjugated
structure through structural design, which can significantly improve photothermal
absorption and photostability. They are carriers and photothermal materials and have
efficient reactive oxygen species (ROS) generation and photothermal-conversion abil-
ity under near-infrared light irradiation.

2.4 COFs used for immunotherapy

COFs have a larger surface area and volume, and COFs can take up a large number
of molecules and deliver them to the body. Unlike amorphous polymer particles,
COFs have a crystalline structure, resulting in a larger surface area to deliver mol-
ecules. Besides, the reversible covalent bonds found in COFs can be degraded in the
human body to release the encapsulated molecules.

COFs can be used for protein delivery in addition to small molecules. One challenge
of protein delivery is how to maintain protein activity and prevent protein denaturation
during loading large amounts of protein. Importantly, the loading of COFs can be con-
trolled by controlling pore sizes. Also, the chemical properties of COFs can be modified.
Specific proteins are selectively absorbed based on protein sizes, which allows greater
loading and prevents protein denaturation. The possibility of local release of proteins
from COFs is important for treating autoimmune diseases and cancers.

As a form of non-inflammatory programmed cell death (PCD), the efficacy of
apoptosis is often limited by apoptosis resistance in cancer cells, resulting in subopti-
mal therapeutic effects. Pyroptosis and ferroptosis are immunogenic PCD in contrast
to apoptosis. It is a powerful anti-cancer strategy due to its favorable ability to elicit
antitumor immune responses by releasing sufficient risk-associated molecular
patterns (DAMPs). Zhang et al. reported a series of multi-enzyme-mimicking COFs,
COF-909-Cu, COF-909-Fe, and COF-909-Ni (Figure 4a) as pyroptotic inducers for
remodeling the tumor microenvironment, which facilitates cancer immunotherapy.
Mechanistic studies suggest that these COFs can act as the steady-state destroyers of
hydrogen peroxide (H,0,) to increase intracellular H,O; levels. They exhibit excellent
superoxide dismutase (SOD) mimetic activity and convert superoxide radical (O,e-)
into H,0; to alleviate H,0, scavenging. They also mimic the depleted glutathione
(GSH) of glutathione peroxidase (GPx). The excellent photothermal therapy proper-
ties of these COFs can accelerate the Fenton-like ionization process, which enhances
their chemokinetic therapy. COF-909-Cu, one of these members, strongly induces
gasdermin E (GSDME)-dependent pyroptosis and remodels the tumor microenviron-
ment. Durable anti-tumor immunity is triggered, which increases the response rate of
aPD-1 checkpoint blockade and inhibits tumor metastasis and recurrence [44].

Immune checkpoint blockade therapy is revolutionizing the traditional treat-
ment paradigm for tumors but remains ineffective for most patients. PDT has been
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(uSg Engineering multienzyme-mimicking COFs as apoptosis inducers to enhance antitumor immunity [44].
Reproduced with permission from vef. [44]. Copyright 2022, Wiley-VCH; (b) Representation of COF-606-
mediated 2PA-induced PDT to enhance immune checkpoint blockade therapy. COF 606-induced PDT with strong
two-photon absorption, the biological process triggering immunogenic cell death (ICD), and the underlying
mechanism for the synergy of PDT with PD-1 blockade therapy. TAA, the tumor-associated antigen; DAMP, the
molecular pattern associated with risk [45]. Reproduced with permission from vef. [45]. Copyright 2021, Wiley-
VCH; and (c) COF-618-Cu for enhancing antitumor immunity: Diffevent structures between overlapped-stacked
COFs and staggered-stacking COFs; Biological processes and underlying mechanisms of COF-618-Cu-mediated
PDT and PTT for triggering cancer immunothevapy [46]. Reproduced with permission from vef. [46]. Copyright
2022, Wiley-VCH.

shown to induce cancer cell death and trigger an immune response and may represent
a potential strategy for synergy with immune checkpoint blockade therapy. Yang
et al. reported COF-606, a zigzag-filled COF (Figure 4b). Its excellent two-photon
absorption (2PA) properties and photostability largely avoid aggregation-induced
quenching. Therefore, it provides high ROS generation efficiency and can be used asa
2PA photosensitizer for PDT in deep tumor tissues. COF-606-induced PDT is demon-
strated for the first time to be effective in inducing immunogenic cell death, eliciting
an immune response, and normalizing an immunosuppressive state. 2PA-induced
PDT using COF can combine with the immune checkpoint blockade therapy of
programmed cell death protein 1. This combined therapeutic strategy leads to strong
ectopic tumor suppression and durable immune memory effects, which is promising
for cancer therapy [45].

