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Recent progress in covalent organic frameworks as
heterogeneous photocatalysts for photochemical
conversion
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Covalent organic frameworks (COFs) are a class of porous and crystalline materials constructed from
covalently linked building blocks. Over the past decade, dramatic progress has been made in
synthesizing new COFs with diverse applications, especially in photocatalysis. In this review, we highlight
recent progress in COFs as heterogeneous photocatalysts for their applications toward hydrogen
evolution from water splitting, carbon dioxide reduction, organic transformations, and hydrogen
peroxide production. We focus on rational design of COF structures as well as our understanding of
interplay between COF structures and their optical properties as efficient heterogeneous photocatalysts.
Challenges and perspectives are discussed at the end.

The quest for sustainable energy solutions has driven transformative advances in light harvesting and conversion technologies over the past five decades. Solar
energy utilization has evolved from simple photon absorption to complicated photocatalytic systems that can efficiently capture, convert, and store light energy.

Beginning with fundamental studies of light-matter interactions in semiconductor photocatalysts, the field has progressed through several breakthrough
innovations in controlling light absorption, charge separation, and surface reactions. The development of new materials has revolutionized our ability to

harness the solar spectrum - from traditional semiconductors that are limited to UV light to advanced covalent organic frameworks (COFs) capable of efficient
visible light utilization. Most significantly, advances in the design and synthesis of COFs have enabled unprecedented control over light-harvesting efficiency,

charge separation and transport processes, and catalytically active sites. The emergence of precisely engineered COFs has marked a critical convergence of
structural order and photophysical functionality, establishing new paradigms for solar energy conversion. These developments have accelerated progress across

multiple frontiers, from artificial photosynthesis to solar fuel production, laying the foundation for next-generation technologies that can effectively convert

sunlight into chemical energy for practical applications.

1 Introduction

Fossil fuels have been the main source of energy for economic
development since the industrial revolution. The release of
greenhouse gases from massive consumption of these natural
resources has caused lots of environmental problems and
created lots of concerns and demand for alternative energy
resources.”” Solar energy has been considered as the most
promising alternative energy resource as it is sustainable, clean,
and low-cost. To be utilized for practical applications, solar
energy needs to be coupled with energy collection, conversion
and storage processes.® In nature, green plants convert solar
energy into chemical energy by utilization of sunlight as the
driving force and enzymes as photocatalysts to transform
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carbon dioxide and water into carbohydrates and oxygen,
offering excellent inspiration for researchers to develop efficient
artificial photocatalytic systems.>*

In 1972, Fujishima and Honda reported the pioneering work
on titanium dioxide (TiO,) as a photocatalyst to realize water
splitting under irradiation with ultraviolet (UV) light in a pho-
toelectrochemical cell.” Since then, photocatalysis has been
applied to various reactions with a focus on the development of
low-cost, stable and highly efficient photocatalysts. Many
traditional inorganic semiconductors have been explored as
photocatalysts for photo-induced production of chemical fuels
and value-added compounds. However, their narrow light
absorption range resulted in poor harvesting of solar energy.*®
Organic semiconductors such as carbon nitrides, conjugated
microporous polymers (CMPs), linear conjugated polymers and
covalent triazine-based frameworks (CTFs) have recently
emerged as promising materials for photocatalytic
applications.’™*® The light absorption and band structure of
these organic semiconductors can be tuned by modular copo-
strategies. their amorphous or

lymerization However,
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semicrystalline structures would still hinder charge trans-
portation and consequently limit their photoactivity.**

The development of novel porous and crystalline materials
such as metal-organic frameworks (MOFs), covalent organic
frameworks (COFs) and hydrogen-bonded organic frameworks
(HOFs) has opened up new possibilities for new types of highly
efficient photocatalysts.*>* MOFs and HOFs are constructed via
coordination bonds and hydrogen bonding interactions,
respectively. Both of them usually exhibit relatively low chem-
ical stability and thus limit their applications.***> COFs are
a class of polymers that are constructed from molecular
building blocks with strong covalent bonds through conden-
sation reactions.** They are particularly interesting as they
combine properties of crystallinity, permanent porosity,
synthetic versatility and good physical/chemical stability.>*°
The long-range-ordered structure of COFs is beneficial for
photo-induced electron transport to the catalyst surface for
photocatalytic applications. Furthermore, the diverse selection

Scheme 1 Schematic illustration of the diverse photocatalytic appli-
cations of COF-based heterogeneous photocatalysts.
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of chromophores enables tunable absorption and band struc-
tures. COFs have integrated the advantages of the above-
mentioned organic semiconductors while overcoming their
limitations at the same time.*"?*?

