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applications
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Yan Geng* and Yu-Bin Dong *

Covalent organic frameworks (COFs), as a new emerging class of highly crystalline advanced porous

materials with fascinating structural tunability and diversity as well as the desired semiconductor

properties, have gained significant attention as highly promising and efficient photocatalysts or designer

platforms for a variety of photocatalytic applications in recent years; thus a comprehensive review is

timely to summarize the advances of this field. In this review, a background and brief timeline

concerning the developments and key achievements of COFs are provided. Afterwards, a systematic

overview of the potential photocatalytic applications realized to date in the fast growing field of COFs is

provided with the aim of presenting a full blueprint of COFs for possible photochemical energy

conversion and reactions. Finally, the challenges remaining and personal perspectives on further

development of this type of material for photocatalysis are presented.
1. Introduction

With the booming worldwide growth of the economy, the
limited resources and explosive consumption of fossil fuels
have caused increasingly serious problems including energy
deciency, global warming and environmental pollution.
Tremendous efforts have been devoted to exploring more
sustainable alternatives or techniques to address these issues in
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the past few decades. Among all the potential solutions, visible-
light driven photocatalysis, which requires only the inexhaust-
ible and sustainable sunlight as a driving force and an appro-
priate photocatalyst to conduct the catalytic reactions, is
deemed as one of the most promising technologies, and
developing more efficient photocatalysts with superior photo-
catalytic properties is the essence and is of fundamental
importance.1–4 Although the history of photocatalysis dates back
to the 1960s,5,6 the pioneering work by Fujishima and Honda in
1972, in which water splitting was achieved on a TiO2 electrode
under UV light irradiation, was widely recognized as the land-
mark in the eld of photocatalysis.7 Subsequently, Carey et al.
reported the photocatalytic decomposition of organic
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pollutants in the presence of TiO2 as the photocatalyst8 and K.
Honda for the rst time studied the photocatalytic reduction of
CO2 in aqueous suspensions of some semiconductors,
including TiO2, CdS, GaP, ZnO and SiC.9 Since then, great and
fruitful efforts have been made in the rational design and
synthesis of different types of inorganic and organic photo-
catalysts for various photocatalytic applications.10 The past few
decades have witnessed signicant progress and burgeoning
development in the research eld of photocatalysis; however,
the amorphous features or lack of long-range order of most
photocatalysts limits their photocatalytic efficiency and it is still
challenging to determine or formulate the structure–property
relationships for materials where their architectures are poorly
dened.11 In this context, the advent of covalent organic
frameworks, well known as COFs, has greatly aroused the
interest of researchers in multidisciplinary areas of materials
science and chemistry in the past few years.

Covalent organic frameworks are a new class of porous,
crystalline and extended two- or three-dimensional (2D or 3D)
ordered structures that are constructed from molecular organic
building blocks entirely composed of light elements (e.g. B, C, N
and O) and connected by covalent bonds, which are robust and
diverse in nature. Since the group of Yaghi reported the rst
COF material (COF-1) in 2005,12 this type of well-dened crys-
talline porous structure has been extensively exploited in a wide
range of applications including gas adsorption and separa-
tion,13 heterogeneous catalysis,14 photodynamic or photo-
thermal therapy,15,16 sensing17 and photocatalytic applications.18

Especially, the discovery of semiconducting COFs by Jiang and
co-workers is one of the greatest breakthroughs in both elds of
COFs and semiconductors,19 as it uncovers the great promise of
COFs for diverse heterogeneous photocatalysis. In particular,
the ordered p columns and high crystallinity of the frameworks
can produce pre-organized pathways to facilitate the charge-
carrier transport and prevent the charge recombination of the
photoexcited states, which indicates the great potential of COFs
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for optoelectronics and photocatalytic applications. Another
distinct feature of COFs is their well-dened molecular back-
bone, which can be synthetically controlled by altering their
linkages, building units and diverse functional groups; this is
relatively difficult to achieve with other inorganic and organic
semiconductors. With the modularity, porosity, crystallinity,
and structural tunability as well as semiconducting properties,
in recent years COFs have been realized as efficient platforms
for engineering molecular systems to achieve a variety of pho-
tocatalytic reactions, such as visible-light driven hydrogen
evolution, photocatalytic CO2 reduction into hydrocarbon fuels,
and selective organic reactions as well as the photocatalytic
degradation of organic contaminants. So far, most reviews have
focused on the design, synthesis and broad applications of
COFs with a brief introduction of the photocatalysis based on
COFmaterials;14,20,21 there is an urgent need to provide a specic
review on COFs in the eld of photocatalysis from a broad
perspective to give a concise, comprehensive and up-to-date
overview of the recent developments of this research eld.
This review starts from the introduction of the chronological
development and key achievements in the eld of COFs fol-
lowed by the fundamental principles of photoactive COF-based
materials. Then, a detailed and comprehensive overview and
discussion of COFs for photocatalytic applications is provided.
Finally, some concluding remarks and perspectives on the
exploration of COF-based photocatalysts are presented, expect-
ing to stimulate the fast development of more photoactive and
promising COFs for diverse photocatalysis applications.
2. Historical developments of COFs
2.1. An overview and chronology of COFs

In 1916, G. N. Lewis for the rst time introduced the concept of
what would become known as the covalent bond.22 He outlined
a conceptual approach to address the fundamental questions of
how atoms can be joined to make molecules; however, it is not
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applicable in controlling how molecules can link together via
covalent bonds to form extended structures, especially for 2D or
3D covalent organic solids, as highlighted by R. Hoffmann in
1993.23 The long-standing challenge of extending the dynamic
covalent chemistry beyond molecules or one-dimensional (1D)
polymers to make covalently linked 2D or 3D crystalline organic
structures was nally realized with the rst reports of 2D and 3D
crystalline COFs in 2005 and 2007 by Yaghi and co-workers,
respectively.12,24 The very rst COFs were synthesized by the
self-condensation of boronic acids to form boroxine anhydride-
based linkages (COF-1) or co-condensation of boronic acids
with catechols to form ve-membered rings of boronate ester
linkages (COF-5); there have been dozens of examples of this
type of COF with a diverse set of building units until now.21

However, boroxine and boronate esters are rather sensitive
towards hydrolysis, which immensely limits their further
development and possibility for diverse applications. As
a result, a variety of different types of reversible reactions and
linkages have been exploited and successfully applied to the
formation of more stable COFs to date, such as imine-, hydra-
zone-, azine-, triazine-, amide-, olen-, dioxin-, sp2 C]C- and
imidazole-linkages (Fig. 1).

Among the various types of COFs, imine-linked COFs via
Schiff-base reactions of aldehydes and amines are clearly the
most widely studied COFs. On the one hand, imine-based
COFs exhibit excellent crystallinity, chemical stability and
superior structural regularity. On the other hand, imine-
linked COFs may chelate with metal ions or complexes due
to the nitrogen atoms within the frameworks, which can be
potentially employed for heterogeneous catalysis. The rst
imine-based COF (COF-300) was reported by Yaghi and co-
workers in 2009, and was made from tetra-(4-anilyl)
methane and terephthalaldehyde (TA) to afford a 3D
Fig. 1 The most common types of dynamic covalent bonds reported so

This journal is © The Royal Society of Chemistry 2020
tetrahedral framework with 5-fold interpenetration.25 Another
subclass of COFs, namely covalent triazine frameworks
(CTFs), has been widely studied for diverse applications
because of their exceptional chemical stability, nitrogen-rich
features and structural tunability along with a high degree
of conjugation.26–29 Typically, CTFs are prepared via trimeri-
zation of aromatic nitriles under ionothermal conditions30 or
under strong Brønsted acid (CF3SO3H) conditions;31 however,
only limited crystalline CTFs have been obtained due to the
poor reversibility of the trimerization reactions under the
harsh synthesis conditions. Very recently, Tan and co-workers
developed a new approach to prepare crystalline CTFs via
a condensation reaction between aldehydes and amidines,
which enhances and broadens both the crystallinity and
diversity of CTFs.32 The structural characterization of COFs
was limited to modeling and solutions based on powder X-ray
or electron diffraction data until the successful synthesis of
single crystal COFs reported by Wang33 and Dichtel et al.34 in
2018, leading to the unambiguous solution and precise
anisotropic renement. In regard to the photocatalytic
applications of COFs, Lotsch and co-workers pioneered the
study of COFs for photocatalytic hydrogen evolution under
visible-light irradiation by employing a newly designed
hydrazone-linked COF as the photocatalyst in the presence of
a co-catalyst and sacricial agent in 2014 (ref. 35) and this
work opened up new avenues for COFs to emerge as prom-
ising photocatalysts or designer platforms for diverse energy-
and environment-related applications. In Fig. 2, we provide
a brief chronology of the key achievements made in the eld
of COFs during the past years and we anticipate that the brief
timeline can guide the readers and give them a launching
point to this promising and rapidly growing eld of COFs and
their diverse potential applications.
far for the preparation of COFs.