Phototherapy-induced cancer immune responses are severely limited by the inherent
photobleaching and aggregation-caused quenching (ACQ) of photosensitizers as well
as intrinsic-antioxidant tumor microenvironments (TMEs), e.g., hypoxia and overex-
pressed glutathione (GSH). Zhang et al. designed COF-618-Cu, a novel porphyrin-based
staggered-stacked COF, as an amplifier of ROS to address these issues. COF-618-Cu
can consume endogenous hydrogen peroxide to generate enough oxygen because of its
excellent catalase-like activity, which alleviates tumor hypoxia (Figure 4c). Besides,
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overexpressed intracellular GSH is also depleted to reduce ROS scavenging due to the
glutathione peroxidase-mimicking activity of COF-618-Cu. Mechanistic studies show
that the unique staggered-stacked pattern between the COF-618-Cu interlayers can
alleviate the photobleaching and ACQ effects that cannot be obtained with ordinary
COFs. Furthermore, COF-618-Cu, coupled with its excellent photothermal properties, is
beneficial to inducing robust immunogenic cell death and remodeling TME to enhance
antitumor immune effects [46].

Immunotherapy has become one of the hot topics in cancer treatment with
the growing understanding of how cancer interacts with the immune system.
Immunotherapy mainly attacks tumor cells by stimulating the body’ innate immune
system [47]. Current immunotherapies mainly include cancer vaccination [48],
immune checkpoint blockade therapy [49], and chimeric antigen receptor T-cell
immunotherapy (CAR-T) [50, 51]. However, solid tumors are difficult to eliminate by
immunotherapy alone, so it is necessary to combine with other treatments to inhibit
tumor growth and metastasis.

COFs as new photosensitizers are widely used in photothermal and photodynamic
therapy of tumors. However, photothermal and photodynamic therapy using COF
materials can only kill superficial tumors in irradiated areas. Triggering an immune
response is difficult due to the limited ability to generate ROS, and it is still a great
challenge to use COF materials to inhibit tumor metastasis and recurrence. Compared
with 2D COF materials, 3D COF materials can avoid the fluorescence quenching
caused by the aggregation of photosensitizers and have a penetrating pore structure
conducive to ROS transport. However, the use of 3D COF materials in tumor immu-
notherapy has not been reported due to the difficulty of 3D COF synthesis.

2.5 Application of COFs in combination therapy for tumors

COFs have been widely used in the nano-drug delivery system of chemotherapy,
photothermal therapy, and photodynamic therapy due to their dense pore structure
and lipophilicity. Monotherapy is not effective in treating cancers. For example,
the self-quenching of photosensitizers in the hypoxic tumor microenvironment can
hinder the release of ROS [52-55], resulting in low therapeutic efficiency. However,
COFs can be combined with a variety of components and modified to form a nano-
drug delivery system for various combination therapies, which can obtain better
therapeutic effects.

Anthocyanin (IR783), typical in the combination therapy of hyperthermia and
chemotherapy, has received extensive attention recently due to its good absorption
of light in the near-infrared region and good biocompatibility. Chen’s research group
synthesized a new type of COFs (TP-Por COFs) and exfoliated the COFs into IR783-
loaded COFs nanosheets (COF@IR783) by ultrasonic exfoliation in 2019. After that,
cis-aconitic anhydride-modified doxorubicin (CAD) is loaded to form a photothermal
drug-chemotherapy combination therapy system (Figure 5a). In vitro cell experi-
ments show that COFs do not affect cell viability, but the system has an obvious
combined killing effect on tumor cells. Later, the tumor tissues of mice treated with
this system are significantly necrotic [56].

Zhang’s group combined the anti-fibrotic drug pirfenidone (PFD) with COFTTA-
DHTA in the combination therapy of photodynamic and chemotherapy. Amphiphilic
polymer poly (lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG) is used to
synthesize PFD@COFTTA-DHTA @PLGA-PEG (PCPP) (Figure 5b). PFD released
by PCPP in the tumor area can destroy the extracellular matrix (ECM) of tumors in
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(a) Applications of COFs in the combination thevapy of photothermal therapy and chemotherapy and that

of photodynamic therapy and chemotherapy: (A) COF@IR783@CAD in oncotherapy [56]; Reproduced with
permission from vef. [56]. Copyright 2019, American Chemical Society; and (b) PFD@COFTTA-DHTA@
PLGA-PEG in oncotherapy [57]; Reproduced with permission from ref. [57]. Copyright 2020, Elsevier Ltd.