Since the first report of a semiconducting COF in 2008,*
numerous efforts have been devoted to the field of COF assisted
hydrogen evolution from water splitting,** photocatalytic
carbon dioxide (CO,) reduction*® and organic trans-
formations.*® In this review, we will mainly discuss structural
design strategies for the construction of efficient COFs as
heterogeneous photocatalysts (Scheme 1). The relationship
between structural design and optoelectronic properties will be
discussed in detail for different photocatalytic applications.
Perspectives of challenges and possible directions for future
research will be discussed in the end.

2 Structural aspects — fundamentals
of COFs for photocatalysis
2.1 Structure design of COFs for photocatalysis

Porous and crystalline COFs can be obtained by topological
utilization of building blocks through covalent bonds.*® The
topology diagram or geometry of monomers determines the
dimensionality and spatial orientation of COF skeletons as well
as the size and shape of their pores. Monomers with Cy, C,, Cs,
C, and C¢ symmetries have been used for the preparation of
two-dimensional (2D) COFs with different topologies. The
shapes of monomers and their major combination geometries
are summarized in Fig. 1. The design strategy of one knot plus
one linker is used most widely for the construction of 2D COFs
to produce various backbones and pore channels. Besides that,
a multicomponent strategy could allow more than one knot and
linker to be integrated into one COF, which brings about more
options for the design of different functional COFs.

Under the guidance of different topology diagrams, precur-
sors of COFs condensed to form covalently linked layered
skeletons and aligned pores. For the application of photo-
catalysis, favorable properties, such as excellent light-harvesting

/7
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Fig.1 Topological schematics guiding the design of 2D COFs.
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ability, suitable band structure and efficient charge separation,
all originate from the structures of COFs. Specifically, skeletons
of COFs can be constructed to act as light-harvesters, binding
sites, or redox centers by tailored design of numerous building
blocks. The high structural porosity gives them high surface
areas and permanent pores, enabling enhanced accessibility of
sensitizers, sacrificial reagents and cocatalysts. Functional units
have been linked via various linkage motifs into stable and
conjugated scaffolds, which contribute to increased charge
carrier mobility and superior stability to work under harsh
conditions. Furthermore, the molecular stacking modes and
distances of COFs have been utilized to tune their optical and
electronic properties.’’”** Periodically aligned columnar -
arrays can serve as light-harvesting matrices and offer pathways
for charge carrier transport. Fully -conjugated COFs with fully
conjugated linkages offer charge transport pathways along with
the perpendicular m-column directions. The pores or channels
across the materials provide space for reactants to contact
reaction centers while the products could be easily released
from the catalytic sites.** Recently, 3D-COFs have attracted
significant attention due to their exceptional photocatalytic
capabilities. Similar to their 2D counterparts, topology engi-
neering is crucial for the rational design of 3D COFs. Compared
to 2D COFs, 3D COFs often demonstrate interconnected chan-
nels and large accessible surface areas, which significantly
enhance catalytic performance. Moreover, controlling inter-
penetration and incorporating steric hindrance groups ensure
structural robustness, optimizing active site exposure and
enhancing catalytic stability.*>*® Various 3D COFs with topolo-
gies such as stp, srs, and fcc have been reported as efficient
photocatalysts. For instance, Ding et al. developed JUC-640-M
COFs based on the stp topology, achieving ultra-large pores,
record-low crystal density, and significantly enhanced CO,
photoreduction performance.”” Zhu et al. reported an innova-
tive TMB-COF with srs topology, in which steric hindrance
groups effectively convert planar precursors into spatially
intricate frameworks, enhancing catalytic site availability.*®
Furthermore, Li et al. demonstrated the functionalization of 3D
fcc COFs with benzene, pyrazine, and tetrazine groups, signifi-
cantly tuning reaction microenvironments and boosting pho-
tocatalytic urea synthesis wvia improved electron-hole
separation, enhanced light-harvesting, and reactant co-
adsorption capabilities.” These sophisticated structural and
functional designs position 3D COFs as promising platforms for
high-performance photocatalytic applications.