J. Mater. Chem. A, 2020, 8, 6957–6983 | 6959
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Fig. 2 A brief chronology of the key achievements made in the field of COFs until now. Figures in the chronology were reproduced with
permission from ref. 2, 24, 25, 30, 34 and 36–40. Copyright 2005, 2007, 2017, 2018, American Association for the Advancement of Science.
Copyright 2008, JohnWiley and Sons. Copyright 2009, 2011, 2013, 2019, American Chemical Society. Copyright 2014, Nature Publishing Group.
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2.2.1 Fundamental principles of COF-based photocatalysts

Using solar-driven photocatalytic systems to produce valuable
energetic fuels for addressing the ever-growing global energy
shortage and environmental pollution is attracting massive
research attention and developing highly efficient and stable
photocatalysts is the essence and of decisive importance for this
promising technology. In principle, any photocatalytic reaction
involves a series of elementary photochemical processes,
including (i) light harvesting, (ii) generation and separation of
electron–hole pairs, (iii) migration of photoinduced electrons
and holes to the surface, and (iv) surface redox reactions
induced by the photogenerated charges, which must be inte-
grated into one molecular system, so that the system can absorb
photons to form excitons, the generated excitons can be split
into charges, and the charges can be transported to the catalytic
centers for the occurrence of the redox reactions. Therefore,
light harvesting and band gaps as well as photoexcited charge
separation and migration are the key factors affecting the
photocatalytic efficiency of a photocatalyst. In this context, an
efficient photocatalyst should possess the following features. (1)
Excellent photochemical stability. Long-term stability of pho-
tocatalysts under light irradiation and the corresponding
experimental conditions is the prerequisite for their practical
applications. (2) The photocatalyst must have a reasonable
band gap and appropriate energy levels of the conduction band
(CB) and valence band (VB). Taking photocatalytic water split-
ting as an example, the bottom level of the CB has to be more
negative than the redox potential of H+/H2 (0 eV vs. normal
hydrogen electrode (NHE), pH¼ 0), while the top level of the VB
should be more positive than the redox potential of O2/H2O
(1.23 eV). Therefore, the theoretical minimum band gap of
a photocatalyst for water splitting has to be 1.23 eV, corre-
sponding to a light wavelength of 1100 nm. (3) Superior charge
separation and migration of photogenerated carriers. A serious
drawback of the existing photocatalysts is their relatively low
6960 | J. Mater. Chem. A, 2020, 8, 6957–6983
photocatalytic efficiency because of the fast recombination of
the charge carriers. In general, a co-catalyst is commonly added
to carry out the proton reduction reaction and a sacricial
electron donor is added to provide the electron source, which
can regenerate the photosensitizer by undergoing irreversible
decomposition and present back electron transfer. Apart from
the aforementioned factors, the porosity, crystallinity, struc-
tural diversity and particle sizes of the photocatalysts have also
been proven to have great effects on the charge-carrier separa-
tion.1,41 In contrast to other amorphous photocatalysts, the
long-range order and p–p conjugated stacks of COFs can not
only facilitate rapid mass transport and the exposure of more
photoactive sites but can also broaden the light absorption
range and promote the transfer of photoexcited excitons, and
their optical and electronic properties can be readily tuned due
to their structural tunability and diversity; consequently, they
exhibit promising photocatalytic activities. In addition, COFs
can also serve as ideal platforms to composite with other pho-
toactive species to form heterostructures to further improve the
photocatalytic activities of the resulting materials. All these
features empower COFs as versatile platforms for task-oriented
design and synthesis of efficient photocatalysts.
3. Functional photocatalytic
applications
3.1. COFs for photocatalytic hydrogen evolution

Hydrogen, as a sustainable and renewable energy source, is
widely deemed as the best alternative to fossil fuels, and
achieving hydrogen production through photocatalytic water
splitting by using water and sunlight, two sustainable and
inexhaustible resources on this planet, is thought to be the
essence and of fundamental importance to address the world-
wide energy crisis and global warming issues. In recent years,
photocatalytic hydrogen evolution using COFs as the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Schematic representation of the synthesis of Nx-COF. (b) Photocatalytic H2 evolution during 8 h over the Nx-COF photocatalysts.
Adapted from ref. 42 with the permission of Nature Publishing Group, Copyright 2015.
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photocatalysts has received increasing research attention and
has emerged as a promising hotspot research eld.

In an early contribution, Lotsch and co-workers pioneered
the application of COFs for photocatalytic hydrogen evolution
under visible-light irradiation by the condensation of 2,5-dieth-
oxyterephthalohydrazide (DETH) and 1,3,5-tris(4-formylphenyl)
triazine (TFPT) to form a photoactive hydrazone-based COF
(TFPT-COF), which can produce H2 from water with a constant
hydrogen evolution rate (HER) of 1970 mmol g�1 h�1 in the
presence of platinum (Pt) nanoparticles and a sacricial agent of
triethanolamine (TEOA).35 Subsequently, the same group reported
a set of azine-linked COFs (Nx-COFs, x ¼ 0–3) with different
nitrogen numbers in the central aryl ring (Fig. 3a), which
exhibited varied crystallinity and porosity. With Pt as the co-
catalyst, a progressively enhanced amount of H2 was observed
with the increase of the nitrogen atoms in the building blocks and
Fig. 4 Schematic illustration of the synthesis of TP-EDDA-COF and TP-B
photocatalysts under visible-light irradiation. Reproduced from ref. 45 w

This journal is © The Royal Society of Chemistry 2020
the HER was 23, 90, 438 and 1703 mmol g�1 h�1 for N0-COF, N1-
COF, N2-COF and N3-COF, respectively (Fig. 3b). The enhanced
photocatalytic activities were likely derived from the increased
surface area and improved charge migration efficiency with more
nitrogen atoms in the frameworks.42 Similarly, they reported three
conjugated, photoactive azine-linked COFs based on pyrene
building units with different nitrogen atoms in the peripheral
aromatic units for photocatalytic hydrogen evolution and their
photocatalytic efficiency signicantly increased with decreasing
number of nitrogen atoms. The photoelectrochemical measure-
ments and quantum-chemical calculations suggested an increase
in the thermodynamic driving force with a decrease in the
number of nitrogen atoms to be the origin of the observed
differences in the HER.43 These studies strongly conrmed that
COFs can be structurally designed and serve as tunable platforms
for efficient photocatalytic hydrogen evolution.
DDA-COF and the photocatalytic hydrogen evolution with them as the
ith the permission of the American Chemical Society, Copyright 2018.

J. Mater. Chem. A, 2020, 8, 6957–6983 | 6961
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To better understand the effects of different functional
groups on the overall photocatalytic hydrogen evolution activi-
ties of COFs, Sun and co-workers synthesized four b-
ketoenamine-based COFs, namely TpPa-COF-X (X ¼ –(CH3)2,
–CH3, –H and –NO2). Under optimized conditions, TpPa-COF-
(CH3)2 exhibited an HER of 8.33 mmol g�1 h�1 without
a signicant decrease during 30 h, which is approximately 2.7-
fold, 5.3-fold and 38-fold higher than that of TpPa-COF-CH3

(3.07 mmol g�1 h�1), TpPa-COF-H (1.56 mmol g�1 h�1) and
TpPa-COF-NO2 (0.22 mmol g�1 h�1), respectively. These results
revealed that the stronger the electron-donating ability of the
functional groups, the better the charge separation efficiency,
thus resulting in better photocatalytic performance.44 Thomas
and co-workers constructed two highly crystalline and stable
acetylene (–C^C–) and diacetylene (–C^C–C^C–) functional-
ized b-ketoenamine COFs (TP-EDDA-COF and TP-BDDA-COF,
respectively), which were further used as photocatalysts for
hydrogen evolution in the presence of Pt as the co-catalyst
under visible-light irradiation (Fig. 4). The experimental
results showed that the diacetylene moieties had a profound
inuence on the photocatalytic performance of the COFs as the
photocatalytic activity of TP-BDDA-COF (324 mmol g�1 h�1) is
much higher than that of TP-EDDA-COF (only 30 mmol g�1 h�1)
under the same conditions.45

Very recently, Yu et al. reported a thioether-functionalized
TTR-COF for photocatalytic hydrogen evolution from seawater
Fig. 5 Overview of the structural features of FS-COF for efficient photoc
of Nature Publishing Group, Copyright 2018.

6962 | J. Mater. Chem. A, 2020, 8, 6957–6983
for the rst time. The specic affinity of thioether to Au ions
made the obtained COF material selectively adsorb Au ions,
which was thought to be benecial for separation andmigration
of the photoexcited electron–hole pairs. As a result, the TTR-
COF can selectively capture Au ions over other common tran-
sition metal ions and exhibited remarkable photocatalytic
activity and stability in seawater. This work highlights the great
potential of COFs for practical photocatalytic seawater split-
ting.46 In the literature, dibenzo[b,d]thiophene sulfone has been
recognized as one of the most promising building blocks and is
widely used for the preparation of conjugated polymers with
superior photocatalytic hydrogen evolution activities.47,48 To
study the crucial role of the sulfone units within COF structures,
Copper and co-workers synthesized two sulfone functionalized
crystalline COFs, termed as S-COF and FS-COF (Fig. 5). For
comparison, their related sulfone functionalized conjugated
polymers and a sulfone-free counterpart were also prepared.
Remarkably, with Pt as the co-catalyst and ascorbic acid as the
electron donor, S-COF and FS-COF exhibited anHER of 4.44 and
10.1 mmol g�1 h�1, respectively, which was much higher than
that of amorphous FS-P (1.12 mmol g�1 h�1) and sulfone-free
TP-COF (1.60 mmol g�1 h�1). The authors ascribed the excel-
lent photocatalytic activity of the COFs to the presence of ben-
zothiophene sulfone moieties. First, the increased planarity of
the building blocks can lower the optical band gaps of the COFs,
thus increasing their light absorption ability and excited-state
atalytic hydrogen evolution. Reprinted from ref. 50 with the permission

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematic representation of the preparation of NH2-UiO-66/TpPa-1-COF hybrid materials. Reprinted with the permission of ref. 57.
Copyright 2018, John Wiley and Sons.
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lifetime. Second, the crystallinity and surface areas of the
sulfone-functionalized COFs also increased, thereby improving
the pore accessibility to the substrate molecules and high-
lighting the importance of crystallinity in the photocatalysis
process. Third, the hydrophilicity or wettability due to the
presence of sulfone groups is of signicant importance for
improved photocatalytic activity of such photoactive COF
photocatalyst.49
Fig. 7 (a) Schematic illustration of the synthesis of olefin-linked COFs.
tostability test of the studied COFs under visible-light irradiation (l > 42
Chemical Society, Copyright 2019.