(c) CaCO;@COF-BODIPY-21@GAG in oncotherapy [34]. Reproduced with permission from vef. [34]. Copyright
2020, Wiley-VCH.

this structure, which promotes the uptake of the subsequently injected photosensi-
tizer protoporphyrin peptide coupling nano-micelles (NM-PPIX) by tumor cells and
enhances the efficacy of PDT on tumors [57]. Excessive intracellular Ca’* content can
lead to cell death, and its concentration is tightly controlled within cells. The control
is easily destroyed by ROS, so theoretically, the combined action of PDT and the addi-
tion of exogenous Ca®* can promote cell death.

Inspired by this mechanism, Dong’s group reported a nano-covalent organic
framework (NCOF)-based nanostructure (CaCO;@COF-BODIPY-2I@GAG)
(Figure 5c). This structure uses Boron-dipyrrolemethene (BODIPY?2I) as the pho-
tosensitizer and CaCOs as the material providing exogenous Ca**. ROS generated by
the system under illumination can directly kill tumor cells and increase Ca** content
in tumor cells to kill cells, showing a significant anti-tumor effect [34]. Trabolsi’s
group loaded DOX through nanoscale TAB-DFP-nCOF in the combination therapy
of magnetic hyperthermia and chemotherapy. Afterward, magnetic iron oxide
nanoparticles (y-Fe,O3 NPs) and polylysine cationic polymer (PLL) are modified
separately to obtain system y-SD/PLL with an average particle size of 300 nm. y-SD/
PLL generates a lot of heat and releases drugs to kill cancer cells in an alternating
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magnetic field (AMF). The survival rate of cancer cells can be as low as 10% after 1 h
of y-SD/PLL and AMF treatment [58]. Although the development of COFs is still in
its infancy, remarkable achievements have been made in chemotherapy, photother-
mal therapy, photodynamic therapy, and combination therapy.

Completely inhibiting tumor growth is impossible due to the complexity of the
tumor microenvironment and the inherent shortcomings of monotherapy. However,
combination therapy can overcome the shortcomings of monotherapy and further
improve the therapeutic effect. Chen et al. synthesized COF TP-Por condensed with
5,15-bis(4-boronphenyl) porphyrin and 2,3,6,7,10,11-hexahydroxytriphenyl by a
stripping method and further loaded DOX in 2019. The resulting 2D covalent organic
nanosheets (CONs) can produce both PDT and PTT effects under 635-nm laser
irradiation after ultrasonic stripping of TP-Por, which inhibits tumor growth [56].
Pang’s group synthesized COFs based on 1,3,5-tris(4-aminophenyl) benzene (TAPB)
and 1,3,5-benzenetricarbaldehyde (BTCA) by Schiff base condensation reaction for
OVA and ICG loads in 2020. PDT and PTT effects occur under 650- and 808-nm laser
irradiation. Combined with checkpoint blockade therapy, it shows a stronger immune
effect, which can inhibit tumor metastasis and recurrence [59].

Phototherapy has recently received a lot of attention due to its simplicity, non-
invasive features, and excellent therapeutic effects. The combination of PTT and PDT
holds great promise in oncotherapy. A suitable photosensitizer is a prerequisite to
obtaining satisfactory antitumor efficacy. Pang’s group prepared highly monodisperse
COF nanoparticles at room temperatures by a mild solution-phase synthesis method
in 2019. The synthesized nonporphyrin-containing COF-based nanoparticles are used
as novel photosensitizers for PDT and exhibit excellent photodynamic effects under
650- or 808-nm laser irradiation. Then ideal photothermal agent CuSe nanoparticles
are coupled with COFs to form the bifunctional photosensitizer for phototherapy.

The resulting COF-CuSe platform exhibits excellent synergistic photothermal and
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Figure 6.
(a) Synthesis of COFs-based composites and their applications in PTT and PDT [60]. Reproduced with
permission from ref. [60]. Copyright 2019, American Chemical Society.
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photodynamic effects. In vitro and in vivo experiments demonstrate enhanced thera-
peutic effects in killing cancer cells and inhibiting tumor growth. The study demon-
strates the great potential of nonporphyrin-containing COFs as photosensitizer for
photodynamic cancer therapy and provides a simple and effective approach. COFs are
combined with other functional materials to construct COFs-based multifunctional
therapeutics for cancer diagnosis and treatment (Figure 6) [60].