Linkage selection significantly affects the properties of
COFs.* The boric acid condensation reaction was the earliest
reported method for synthesizing COFs. Subsequently, the
imine condensation reaction emerged and has become the
most widely utilized method, with more than half of all reported
COFs synthesized via this route. Traditional imine-linked COFs
offer simple synthesis, structural versatility, and good crystal-
linity, but often require carefully designed monomers or
precursors. However, their moderate chemical stability limits
practical applications, particularly under harsh photocatalytic
conditions. To overcome this limitation, imine-derived link-
ages—such as p-ketoenamine, triazine, oxazole, and thiazole—

© 2025 The Author(s). Published by the Royal Society of Chemistry
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have been developed through tandem or post-synthetic modi-
fication reactions, transforming imine bonds into more robust
structures with improved chemical stability, enhanced struc-
tural order, and favorable charge-transfer properties crucial for
photocatalysis.®* Meanwhile, sp*> carbon-linked COFs, synthe-
sized via direct C=C condensation, achieve extended -conju-
gation, superior electronic conductivity and significantly
improved semiconductor properties,® which greatly enhance
charge separation efficiency and boost photocatalytic perfor-
mance.”® Alternatively, hydrazone-linked COFs, derived from
aldehyde and hydrazide precursors, possess exceptional
hydrolytic stability, structural flexibility, abundant heter-
oatomic sites (N and O), and post-synthetic modification capa-
bilities, which enhance intermolecular interactions, facilitate
efficient charge-carrier separation, and present diverse catalytic
sites, leading to further amplified photocatalytic efficiency.>

2.2 Advantages of COFs for photocatalysis

COFs are one of the most attractive organic semiconductors
pertaining to heterogeneous photocatalysis, owing to several
advantages (Fig. 2): (1) the tailorable structure endows COFs
with foreseeable semiconducting properties and band struc-
tures, and the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) levels of the
COF materials could be fine-tuned through molecular design of
the well-defined skeletons to tailor their light harvesting ability
and semiconducting properties for photocatalytic applications.
Also, by utilizing electron deficient or electron donating
building blocks, the donor-acceptor structures have been
widely used in the construction of COFs to offer enhanced
separation efficiencies of electrons and holes. (2) Highly crys-
talized structure of COFs favors effective charge transfer, as the
stacked regularly m-units form an extended framework with
close interactions, thereby offering pathways for charge transfer
across the material. The well defined structures of COFs also
make it clearer to explore the relationship between the structure
and photocatalytic activity. (3) The high surface area and
porosity of COFs are beneficial not only for the interactions of
active sites with the substrate, sacrificial reagent and cocatalyst,
but also for effective diffusion during the photocatalytic
process. (4) Strong covalent bonds give COFs high stability,
especially chemical stability, which makes them resistant to
hydrolysis, pH variations, and oxidative or reductive environ-
ments and allowing them to work over the long term. The
linkage motif in COFs not only provides high stability, but can
also be engineered to improve the conjugation in planes to
facilitate the charge transfer process. Unlike traditional cata-
lysts that often suffer from fast charge recombination (such as
TiO, and carbon nitride), photocorrosion (such as CdS, In,S;,
ZnCdS, and ZnIn,S,), a narrow wavelength range of harvesting
light or limited surface area, COFs enhance photocatalytic
performance through molecular-level design, allowing for
better selectivity, higher quantum efficiency, and metal-free
sustainability. In addition, their chemical stability, environ-
mental friendliness, and potential for multi-functional appli-
cations (such as H, production, CO, reduction, and organic

EES Sol., 2025, 1, 219-247 | 221


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00003c

Open Access Article. Published on 14 2025. Downloaded on 20/12/25 02:09:59.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar

Foreseeable

semiconducting Effective charge

properties and band transfer
levels
X The relationship
Accessible

between properties

modification for i
and structure is more

improved efficiency
clear

View Article Online

Review

Stable to hydrolysis,
High surface area for pH and oxidative and
effective diffusion reductive

environments

Enhanced
interactions with Able to work in long
sacrificial reagent and term

cocatalyst

Fig. 2 Advantages of COFs for photocatalysis due to their unique properties.

transformations) make them promising next generation
photocatalysts.