This journal is © The Royal Society of Chemistry 2020
The inherent porosity, crystallinity, chemical stability and
structural tunability in combination with the tailorable semi-
conducting properties of COFs make them promising platforms
to engineer efficient photoactive composites, therefore
improving their photocatalytic activities. In 2014, Banerjee et al.
employed TpPa-2-COF as a stable support matrix for anchoring
CdS nanoparticles to form a CdS-COF composite and studied its
photocatalytic properties towards hydrogen evolution. This
(b) Optical band gaps determined by the Tauc-plot method. (c) Pho-
0 nm). Reproduced from ref. 59 with the permission of the American

J. Mater. Chem. A, 2020, 8, 6957–6983 | 6963
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study demonstrated that effective assembly of organic and
inorganic materials within a single hybrid commonly resulted
in improved photocatalytic activity compared to that of each of
the constituents.51 Similarly, the Zhang group integrated TpPa-
1-COF with MoS2 to construct a MoS2/TpPa-1-COF hybrid for
boosting visible-light driven hydrogen evolution.52 Recently,
Zang and co-workers reported a novel Mo3S13@EB-COF
composite by encapsulating anionic [Mo3S13]

2� clusters in the
cationic EB-COF and the obtained composite exhibited
a remarkable HER of 13 125 mmol g�1 h�1 over 18 h under
visible-light irradiation.53 Graphitic carbon nitride (g-C3N4) has
emerged as one of the most promising photocatalysts for
visible-light driven hydrogen evolution.54,55 In this context, Yan
and co-workers for the rst time synthesized a COF-modied g-
C3N4 composite, termed as CN-COF, with imine linkage
between them. Impressively, the resulting CN-COF hybrid
showed a superior HER of 10.1 mmol g�1 h�1, which is mainly
attributed to the wide visible-light absorption and the efficient
separation and migration of the photogenerated electron–hole
pairs.56 Very recently, Lan et al. successfully prepared a new type
of MOF/COF composite by covalently anchoring different
amounts of NH2-UiO-66 onto the surface of TpPa-1-COF (Fig. 6).
Owing to the matching of band gaps between TpPa-1-COF and
NH2-UiO-66, the obtained hybrid material exhibited efficient
photocatalytic hydrogen evolution with a maximum HER of
Fig. 8 Structures of the N2-COF and the Co-catalysts and their photoca
Adapted with the permission of ref. 61. American Chemical Society, Cop

6964 | J. Mater. Chem. A, 2020, 8, 6957–6983
23.41 mmol g�1 h�1 and a TOF of 402.36 h�1, which was
approximately 20-fold higher than that of the parent TpPa-1-
COF, and outperformed all the reported MOF- and COF-based
photocatalysts.57

In the literature, most of the reported COF-based photo-
catalysts are based on imine-, hydrazone- or azine-linked COFs;
they are more or less not that stable for long-term photo-
catalysis in water and these linkages can only transmit partial p
conjugation between building units and knots and limit their
extension to full p conjugation. Very recently, Jiang et al. re-
ported a fully p conjugated 2D sp2 carbon COF for efficient
photocatalytic hydrogen production from water. Notably, the
resulting sp2c-COF was exceptionally stable upon treatment for
7 days in organic solvents, water, 12 M HCl and 14 M NaOH
aqueous solutions. The extended p conjugation not only
improved the light absorbance but also promoted the exciton
migration. As a result, the crystalline sp2c-COF exhibited
a steady HER of 1360 mmol g�1 h�1 without any decrease in
activity over 5 h under visible-light irradiation (l $ 420 nm),
while the amorphous sp2c-CMP only gave a HER of 140 mmol
g�1 h�1 under identical conditions.58 Similarly, two semi-
conducting triazine-based sp2c-COFs with unsubstituted olen
linkages were reported by the Zhang group (Fig. 7a). Their
optical band gaps were calculated to be 2.42 and 2.54 eV for g-
C18N3-COF and g-C33N3-COF, respectively (Fig. 7b). The
talytic hydrogen evolution performance under AM 1.5 light irradiation.
yright 2017.

This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/D0TA00556H


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

on
 8

/2
7/

20
22

 9
:1

5:
23

 P
M

. 
View Article Online
photocurrent and EIS measurements conrmed the better
performance of g-C18N3-COF than g-C33N3-COF; thus, g-C18N3-
COF is expected to exhibit better photocatalytic activity. The
average HER of g-C18N3-COF reached 292 mmol g�1 h�1, which
was nearly 4-fold that of g-C33N3-COF (74 mmol g�1 h�1) under
visible-light irradiation (Fig. 7c).59 The same group also reported
three other similar sp2c-COFs via condensation of arylmethyl
carbon atoms for photocatalytic hydrogen evolution, which
exhibited relatively better hydrogen production activities than
the above-mentioned COFs.60

Until now, most photocatalytic systems have incorporated
the expensive noble platinum nanoparticles as the co-catalyst
for hydrogen evolution, which seems to limit the development
of environmentally benign photocatalytic hydrogen evolution
systems. As such, the development of novel noble metal-free
photocatalysts is of fundamental importance for sustainable
Fig. 9 (a) Schematic representation of the preparation of CTF-BT/Th. (b a
dependent AQE of CTF-BT/Th-1 and (e) photostability test of CTF-BT/T
Copyright 2019.

This journal is © The Royal Society of Chemistry 2020
and economical photocatalysis. In 2017, Lotsch et al. for the
rst time reported a noble metal-free photocatalytic system
using azine-linked N2-COF as the photoabsorber and chlor-
o(pyridine)cobaloxime as the co-catalyst; a HER of 782 mmol
g�1 h�1 and a turnover number (TON) of 54.4 were obtained in
an acetonitrile/water mixture under AM 1.5 radiation
(Fig. 8).61 Subsequently, they employed a thiazolo[5,4-d]
thiazole-linked COF (TpDTz) as the photoabsorber and the
NiME cluster as the co-catalyst for sustained hydrogen
evolution. Notably, a maximum rate of 941 mmol g�1 h�1 and
a TONNi of 103 (70 h) were observed for the TpDTz-COF,
surpassing those of many previously reported benchmark
photocatalysts, and a specically designed continuous-ow
system for non-invasive monitoring of H2 production was
built to gather detailed insights into the reaction
mechanism.62
nd c) Photocatalytic performance of the studied CTFs. (d) Wavelength-
h-1. Adapted from ref. 71 with permission from John Wiley and Sons,

J. Mater. Chem. A, 2020, 8, 6957–6983 | 6965
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Along these lines, Sun and co-workers introduced Ni(OH)2
into the TpPa-2-COF to afford a noble metal-free photocatalytic
system for enhanced photocatalytic hydrogen evolution activity.
The optimized HER for Ni(OH)2-2.5%/TpPa-2-COF can reach up
to 1896 mmol g�1 h�1, 26.3 times higher than that of the pristine
TpPa-2-COF.63 To avoid the utilization of the precious Pt co-
catalyst, Zhao et al. employed a newly designed NUS-55 COF
as the platform to afford two cobalt-containing photocatalysts
by post-modication of NUS-55 with Co(NO3)2 and [Co-(bpy)3]
Cl2, respectively, which exhibited excellent photocatalytic
hydrogen production activities.64

As a subclass of COFs, CTFs normally feature extremely high
thermal and chemical stability as well as high nitrogen content,
which have shown attractive photocatalytic properties under
visible-light irradiation.18 In 2015, Wu et al. for the rst time
employed CTFs as the photocatalyst for hydrogen evolution
under visible-light irradiation. The studied CTF-T1 showed an
optical band gap of 2.94 eV and a relatively low HER of 200 mmol
g�1 h�1 in the presence of 3 wt% Pt as the co-catalyst.65 Since
then, numerous CTFs have been designed and studied for
application in photocatalytic hydrogen evolution.66–70 Hetero-
atom substitution on the backbones of CTFs is an effective
approach to engineer and tune their optoelectronic properties.
For example, Li and co-workers synthesized a set of molecular
heterostructures, namely CTF-BT/Th-x, via a sequential poly-
merization strategy (Fig. 9a).71 The resulting CTF materials
exhibited much higher charge-carrier separation efficiency
due to their staggered band gap alignment across the heter-
ojunction. As a result, a remarkable HER of 6.6 mmol g�1 h�1

was obtained for CTF-BT-Th-1 under visible-light irradiation,
which was 4- to 6-fold higher than those of single-component
CTF-BT and CTF-Th (Fig. 9b and c). Moreover, the apparent
quantum efficiency (AQE) of CTF-BT/Th-1 at 420 nm reached
up to 7.3%, which was claimed to be the highest among all
reported triazine-based photocatalysts (Fig. 9d). Besides its
excellent activity, CTF-BT/Th-1 also exhibited impressive
photostability (Fig. 9e). By tailoring the electron donors
through substituting the heteroatoms (e.g. O, S and N) in the
Fig. 10 (a) The schematic synthetic route of CTF-CS-1, where CS rep
hollow sphere morphology and HB is the hollow-bowl-like structure m
with the permission of John Wiley and Sons, Copyright 2019.