Based on the versatility of COFs, they can integrate monotherapies such as drug
delivery, photodynamic therapy, and photothermal therapy to build an intelligent,
multifunctional platform for targeted therapy. Combined therapy on a platform can
precisely kill cancer cells based on COFs. Moreover, COFs can be metalized before
or after synthesis for imaging technology, which lays the foundation for integrating
diagnosis and therapy. Therefore, designing functionalized COFs-based nanomedi-
cines for drug co-delivery and multimodal cancer therapy is a promising strategy. In
addition, we also summarize the COF combination therapy published in the past 2
years, as shown in Table 1.

3. Conclusion

Therapeutic methods are used in cancer treatment, such as PDT, PTT, chemother-
apy, immunotherapy, and targeted therapy with the understanding of cancers. PDT
is a minimally invasive treatment method utilizing PSS to absorb light energy, which
stimulates oxygen to generate reactive oxygen species (such as '0,, .OH, and .0>"). It
has good controllability, low toxicity, and low invasiveness. However, its insufficient
light penetration depth and dependence on oxygen limit its development.

PTT adsorbs near-infrared-light excitation energy by PTAs. The temperature
around the cancer cells rises by heat losses, which kills cancer cells. However, PTT lacks
selectivity for cancer cells, so it is impossible for specific treatments. Inmunotherapy
works by stimulating the body’s innate immune system to attack tumor cells. All of
the above cancer treatments have inherent problems. That is to say, a single treatment
method cannot treat tumors at all. COFs have unique advantages as emerging antitumor
materials with the development of nanotechnology. Given this, the work exploited
the crystalline porosity, stability, versatility, and good biocompatibility of COFs with
emerging therapeutic approaches. Meanwhile, the problems existing in the preparation
and treatment of COFs were improved to construct a feasible multifunctional nanosys-
tem for cancer treatment. Despite the above examples, further research is needed on
biosafety, biocompatibility, sterilization, drug loading, and controlled drug release i
vivo. The integration of COFs with other biomaterials is expected to greatly expand the
biological applications of COFs. However, the idea of applying COFs to tumor therapy is
still far from clinical translation. The main challenges and opportunities are as follows:

1. There is no universal method for mass production of COFs, because low yields
and poor-quality consistency may arise in mass production. The currently avail-
able methods, including assisted solvothermal methods, steric-induced chemical
exfoliation methods, and intercalation-induced delamination methods, may only
be matched to specific species of COFs and high-power mechanical layering has
low output and is not suitable for industrial production.

2.The safety of COFs in tumor therapy still needs to be confirmed. Current re-
searches mostly focus on materials uptake rather than metabolic pathways due to
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the short development history. COFs are usually composed of non-metallic light
elements and irreversible chemical bonds. These chemical bonds ensure the sta-
bility of COFs; however, they may cause the accumulation of COFs in the body,
and the toxicity of long-term use is still unpredictable. Some easily degradable
COFs have potential to generate aromatic compounds in the body and cause in-
vivo toxicity. The current safety evaluation of COFs-based oncotherapy is mostly
based on cytotoxicity, a comprehensive assessment is required for their hemo-
compatibility, histocompatibility, cytotoxicity, neurotoxicity, and genotoxicity at
cellular and tissue levels.

3. Cancer is a complex, tricky disease. There is an urgent need to develop an intelli-
gent and multifunctional therapeutic platform for diagnosis and targeted therapy
to realize COFs-based precision cancer therapy. Besides drug delivery, photo-
dynamic therapy, and photothermal therapy, COFs can be used for combined
therapy, which kills most tumor cells in multiple directions and layers. Besides,
COFs possess the properties of ordered porous nanomaterials and can be easily
modified. For example, metallization can be used in imaging techniques such as
two-photon fluorescence imaging either before or after synthesis, with the op-
portunity to integrate diagnoses and treatment. The pre- and post-synthesis of
COFs can be modified to increase their targeting, water solubility, etc., for better
oncotherapy. It is beneficial for building a smart therapy platform based on COFs.

In summary, COFs have unique applications in nanomedicine due to their easy
synthesis, large pore size, tunable structure, versatility, chemical stability, and good
biocompatibility. The work briefly discussed recent advances in COFs-based drug
delivery and synergistic therapy. The application of COFs in biomedicine has yielded
some exciting results. Their application as nano-drugs in biomedicine is greatly
limited due to the difficulty of precise control of the size and structure of COFs-based
nano-platforms as well as their poor dispersibility in water. Besides, the targeting of
COFs-based nano-loading systems needs to be further studied. COFs require further
synthesis to achieve the pore geometries and precise crystal structures required for
specific biomedical applications (e.g., protein delivery) after considering emerging
approaches such as bottom-up and top-down approaches.
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