6966 | J. Mater. Chem. A, 2020, 8, 6957–6983
structure of CTFs, Tan et al. reported a series of CTFs and
systematically examined their photocatalytic hydrogen
evolution performance under visible-light irradiation. In line
with the electron-donating ability and trend of the band gaps,
the CTFs exhibited an enhanced HER from CTF-O (72 mmol
g�1 h�1) to CTF-N (538 mmol g�1 h�1) under identical condi-
tions.70 Apart from the introduction of heteroatoms into CTFs
via pre-designing various building blocks, heteroatom doping
is another efficient approach to boost the photocatalytic
performance of CTFs. Su et al. constructed a set of sulfur-
doped CTFs by annealing treatment of CTFs with sulfur. The
sulfur content in the framework was determined to be 0.5–
0.52 atom% and the CTFS10 mixed with 10 wt% sulfur
exhibited a maximum HER of 2000 mmol g�1 h�1, which is 5
times higher than that of the pristine CTF material.66 Simi-
larly, improved photocatalytic hydrogen production activity of
CTFs could also be achieved by doping phosphorus into CTF-1
because of the enhanced visible light absorption, increased
reducing ability of photoelectrons and more efficient charge-
carrier separation.67

Integration of electron-rich donor (D) and electron-decient
acceptor (A) building units in one specic structure is one of the
most prevailing approaches in the eld of polymers to improve
their solar energy conversion.18 Inspired by this approach, Jin
et al. reported a set of D–A1–A2 type CTFs, in which triazine
units (A1) and benzothiadiazole units (A2) serve as the acceptors
and the carbazole unit acts as the donor. Interestingly, the
photocatalytic hydrogen production activity of the CTFs can be
readily tuned by varying the ratio of acceptor building units. As
a result, a maximum HER of 19.3 mmol g�1 h�1 and an
apparent quantum yield (AQY) of 22.8% at 420 nm were ach-
ieved in ter-CTF-0.7.68

To overcome the poor crystallinity of CTFs, Tan and co-
workers constructed a set of crystalline CTFs (CTF-HUST-1 to
CTF-HUST-4) via the low temperature condensation of alde-
hydes and amidines, which were further exploited as the pho-
tocatalysts for efficient hydrogen evolution. Compared with the
CTFs prepared under conventional ionothermal conditions, the
resents the NH2-f-SiO2@CTF-HUST-1 core–shell structure, HS is the
orphology. (b) HER of the studied hollow CTFs. Reprinted from ref. 72

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the representative COFs for photocatalytic hydrogen evolution under visible-light irradiation

COFs Band gap (eV) Co-catalyst Sacricial agent HER (mmol g�1 h�1) AQY (%) Ref.

g-C40N3-COF 2.36 Pt Na2S 4 — 60
g-C40N3-COF 2.36 Pt TEA 12 — 60
g-C40N3-COF 2.36 Pt Na2SO3 14 — 60
N0-COF 2.6–2.7 Pt TEOA 23 0.0017 (500 nm)c 42
TpPa-2-COF 2.52 Pt Lactic acid 28 — 51
g-C40N3-COF 2.36 Pt EtOH 56 — 60
TpPa-2 2.07 Pt Sodium ascorbate 72.09 — 63
BE-COF 2.12 Pt Ascorbic acid 76.0 — 73
PTP-COF 2.1 Pt TEOA 83.83 — 74
N1-COF 2.6–2.7 Pt TEOA 90 0.077 (450 nm)c 42
N1-COF — Co-1 TEOA 100 — 61
CTP-1 2.96 Pt TEOA 120 — 75
sp2c-CMP 1.96 Pt TEOA 140 — 58
TTR-COF 2.71 Au TEOA 141 — 46
TTB-COF 2.8 Au TEOA 145.25 — 46
N3-COF — Co-1 TEOA 163 — 61
OB-POP-1 2.21 Pt TEOA 168 — 76
CTF-1 2.23 Pt TEOA 168 — 77
B-CTF-1 2.14 Pt TEOA 179 — 77
TpPa-COF-NO2 1.92 Pt Sodium ascorbate 220 — 44
COF-42 — Co-1 TEOA 233 — 61
TP-BDDA 2.31 Pt TEOA 324 � 10 1.8 (520 nm)d 45
CTF-15 2.58 Pt TEA 352 15.9 (420 nm)e 78
TBC-COF — Pt TEOA 360 0.87 (420 nm)d 77
N2-COF — Co-2b TEOA 414 — 61
N2-COF 2.6–2.7 Pt TEOA 438 0.19 (450 nm)c 42
CTP300 2.36 Pt TEOA 500 2.4 (405 nm) 75
N2-COF — Co-1a TEOA 782 0.16d 61
OB-POP-2 2.28 Pt TEOA 940 — 76
TpDTz COF 2.07 NiME TEOA 941 0.2 (400 nm)d 62
CTF-1-10 min 2.26 Pt TEOA 1072 9.2 (450 nm)d 79
CTF-Th 2.38 Pt TEOA 1100 — 71
OB-POP-4 2.37 Pt TEOA 1114 — 76
TpPa-1-COF 2.02 Pt Sodium ascorbate 1223 — 57
OB-POP-3 2.14 Pt TEOA 1322 2.0 (420 nm) 76
sp2c-COF 1.9 Pt TEOA 1360 — 58
CTF-O 2.67 Pt TEOA 1440 2.10 (420 nm) 70
CTF-HUST-1 2.03 Pt TEOA 1540 — 72
TpPa-COF 2.09 Pt Sodium ascorbate 1560 — 44
TP-COF 2.28 Pt Ascorbic acid 1600 (�80) — 49
N3-COF 2.6–2.7 Pt TEOA 1703 0.44 (450 nm)c 42
CTF-BT 2.51 Pt TEOA 1800 — 71
Ni(OH)2–2.5%/TpPa-2 — Ni(OH)2 Sodium ascorbate 1895.99 — 63
TFPT-COF 2.8 Pt TEOA 1970 2.2 (400 nm)f 35
CTFS10 1.87 Pt TEOA 2000 — 66
sp2c-COFERDN 1.85 Pt TEOA 2120 0.48 (495 nm) 58
g-C40N3-COF 2.36 Pt TEOA 2596 4.84(�0.27) (420 nm) 60
TpPa-COF-CH3 2.10 Pt Sodium ascorbate 3070 — 44
CdS-COF(90 : 10) — Pt Lactic acid 3678 4.2 (420 nm) 51
S-COF 2.10 Pt Ascorbic acid 4440 (�140) — 49
CTF-S 2.47 Pt TEOA 5320 4.11 (420 nm) 70
TpPa-1 2.11 Pt Ascorbic acid 5479 — 52
MoS2-3%/TpPa-1-COF 2.14 MoS2 Ascorbic acid 5585 0.76 (420 nm)d 52
CTF-HS0.75–1 2.70 Pt TEOA 6040 4.2 (420 nm) 72
CTF-BT/Th-1 2.51 Pt TEOA 6606 7.3(420 nm)d 71
CTF-HS0.75–2 — Pt TEOA 7100 6.8 (420 nm) 72
TpPa-COF-(CH3)2 2.06 Pt Sodium ascorbate 8330 — 44
TP-COF 1.97 PVP-Pt Ascorbic acid 8420 0.4 (475 nm)d 73
CTF-CBZ 2.17 Pt TEOA 9920 4.07 (420 nm) 68
CN-COF 2.09 Pt TEOA 10 100 20.7 (425 nm)d 56
Pd0/TpPa-1-EosinY — — TEOA 10 400 — 80
CTF-N 2.17 Pt TEOA 10 760 4.07 (420 nm) 70
20%CdS-CTF-1 — Pt Lactic acid 11 430 16.3 (420 nm) 81

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 6957–6983 | 6967
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Table 1 (Contd. )

COFs Band gap (eV) Co-catalyst Sacricial agent HER (mmol g�1 h�1) AQY (%) Ref.

CdS NPs/3%CTF-1 2.36 Pt Lactic acid 12 150 — 82
Mo3S13@EB-COF — Ru(bpy)3Cl2 Ascorbic acid 13 215 4.49 (475 nm)d 53
ter-CTF-0.7 2.11 Pt TEOA 19 320 22.8 (420 nm) 68
NH2-UiO-66/TpPa-1-COF(4 : 6) 2.10 Pt Sodium ascorbate 23 413 — 57
FS-COF 1.85 Pt Ascorbic acid 10 100 (�300) 3.2 (600 nm)e 49
FS-COF + WS5F — Pt Ascorbic acid 16 300 (�290) 2.2 (600 nm)e 49

a Co-1: [Co(dmgH)2pyCl].
b Co-2: [Co(dmgBF2)2(OH2)2]

c PE: photonic efficiency. d AQE: apparent quantum efficiency. e EQE: external quantum
efficiency. f QE: quantum efficiency; TEOA: triethanolamine; TEA: triethylamine.
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CTF-HUSTs exhibited much higher HERs, and CTF-HUST-2
showed a maximum HER of 2647 mmol g�1 h�1 under visible-
light irradiation (l > 420 nm) in the presence of a sacricial
agent and Pt co-catalyst.32 Similarly, in one recent contribution,
they synthesized a new type of hollow-structured CTF by the
aforementioned polycondensation reaction via a template
approach (Fig. 10a). Interestingly, the morphology of the CTFs
can be tuned from a sphere to a bowl with the decrease of the
shell thicknesses, andmore importantly, the HER of the hollow-
structured CTF (CTF-HS0.75-1) can reach 6040 mmol g�1 h�1,
which was 4-fold that of the bulk CTF-HUST-1 (1540 mmol g�1

h�1) under the same conditions (Fig. 10b).72 Recently, the same
group developed another strategy to construct crystalline CTFs
by in situ controlled oxidation of alcohols to aldehyde mono-
mers.32 The decreased nucleation rate and generated lower
nuclei concentration were thought to be the key factors
affecting the crystallization process. Among all the obtained
crystalline CTFs, CTF-HUST-C1 exhibited the highest HER of
5100 mmol g�1 h�1 under visible-light irradiation in the pres-
ence of 3 wt% Pt and 10% TEOA solution, which was much
higher than that previously reported for CTF-HUST-1 (1460
mmol g�1 h�1) and other amorphous CTFs.

To provide a better understanding and direct comparison of
the photocatalytic hydrogen evolution activities of the previ-
ously reported COF-based photocatalysts, a detailed overview
and summary of the representative photoactive COFs for pho-
tocatalytic hydrogen production under visible-light irradiation
are listed in Table 1.
3.2. COFs for photocatalytic CO2 reduction

Photocatalytic reduction of CO2 into hydrocarbon fuels is
a challenging yet promising approach for achieving a more
sustainable alternative to conventional fossil fuels. Generally,
the concept of photocatalytic reduction of CO2 dates back to
the 1970s, when Honda and co-workers rstly reported the
photocatalytic reduction of CO2 on various photosensitive
semiconductor powders.9 Since then tremendous efforts have
been directed towards photocatalytic CO2 reduction into
valuable chemicals and solar fuels using diverse inorganic and
organic photocatalysts.2,3,83–86 COFs represent a class of
advanced crystalline porous materials with structural
tunability and diversity as well as high physiochemical
6968 | J. Mater. Chem. A, 2020, 8, 6957–6983
stability, and some COFs with intriguing semiconducting
properties and charge separation capabilities have been re-
ported and developed for articial photocatalysis. However,
research on photocatalytic CO2 reduction over COFs is still in
its infancy.

In 2016, J.-O. Baeg et al. synthesized a triazine-based covalent
organic framework (2D-CTF) lm and evaluated its photo-
catalytic CO2 reduction activity to form formic acid for the rst
time. The formic acid formation rate for the photocatalyst
reached 881.3 mmol g�1 h�1, making it a benchmark example of
COFs for photocatalytic CO2 reduction at that time.87 Subse-
quently, Zhu and co-workers reported two azine-linked 2D COFs
(ACOF-1 and N3-COF), which were further applied as photo-
catalysts for photocatalytic reduction of CO2 to methanol in the
presence of H2O under visible-light irradiation without any
sacricial agents (Fig. 11a). The amount of methanol formed
over N3-COF was 13.7 mmol g�1 in 24 h, higher than that of
ACOF-1 (8.6 mmol g�1) and g-C3N4 (4.8 mmol g�1) (Fig. 11b). The
density functional theory (DFT) calculation results conrmed
that the electronic distribution of the HOMO and LUMO of N3-
COF was well separated, which was favorable for intramolecular
charge transfer. Although the photocatalytic performance of the
studied COFs was relatively poor, this study highlights the great
potential and possibility of COFs as photocatalysts for photo-
catalytic CO2 reduction.88

Homogeneous photocatalysts based on rhenium bipyridine
(bpy) complexes have been extensively studied as molecular
photocatalysts for various photocatalytic reactions and these
types of photocatalysts oen exhibited remarkable photo-
catalytic activities.89,90 However, it is difficult to recover and
reuse them for multiple cycles. In contrast, molecular active
sites anchored on porous materials as heterogeneous catalysts
can overcome this drawback and are expected to achieve better
photocatalytic performance.85,91 Cao and coworkers employed
a pyridine-based CTF material as a platform to anchor the
Re(CO)3Cl complex, which was further evaluated as a photo-
catalyst for photocatalytic reduction of CO2 to CO. The ob-
tained Re-CTF-py photocatalyst exhibited the highest CO
evolution rate of 353 mmol g�1 h�1 with a TON of 4.8 over 10 h
under full light irradiation; this work highlighted the great
potential of CTF materials as high-performance platforms to
anchor single active sites for heterogeneous photocatalysis
and explored the possibility and development of COFs for
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 (a) Schematic illustration for the photocatalytic reduction of CO2 to CH3OH over azine-based COFs. (b) Comparison of the amount of
CH3OH produced using ACOF-1, N3-COF and g-C3N4 as the photocatalysts. Adapted with permission from ref. 88. Copyright 2018, Elsevier B.V.
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photocatalytic CO2 reduction.92 Similarly, in 2018, Huang and
coworkers reported an effective photocatalyst with a newly
designed photoactive triazine-based COF as the photosensi-
tizer and incorporated Re(bpy)(CO)3Cl as a CO2 reduction
molecular catalyst for visible light-driven CO2 reduction
(Fig. 12a–d). Under optimized conditions, the resulting Re-
COF can steadily produce �15 mmol CO br per g of Re-COF
for 20 h aer a 15 min induction period in acetonitrile solu-
tion with triethanolamine (TEOA) as a sacricial reducing
Fig. 12 (a) Synthesis of COF and Re-COF. (b) Side view and (c) unit cell of
(e) Amount of CO produced as a function of time. Adapted with the per

This journal is © The Royal Society of Chemistry 2020
agent, accounting for a TON of 48 and 22-fold better activity
than its homogeneous counterpart (Fig. 12e), which was
mainly attributed to the efficient electron transfer from COFs
to Re(bpy)(CO)3Cl and inhibited or retarded charge recombi-
nation in the Re-COF.93 Along these lines, Cooper and co-
workers recently anchored the Re(bpy)(CO)3Cl complex into
a newly designed Bpy-sp2c-COF to afford an efficient photo-
catalyst of Re-Bpy-sp2c-COF with superior chemical stability,
broad light absorption and strong CO2 binding affinity, thus
AA stacked COF. (d) Proposed catalytic mechanism for CO2 reduction.
mission of ref. 93. Copyright 2018, American Chemical Society.
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resulting in a maximum CO production rate of 1040 mmol g�1

h�1 with 81% selectivity over H2 and its performance can even
be enhanced to 1400 mmol g�1 h�1 of CO production with
a CO/H2 selectivity of 86% aer dye-sensitization.94 Recently,
another rhenium-functionalized COF (Re-TpBpy) was devel-
oped to act as a recyclable photocatalyst for photocatalytic
reduction of CO2 to CO and the resulting Re-TpBpy exhibited
twofold higher activity than the homogeneous complex under
identical conditions. The minor deactivation of the Re-TpBpy
over multiple tests was attributed to many factors, such as
a leaching or poisoning of some Re active sites by the
byproduct of the electron donor oxidation during the
reaction.95

To achieve better photocatalytic performance towards CO2

reduction, Jiang et al. recently synthesized a set of ultrathin
(<2.1 nm) imine-linked COF nanosheets via a general bottom-
up approach (Fig. 13a). Scanning tunneling microscopy (STM)
clearly visualized the pore channels and the corresponding
building blocks of the COF nanosheets (Fig. 13b). More
importantly, the resulting COF-367-Co nanosheets exhibited
impressive photocatalytic CO2 to CO reduction activity with
a maximum CO production rate of 10 162 mmol g�1 h�1 and
a high CO selectivity of 78% over H2 under visible-light irradi-
ation (Fig. 13c). In contrast, a low CO production rate of 124
mmol g�1 h�1 and CO/H2 selectivity of 13% were obtained by the
bulk COF-367-Co under identical conditions.96

In recent years, other earth-abundant transition metal
complexes with tunable activities and redox valences, including
Fig. 13 (a) Schematic representation of the synthesis of COF-367 nanos
reduction with time over COF-367-Co nanosheets under visible-light irra
Society, Copyright 2019.

6970 | J. Mater. Chem. A, 2020, 8, 6957–6983
molecular cobalt and nickel complexes, have been widely
studied for photocatalytic reduction of CO2 in homogeneous
systems.97 Zou and co-workers designed a synergistic photo-
catalyst for selective photocatalytic reduction of CO2 to CO by
using a pyridine-based COF bearing single Ni sites (Ni-TpBpy),
in which electrons transferred from the photosensitizer to Ni
sites for CO evolution under visible-light irradiation (Fig. 14a).
Remarkably, the obtained Ni-TpBpy photocatalyst exhibited an
excellent activity of 4057 mmol g�1 for CO production in a 5 h
reaction with a 96% CO selectivity over H2 and superior pho-
tostability over 3 cycles (Fig. 14b–e). Theoretical calculations
explicitly elucidated that single Ni sites in TpBpy undoubtedly
served as the photocatalytically active sites, where CO2 mole-
cules were coordinated, activated, and reduced, and TpBpy not
only served as a host for CO2 molecules and single Ni sites but
also inhibited the competitive H2 evolution (Fig. 14f). Moreover,
a possible reaction mechanism for the photocatalytic CO2

reduction over Ni-TpBpy is proposed (Fig. 14g)98 and this work
highlights the great potential of COFs for photocatalytic appli-
cations through delicate design of their coordination environ-
ments around the catalytically active sites.

Similarly, Wu et al. reported a set of cobalt modied CTFs
(Co/CTF-1) with different amounts of cobalt species prepared by
a simple impregnation approach. Impressively, the obtained
Co/CTF-1 exhibited 44-fold enhancement of its photocatalytic
CO production rate over the pristine CTF-1; the CTF not only
acted as a host for active Co species, but also bridged the
photosensitizer with the active sites for efficient electron/hole
heets. (b) STM image of COF-367 nanosheets. (c) Photocatalytic CO2

diation. Reproduced with the permission of ref. 96. American Chemical

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (a) Schematic illustration of the photocatalytic CO2 reduction over Ni-TpBpy. (b) Photocatalytic CO and H2 evolution by Ni-TpBpy under
1 and 0.1 bar (diluted with argon, inset). (c) The study of different reaction conditions in a 2 h reaction. (d) Different metal ions anchored in TpBpy
for CO2 reduction in a 2 h reaction. (e) Photostability tests of Ni-TpBpy. (f) DFT-calculated relative Gibbs free energy (DG, kcal mol�1) profiles with
and without the optimized building block of TpBpy. (g) Proposed reaction mechanism for the photocatalytic conversion of CO2 into CO on Ni-
TpBpy. Reproduced with the permission of ref. 98. Copyright 2019, American Chemical Society.
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pair transfer.99 Recently, Lan and co-workers reported a series of
transition metal ion modied COFs (DQTP COF-M, M ¼ Co, Ni,
Zn) for photocatalytic CO2 reduction. Experimental results
Fig. 15 Proposed mechanism of the photocatalytic CO2 reduction over
B.V.

This journal is © The Royal Society of Chemistry 2020
revealed that different transition metal species on COFs had
great effects on their activity and selectivity of CO2 reduction.
Among all the obtained materials, DQTP COF-Co and DQTP
DQTP COF-M. Reprinted with permission.100 Copyright 2019, Elsevier
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COF-Zn exhibited the best CO and formic acid evolution rate of
1020 mmol g�1 h�1 and 152.5 mmol g�1 h�1, respectively.
Meanwhile, a “two-pathway”mechanism for photocatalytic CO2

reduction over the studied COFs was proposed; selective
evolution of CO or formic acid mainly depended on the envi-
ronment of the metal ions: an electron-rich coordination envi-
ronment tended to weaken and break the C–O bond in the
metal –COOH intermediate to form CO, while an electron-
decient coordination environment could enhance the C–O
bond force to form HCOOH (Fig. 15).100

Subsequently, the same group designed a set of porphyrin–
tetrathiafulvalene-based COFs (TTCOF-M, M ¼ 2H, Zn, Ni, Cu)
for photocatalytic reduction of CO2 in the presence of H2O
without additional photosensitizers, sacricial agents and
noble metal co-catalysts. The semiconducting properties of all
the studied TTCOFs were determined by UV-Vis measurements
and TTCOF-Zn gave an optical band gap of 1.49 eV (Fig. 16a).
The detailed HOMO–LUMO energy alignments are shown in
Fig. 16b. Among all the resulting TTCOFs, TTCOF-Zn exhibited
the highest CO production rate of 2.06 mmol g�1 h�1 with
Fig. 16 (a) Solid-state UV/Vis spectra of TTCOF-M. (b) Band structure dia
proposed mechanism of TTCOF-M for photocatalytic CO2 reduction wit
the PET route under light irradiation. Reprinted with the permission of re

6972 | J. Mater. Chem. A, 2020, 8, 6957–6983
approximately 100% selectivity and superior recyclability. The
proposed mechanism is as follows: photoinduced electron
transfer (PET) occurs from the electron-rich TTF moiety (HOMO
center) to the electron-decient TAPP moiety (LUMO center)
aer absorption of photons under visible light irradiation; then,
the excited electrons move to the catalytically active sites (Zn or
Cu in TAPP) and are used for photocatalytic CO2 reduction.
Meanwhile, the photogenerated holes in TTF are able to oxidize
H2O to O2 to make sure that the catalytic system gains electrons
from H2O to balance the charge (Fig. 16c and d).101

Although the study of COFs for photocatalytic CO2 reduction
in the literature is still in its infancy (Table 2), it has shown great
promise and we can expect that there will be more and more
research focusing on the development of more efficient and
promising COF-based photocatalysts for the utilization of CO2.
3.3. COFs for photoredox reactions

In the eld of homogeneous catalysis, numerous transition
metal complexes and organic dyes have been used as efficient
gram for TTCOF-M and COF-366-Zn. (c) Schematic illustration of the
h H2O. (d) Theoretical UV-Vis simulation of TTCOF-Zn and scheme of
f. 101. Copyright 2019, John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 (a) Schematic illustration of the photocatalytic oxidative
hydroxylation of arylboronic acids to phenols. (b) Proposed mecha-
nism for the photocatalytic oxidative hydroxylation of arylboronic
acids to phenols with LZU-190 as the photocatalyst. Reprinted from
ref. 105 with the permission of the American Chemical Society,
Copyright 2018.

Table 2 Summary of the performance of some representative COFs for photocatalytic CO2 reduction

COFs
Band gaps
(eV) Light source Products Ref.

2D-CTF lm 2.05 450 W Xe lamp (l > 420 nm) 881.3 mmol g�1 h�1 of HCOOH 87
ACOF-1 2.69 500 W Xe lamp (420 nm < l < 800 nm) 8.6 mmol g�1 of CH3OH in 24 h 88
N3-COF 2.57 500 W Xe lamp (420 nm < l < 800 nm) 13.7 mmol g�1 of CH3OH in 24 h 88
Re-CTF-py — 300 W Xe lamp (200 nm < l < 1100 nm) 353.05 mmol g�1 h�1 of CO within 10 h 92
CTF-py — 300 W Xe lamp (200 nm < l < 1100 nm) 13.4 mmol g�1 h�1 of CO within 10 h 92
Re-COF — 225 W Xe lamp (l > 420 nm) 15 mmol g�1 of CO with 98% selectivity for 20 h 93
Re-Bpy-sp2c-COF — 300 W Xe lamp (l > 420 nm) 1040 mmol g�1 h�1 of CO with 81% selectivity 94
Re-Bpy-sp2c-COF-dye — 300 W Xe lamp (l > 420 nm) 1400 mmol g�1 h�1 of CO with 86% selectivity 94
Re-TpBpy — 200 W Xe lamp (l > 390 nm) �3.2 mmol g�1 h�1 of CO in 12 h for the 1st run 95
COF-367-CoNSs — 300 W Xe lamp (l > 420 nm) 10.162 mmol g�1 h�1 of CO with 78% selectivity 96
Ni-TpBpy 2.03 300 W Xe lamp (l > 420 nm) 4057 mmol g�1 of CO with 96% selectivity in 5 h 98
Co/CTFs — 300 W Xe lamp (l > 420 nm) 50 mmol g�1 h�1 of CO in 4 h 99
DQTP COF-Co 1.55 300 W Xe lamp (l > 420 nm) 1020 mmol g�1 h�1 of CO 100
DQTP COF-Zn 1.61 300 W Xe lamp (l > 420 nm) 152.5 mmol g�1 h�1 of HCOOH with 90% selectivity 100
TTCOF-Zn 1.49 300 W Xe lamp (l > 420 nm) 12.33 mmol of CO with 100% selectivity 101
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photocatalysts for various photoredox reactions; however, their
homogeneous nature and the associated limitations, such as
recovery difficulty, high cost and poor recyclability, signicantly
limit their large-scale and widespread applications. Owing to
the tunable optoelectronic properties and high crystallinity and
stability, COFs have been effectively employed as promising
photocatalysts or designer platforms for various photocatalytic
organic transformation reactions in recent years.

Aromatic aldehydes are indispensable compounds and play
an important role in the chemical and medical industries.
Among all the methods, photocatalytic oxidation of alcohols to
aldehydes with various photocatalysts is regarded as an envi-
ronmentally benign technique and has received great attention
in recent years. Wang et al. constructed a range of NH2-MIL-
125@TAPB-PDA-COF hybrid materials with different thick-
nesses of COF shells via a facile seed growth approach, which
were further employed as photocatalysts for the photocatalytic
oxidation of benzyl alcohol. Especially, the composite with
a COF shell thickness of around 20 nm exhibited a benzalde-
hyde yield of 94.7%, which was 2.5-fold and 15.5-fold that of the
pristine NH2-MIL-125 and TAPB-PDA-COF and this composite
also exhibited excellent activity and stability towards various
substituted alcohols. The superior photocatalytic performance
of the hybrid was mainly attributed to the enhanced light
absorption ability and separation and migration of the photo-
excited electron–hole pairs between the MOF and COF inter-
faces.102 Along these lines, the same group reported another
type of core–shell hybrid photocatalyst by encapsulation of TiO2

nanobelts into an imine-linked PAPB-PDA-COF for photo-
catalytic oxidation of aromatic alcohols. Impressively, the
composite gave a maximum benzyl alcohol conversion of
92.5%, which was much higher than that of TiO2 (9.2%) and
PAPB-PDA-COF (7.2%) under identical conditions.103

Phenols, as important intermediates for the preparation of
polymers and pharmaceutical medicines, can be facilely
synthesized through oxidative hydroxylation of arylboronic
acids.104 The Wang group developed a “killing two birds with
one stone” strategy to obtain three ultrastable benzoxazole-
This journal is © The Royal Society of Chemistry 2020
linked COFs, which were used as metal-free photocatalysts for
photocatalytic oxidative hydroxylation of arylboronic acids to
phenols (Fig. 17a). The transformation of 4-carboxyphenylbor-
onic acid to 4-hydroxybenzoic acid was initially selected as the
model reaction. Impressively, LZU-190 exhibited superior and
unchanged activity (99% yield) even aer 20 cycles with iPr2Net
as the sacricial agent in air. More importantly, the universality
of LZU-190 as an efficient photocatalyst was further conrmed
by photocatalytic reactions of a set of arylboronic acids bearing
different electron-withdrawing or electron-rich substituents.
J. Mater. Chem. A, 2020, 8, 6957–6983 | 6973
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The proposed mechanism for this reaction is the generation of
excited LZU-190* via visible-light irradiation, and then super-
oxide radical anions (O2c

�) were formed via single electron
transfer (SET) from LZU-190* to O2, which further added to the
arylboronic acids to generate intermediate A and intermediate A
further extracted a hydrogen atom from the electron donor to
form intermediate B. Then, intermediate B was rearranged with
the loss of –OH� to give C and intermediate C was subsequently
hydrolyzed to afford the phenols (Fig. 17b).105 Recently, Chen
and co-workers studied the same reaction by employing an
ultrastable imine-based BBO-COF as the photocatalyst, which
was synthesized by self-polycondensation of an A2B2 building
block and exhibited excellent photoactivity and recyclability
towards a wide range of substrates.106

Another important oxidation reaction is the oxidation of
suldes to sulfoxides, which are key intermediates in the
pharmaceutical and agrochemical industries.4,104 Wang et al.
designed and synthesized two porphyrinic COFs, named 2D-
PdPor-COF and 3D-PdPor-COF, respectively (Fig. 18a). To
study the inuence of dimensionality on COF functionality, they
investigated the photocatalytic activities of both COFs towards
oxidation of thioanisole to methyl phenyl sulfoxide. Interest-
ingly, a yield of 98% in 0.4 h was obtained for 3D-PdPor-COF,
while the yield was only 48% under identical conditions for
2D-PdPor-COF. More importantly, the 3D-PdPor-COF exhibited
certain size-selective photocatalysis towards different substrates
with diverse substituents and sizes (Fig. 18b).107

Cabrera and co-workers employed a set of imine-linked COFs
with different morphologies as the photocatalysts for photo-
catalytic sulfoxidation reactions. The crystalline laminar mate-
rial, namely COF-1b, displayed signicantly high yields of
Fig. 18 (a) Schematic diagramof the synthesis of the porphyrinic COFs. (b
sulfoxides. Adapted from ref. 107 with the permission of John Wiley and

6974 | J. Mater. Chem. A, 2020, 8, 6957–6983
sulfoxide for a large variety of substrates under visible light
irradiation with ethanol/water as the solvent and the photo-
catalyst can be reused for at least 9 cycles without a signicant
decrease of its activity.108

Besides photooxidation reactions, photocatalytic reductive
reactions are also of great importance in the eld of organic
synthesis. Liu et al. reported a newly designed D–A type imine-
linked photoactive COF (COF-JLU22) for reductive dehalogena-
tion of phenacyl bromide derivatives under visible-light irradi-
ation (Fig. 19a). The integration of electron donor and acceptor
units in the p-conjugated layers leads to the superior light
absorption ability and sensitive photoelectric response char-
acter of the COF-JLU22 material. As a result, COF-JLU22
exhibited remarkable photoreductive dehalogenation activity
of up to 99% yield towards various derivatives of phenacyl
bromide with different electron-decient and electron-rich
substituents and it can be efficiently reused for at least 5
cycles with negligible loss of its photocatalytic activity (Fig. 19b).
Based on the experimental results, a plausible mechanism for
this reaction was proposed by the authors (Fig. 19c).109

Previous studies have revealed the superior properties of
core–shell structures for various applications.110 Motivated by
the advantages of core–shell hybrids, Zhang et al. reported
a hollow nanoporous CTF material via a tri-
uoromethanesulfonic acid vapor-assisted method with SiO2

nanoparticles as the template for photocatalytic reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP). Interestingly, the
reduction of 4-NP was completed in 50 min with an average TOF
of 0.18 h�1 for hollow CTF-BT, while the conversion is only 46%
with a TOF of 0.08 h�1 for the bulk CTF-BT, indicating the
importance of the hollow structure.111 Similarly, a palladium
) Substrate scope of the photocatalytic selective oxidation of sulfides to
Sons, Copyright 2019.

This journal is © The Royal Society of Chemistry 2020
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Fig. 19 (a) Schematic illustration of the synthesis of COF-JLU22. (b) Photostability test of the photoreductive dehalogenation of phenacyl
bromide by COF-JLU22. (c) Proposed mechanism for the photoreductive reaction. Adapted from ref. 109 with the permission of Elsevier B.V.,
Copyright 2019.
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(Pd) doped MOF@COF hybrid in the form of Pd/TiATA@LZU-1
was reported and tested for photocatalytic hydrogenation of
various kinds of olens, in which Pd nanoparticles were the
active centers, the MOF core acted as the electron donor and the
COF shell served as a mediator for electron transfer. Compared
with the pristine TiATA, Pd/TiATA or TiATA@LZU-1, the Pd/
TiATA@LZU-1 core–shell composite exhibited much better
photocatalytic activity (99% conversion and selectivity of styrene
in 15 min).112

Coupling reactions are another important branch of the eld
of organic synthesis. Liu and co-workers employed a newly
designed D–A type imine-linked COF (COF-JLU5) as the photo-
catalyst for efficient aerobic cross-dehydrogenative coupling
(CDC) reaction of N-aryltetrahydroisoquinolines (Fig. 20a). The
high porosity, crystallinity, superior stability, and columnar p-
arrays as well as excellent photoredox properties of COF-JLU5
endowed it with excellent photocatalytic activity and recycla-
bility towards a variety of substrates with different substituted
groups (Fig. 20b), and a possible reaction mechanism for the
aerobic photocatalytic C–H functionalization under visible-light
irradiation is shown in Fig. 20c. More interestingly, C–P bonds
can also be formed with phosphonates as the nucleophilic
reagents and COF-JLU5 as the photocatalyst.113

Recently, Wu et al. studied the same reaction by employing
a hydrozone-linked TFB-COF as the photocatalyst and the
experimental results revealed that the position and electron-
decient/rich properties of the substituent groups have great
effects on the photocatalytic activity of the COF catalyst.114
This journal is © The Royal Society of Chemistry 2020
Selective oxidative coupling of amines to imines is of
fundamental importance for the synthesis of biologically and
pharmaceutically active products.115,116 Very recently, the Wu
group reported a highly hydrophilic hydrazone-based TFPT-
BMTH-COF by incorporating 2-methoxyethoxy groups into the
channel walls of the COF material, which was further evaluated
for photooxidative coupling of benzyl amine derivatives at room
temperature under an air atmosphere. The experimental results
indicated that the derivatives with electron-withdrawing groups
generally showed low conversion due to the strong electron-
decient effect of the substituents by destabilizing cationic
radical intermediates, which was the key species to proceed the
photocatalytic reactions.117

The importance and practicality of asymmetric reactions as
effective tools to obtain enantiomerically pure compounds has
been fully acknowledged by scientists in the chemical, phar-
maceutical, medicinal and agricultural industries.118 Very
recently, Cui and co-workers prepared two twofold inter-
penetrated 3D COFs with the ffc topology and for the rst time
explored their photocatalytic activity for asymmetric a-alkyl-
ation of aldehydes with a MacMillan imidazolidinone as the
chiral catalyst. Impressively, the obtained COFs exhibited
signicantly high yields up to 94% enantiomeric excess,
comparable to many molecular metal complexes and organic
dyes as the photosensitizers. Interestingly, the COF photo-
catalysts lost their crystallinity aer catalysis and they could be
readily recrystallized via a solvent-assisted building unit
exchange and reused with negligible loss of their photocatalytic
J. Mater. Chem. A, 2020, 8, 6957–6983 | 6975
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Fig. 20 (a) Schematic illustration of the synthesis of COF-JLU5. (b) Photocatalytic aerobic CDC of N-aryltetrahydroisoquinolines with a wide
variety of nucleophiles. (c) Proposed mechanism for the aerobic photocatalytic C-H functionalization reaction. Reproduced with the permission
of ref. 113. Copyright 2017, Royal Society of Chemistry.
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activity. This study paved the way of COFs for future possible
photoredox asymmetric catalysis.119

Besides the abovementioned crucial reactions in photoredox
organic transformations, several other reactions, such as the
arylation and alkylation of quinoxalin-2(1H)-ones with hydra-
zines,120,121 polymerization of methyl methacrylate,122 Alder–Ene
reaction,123 and trans (E) to cis (Z) isomerization of olens,124

have also been exploited employing COF-based materials as the
photocatalysts.
3.4. COFs for degradation of organic contaminants

Organic dyes (e.g. methylene blue (MB), methyl orange (MO),
rhodamine B (RhB) and Congo red (CR)) from the leather, paper
and food industries and heavy metals (e.g. Cr(VI)) with non-
biodegradability from the leather, printing and pigment
industries are the two major types of water pollutants that are
highly toxic and pose serious threats to humans and to the
environment. In recent years, photocatalytic degradation of
these contaminants has been one of the intensely studied topics
in the eld of environmental science. The degradation process
of the pollutants using semiconductors is relatively complicated
and a general possible mechanism was provided by Liu and co-
workers.18 COFs, as a new burgeoning type of advanced crys-
talline porous material, have recently been explored as efficient
photocatalysts for degradation of these pollutants. Cai et al.
reported a set of imine-based COFs (COFA+B, COFA+C and
COFA+D) (Fig. 21a) that were further employed for the photo-
degradation of MO in water and the structure–property rela-
tionships were systematically investigated. Aer 30 min visible-
light irradiation, COFA+C can completely degrade MO, while
only 29.6% MO was decomposed by COFA+B and almost no
6976 | J. Mater. Chem. A, 2020, 8, 6957–6983
degradation of MO dye was observed for COFA+D (Fig. 21b–e),
which was mainly attributed to the higher conjugation degree
and higher density of the visible-light active centers (triazine
ring) in the structure of COFA+C.125 Zhao and co-workers studied
the photocatalytic degradation of phenol and MO performance
on a TpMA COF, which was prepared by a ball milling mecha-
nochemical method at ambient temperature for a shorter time
instead of a solvothermal method at high temperature and
longer reaction time. More importantly, the photocatalytic
performance of the obtained COF is comparable with that of the
COF synthesized under solvothermal conditions.126

Asmentioned above, COFs can also serve as ideal supports to
composite with other photoactive species to further improve
their photocatalytic activities. Along these lines, Wang et al.
reported the assembly of g-C3N4 and COFs through a simple
thermal treatment to obtain hierarchical g-C3N4@COFs
composites for the photocatalytic removal of orangeII.
Remarkably, the hybrids exhibited an orangeII removal effi-
ciency of 100% compared to the pristine g-C3N4 (10%) and COF
(5%), which was mainly derived from the high surface area,
nitrogen dopant and conductive carbon networks.127 Tan and
co-workers developed a new strategy to prepare a type of carbon
nitride (PCN-1 and PCN-2) by introducing a heptazine unit into
the backbone of a triazine-based COF and the obtained hybrids
exhibited excellent photocatalytic performance towards RhB
degradation.128 Jiang et al. reported a set of CuPor-Ph-COF/g-
C3N4 composites through in situ synthesis on the surface of g-
C3N4 by a facile liquid-assisted grinding method and the as-
prepared composite displayed superior photocatalytic activity
of RhB degradation under visible-light irradiation compared to
that of the pure g-C3N4 or CuPor-Ph-COF due to the faster
This journal is © The Royal Society of Chemistry 2020
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Fig. 21 (a) The structure and related band alignment of COFA+B, COFA+C and COFA+D. (b to e) Photocatalytic results over the studied COFs under
visible-light irradiation. Adapted from ref. 125 with permission from Elsevier B.V. Copyright 2019.
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separation of photoexcited charges.129 TiO2 represents one of
the most widely studied photocatalysts for a broad range of
photocatalytic applications. The Zhang group reported a simple
and mild synthetic approach to prepare ultrane Fe-doped TiO2

nanoparticles by using the crystalline TpTa-COF as the support.
Remarkably, the resulting hybrid photocatalyst, 5Fe-TiO2@-
COF, showed unprecedented MB photocatalytic degradation
efficiency in the absence of any external oxidant and the supe-
rior performance was claimed to be derived from the small size
and large surface area of the nanoparticles, the narrower band
gap due to Fe-doping, and the excellent MB adsorption by the
This journal is © The Royal Society of Chemistry 2020
COF support.130 The assembly of MOFs and COFs to form the
heterojunction for modulating their optical, electronic and
redox properties has been proven to be an effective approach to
achieve better photocatalytic performance.57,112 Very recently,
Zhang and co-workers reported a new type of MOF@COF core–
shell hybrid material by integration of NH2-MIL-68 and TPA-
COF for the degradation of RhB under visible-light irradiation
(l > 420 nm) for the rst time and the obtained hybrid material
exhibited better photocatalytic activity with a rate constant of
0.077 min�1, which was about 1.4 times that of the pure NH2-
MIL-68 material due to the enhanced surface area (539 m2g�1
J. Mater. Chem. A, 2020, 8, 6957–6983 | 6977
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vs. 451 m2g�1) and reduced band gaps (2.21 eV vs. 2.82 eV).131

Similarly, Wang and co-workers synthesized two novel photo-
active MOF@COF-based materials, i.e. MIL-101-NH2@TpMA-
COF and UiO-66-NH2@TpMA-COF, for photocatalytic degrada-
tion of bisphenol (BPA). The experimental results revealed that
the MOF@COF hybrid materials can effectively improve the
photocatalytic activities compared with those of the pure MOF
or COF materials due to the fact that the heterojunction formed
at the interface can effectively facilitate the transport and
separation of the photoexcited electron–hole pairs.132 A similar
study was recently reported by Cai and co-workers, who reported
a series of covalently integrated MOF/COF hybrid materials by
encapsulating different MOFs (NH2-MIL-125(Ti), NH2-UiO-66
and NH2-MIL-53) with highly stable TTB-TTA-COF (TTB ¼
4,40,400-(1,3,5-triazine2,4,6-triyl)tribenzaldehyde and TTA ¼
4,40,400-(1,3,5-triazine-2,4,6-triyl)trianiline) (Fig. 22). The forma-
tion of the heterojunction can tune their optical properties and
promote charge separation, thus resulting in enhanced photo-
catalytic activities as conrmed by the photocatalytic degrada-
tion of phenol and MO. For example, the NH2-MIL-125(Ti)/TTB-
TTA-COF composite exhibited a much higher photodegradation
kinetics of MO, which was 9 and 2 times the rates of pure NH2-
MIL-125(Ti) and TTB-TTA-COF.133

In a subclass of COFs termed as nitrogen-rich porous organic
polymers, recent studies have revealed the great potential of
CTFs as photoactive catalysts for diverse photocatalytic appli-
cations due to their extraordinary chemical stability as well as
their semiconductor characters with broad light absorption in
the visible light range.10,134 In 2014, Song and co-workers
employed CTF-1 as the photocatalyst for the degradation of
the organic dye MB under visible-light irradiation, which
exhibited almost total degradation efficiency in 1 h and the
Fig. 22 Schematic representation of the preparation of the MOF/COF hy
B.V. Copyright 2019.

6978 | J. Mater. Chem. A, 2020, 8, 6957–6983
photocatalyst can be reused for several cycles without a signi-
cant decrease in the photocatalytic activity.135 Zhang et al. re-
ported a novel BiOBr/CTF-3D nanocomposite photocatalyst via
a simple co-precipitation approach for the degradation of
antibiotics (e.g. tetracycline hydrochloride and ciprooxacin)
under visible-light irradiation. The trapping experiments of the
active species conrmed that cO2

� was the main radical species
for photocatalysis, and the synergistic effects of the enlarged
optical adsorption range, the efficient photogenerated electron–
hole pair separation and the accelerated adsorption and trans-
fer of antibiotic molecules resulted in increased photocatalytic
activity aer the doping of CTF-3D.136

Hexavalent chromium (Cr(VI)), as a ubiquitous heavy metal
ion, has become one of the major environmental pollutants
metabolized in industrial production, which not only is
a lasting hazard to the environment, but also possibly causes
cancer in humans. Photocatalysis, as a means to convert Cr(VI)

to relatively low-toxic Cr(III) by the use of sustainable solar
energy and suitable photocatalysts, has attracted widespread
attention in recent years. However, the use of COFs as the
photocatalyst for reduction of Cr(VI) is still rare. Chen and co-
workers reported two D-A based COFs by using tris(4-
aminophenyl)benzene (TPB) and tris-(4-aminophenyl)triazine
(TAPT) as the donor units and benzo[c][1,2,5]thiadiazole-4,7-
dicarbaldehyde (BT) as the acceptor building block, which
were further applied for the photocatalytic reduction of aqueous
Cr(VI) (Fig. 23a). Remarkably, over 99% Cr(VI) was reduced to
Cr(III) by utilizing TPB-BT-COF as the photocatalyst without any
sacricial agents or additional pH regulation. The photo-
catalysis rate of TPB-BT-COF was higher than that of TAPT-BT-
COF, which was mainly due to the more negative conduction
band, narrower band gap and better photogenerated electron/
brid materials. Reproduced from ref. 133 with permission from Elsevier

This journal is © The Royal Society of Chemistry 2020
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Fig. 23 (a) Schematic illustration of the BT-COF synthesis. (b) The photocatalytic rate comparison and the corresponding photographs of TPB-
BT-COF and TAPT-BT-COF. (c) The proposed mechanism of photo-reduction of Cr(VI) by the BT-COFs. Reproduced from ref. 137 with
permission from the Royal Society of Chemistry, Copyright 2019.
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hole pair separation andmigration of TPB-BT-COF (Fig. 23b and
c).137 Pi et al. reported a variety of novel La3+- and Sb3+- doped
MOF-In2S3@FcDc-TAPT COFs for photocatalytic Cr(VI) reduction
under visible-light irradiation. The experimental results
demonstrated that doping lanthanide ions can signicantly
improve the photocatalytic efficiency of Cr(VI) of the composites.
In particular, Sb3+-doped MOF-In2S3@FcDc-TAPT COFs exhibi-
ted a Cr(VI) removal efficiency of 99% within 20 min and the
kinetics constant for Cr(VI) reduction was 0.437 min�1, which
was 20-fold higher than that of the non-doped hybrid material
and the removal efficiency even had no signicant changes aer
150 days.138
4. Conclusions and perspectives

Covalent organic frameworks represent a fascinating type of
highly crystalline porous material that allows the atomically
precise integration of specic building units into extended
periodic structures with intriguing structural tunability and
diversity. In particular, the semiconducting properties of COFs
This journal is © The Royal Society of Chemistry 2020
have empowered them as one of the most promising photo-
catalysts for diverse photocatalytic applications in recent years.
In this review, we have provided a comprehensive and up-to-
date overview of the development of COFs and their applica-
tions that have been realized so far, including photocatalytic
hydrogen evolution, photocatalytic CO2 reduction, photoredox
reactions and photocatalytic degradation of organic pollutants.
In spite of the substantial progress and achievements that have
been made in recent years, the investigation of COFs for pho-
tocatalytic applications is still in its infancy and there are some
crucial issues and challenges that still deserve further consid-
eration to improve the photocatalytic efficiency of COF-based
materials for photocatalysis applications.

(1) The developments of photocatalytic hydrogen evolution
using COFs have evolved rapidly in the past few years and
a benchmark hydrogen evolution rate of 23.41 mmol g�1 h�1

has been achieved, which is quite competitive to that of lots of
inorganic semiconductors. However, most of the reported COFs
still suffer from relatively low photocatalytic activity and to
overcome this issue, the combination of D–A, D–A–A or D–A–D
J. Mater. Chem. A, 2020, 8, 6957–6983 | 6979
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moieties in the framework of COFs is anticipated to be
a promising approach to enhance their photocatalytic perfor-
mance due to the benecial properties of the D–A structure for
charge generation, mobility and stability. Another effective
strategy is the proper combination of one or more species with
COFs to form a heterojunction or composites that can facilitate
the charge separation efficiency and improve the stability of the
photocatalysts, thus resulting in improved photocatalytic
activity. Another challenge in the eld of photocatalytic
hydrogen evolution is the exploration of alternatives to the
noble platinum co-catalyst, and installing earth-abundant and
low-cost metal-based catalytic centers into COFs has been
proven to be an efficient approach. Apart from photocatalytic
water reduction, photocatalytic water oxidation to produce O2

using COFs as the photocatalysts is still infant, as water oxida-
tion proceeds with greater difficulty in kinetic and energetic
aspects; it is highly expected that more attention will be given
and efforts made in the future to design more efficient COFs
and exploit their potential for this application.

(2) The solar-driven reduction of CO2 to valuable chemical
fuels is a promising avenue to address the energy shortage and
environment related problems; however, quite a few COFs have
been exploited for this application until now and their photo-
catalytic performance was quite limited compared with that of
state-of-the-art photocatalysts. The construction of a Z-scheme
or heterostructures by coupling different semiconductors with
properly aligned band structures is an effective way to enhance
their photocatalytic properties. In particular, heterogeneous
photoelectrochemical reduction of CO2 on COFs should be
considered as a possible approach to achieve efficient CO2

utilization in the future. Furthermore, the combination of
experimental and computational calculations to reveal the
mechanism and real pathway of the reaction is of fundamental
importance to guide researchers in multidisciplinary areas to
design and develop more efficient photocatalysts for photo-
catalytic CO2 reduction.

(3) The study and development of COF-based photocatalysts
has rapidly expanded the toolbox of organic transformations
and these photocatalysts displayed superior photocatalytic
activity and recyclability for diverse photoredox reactions.
However, compared with the traditional transition-metal
complexes, the developed reaction types and substrate scope
are still quite limited. Thus, it is highly desirable to exploit some
challenging and crucial organic reactions, such as asymmetric
reactions and C–C functionalization reactions. Another impor-
tant issue for the development of photoactive COFs is their long-
term stability under harsh conditions. The recently reported sp2

carbon and dioxin linkage based COFs have exhibited excep-
tionally high chemical stability even in concentrated acid and
base solutions, which should be benecial for their possible
practical applications in the future.

(4) As for the application of photodegradation of organic
contaminants, the wettability or good water dispersion of COFs
and their high stability are signicantly important to achieve
better photocatalytic activity. Thus, the incorporation of some
desired functional groups into the structure of COFs to
construct stable hydrophilic COFs is highly expected. A detailed
6980 | J. Mater. Chem. A, 2020, 8, 6957–6983
study of their photocatalytic performance under real life
conditions would be more valuable to promote and accelerate
their practical applications.

Despite their relatively short history of development, the
pioneering and prominent studies have unambiguously
demonstrated the great potential of COFs for diverse photo-
catalysis applications and there is no doubt that the develop-
ment of COF-based photocatalyst materials will open up new
avenues for efficient utilization of solar energy for energy- and
environment-related applications.
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