Metal doping and construction of heterojunctions are two
very common and effective means to enhance photocatalytic
performance. Metal ions and complexes could be bound
dispersedly to the backbones of COFs through coordination
interaction as new active sites.*>*® The introduction of metals
could also facilitate charge transfer and separation, leading to
improved photocatalytic activity.”** Some metal-modified
COFs demonstrate superior photocatalytic performance even
without requiring noble-metal co-catalysts, exhibiting excellent
catalytic stability and long-term recyclability.”” Metal sites
anchored through the backbones of COFs provide exceptional
interactions with substrates, thus amplifying the efficiency of
photocatalysis. Recent studies have demonstrated that metal
clusters integrated within COFs significantly improve local
electron density, promote efficient exciton dissociation and
thus enhance photoreduction efficiency. Furthermore, precise
tuning of the metal environments with distinct coordination
geometries reduces energy barriers for critical intermediate
formation, resulting in improved -catalytic selectivity and
activity.”®*® Metal-covalent organic frameworks (MCOFs) serve
as a bridge between MOFs and COFs, combining the beneficial
properties of both. They maintain the stability, porosity, and
tunability of COFs and inherit the rich metal-coordination
chemistry of MOFs, yielding frameworks with superior cata-
lytic properties, stability, and multifunctionality. The tunable
band structures of COFs are very convenient for them to
combine with another semiconductor to construct different
types of heterojunctions as the HOMO and LUMO levels of COFs
could be easily adjusted for desired heterojunctions. More
importantly, strong interactions of COFs with organic or inor-
ganic semiconductors are vital for charge transfer within the
heterojunction.

3 Applications in photocatalysis

A typical photocatalytic reaction starts with absorption of light
to generate electron-hole pairs, followed by charge separation

222 | EES Sol, 2025, 1, 219-247

and transportation to the surface for the oxidation/reduction
reactions. Consequently, efforts to enhance the solar energy
conversion efficiency of photocatalysts primarily focus on three
key areas: improving strength and broadening the spectral
range of light absorption, optimizing charge separation and
transfer, and accelerating surface reactions. To ensure that
photo-excited electrons and holes possess sufficient redox
potential to drive surface reactions, the LUMO of covalent
organic frameworks must be positioned at a more negative
potential than the redox potential of the reduction reaction
(Fig. 3). Concurrently, the HOMO should be situated at a more
positive potential than the redox potential of the oxidation
reaction. COFs provide a unique approach for the application of
photocatalysis thanks to their interesting chemical and physical
properties such as harvesting of broadband light and efficient
charge separation and transfer.®® Recent research progress in
COFs in various applications such as photocatalytic hydrogen
evolution, carbon dioxide reduction, organic transformations
and hydrogen peroxide production will be summarized in this
part.

3.1 Photocatalytic H, evolution

Photocatalytic hydrogen evolution (PHE) from water splitting
involves a series of photochemical events and it is key to opti-
mize these events to achieve optimum performance.®* This
requires the design of various interfaces to enable continuous
flow of electrons and holes to drive the reaction. However, it
lacks a general principle for designing organic systems to
interlock multiple interfaces to seamlessly integrate light
absorption, exciton splitting, charge transfer and transport
processes. As COFs enable a systematic design of the skeleton
and pores, it is highly possible to engineer various interfaces
into one framework. Prior to elucidating specific examples, we
have compiled an overview of the PHE performance of various
COF-based photocatalysts (Table 1).

3.1.1 Pristine COFs. Hydrazone linked TFPT-COF is the
first example of a COF to act as a photocatalyst for hydrogen
evolution from water splitting.®> TFPT-COF was constructed by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of the processes of photocatalytic water splitting, carbon dioxide reduction (a) and hydrogen peroxide production

(b), and corresponding redox potentials of the relevant reactions.

the condensation reaction of 1,3,5-tris(4-formyl-phenyl)triazine 1.97 mmol h™" g~" were achieved in the presence of a Pt co-
(TFPT) and 2,5-diethoxy-terephthalohydrazide. Under irradia- catalyst by using sodium ascorbate and triethanolamine
tion with visible light, PHE rates of 230 umol h™* g~' and (TEOA) as the sacrificial donor, respectively. A distinct feature of

Table1 Summary of H, evolution rates of COF-based photocatalysts

Samples Irradiation conditions Sacrificial agent Co-catalyst HER rate (umol h™* g™ Ref.
TFPT-COF A > 420 nm TEOA Pt 1970 62
N;-COF A>420 nm TEOA Pt 1703 63
ZnPor-DETH-COF A>400 nm TEOA Pt 413 64
PyTz-COF AM 1.5 Ascorbic acid Pt 2072.4 65
TCDA-COF 780 nm > A > 420 nm Ascorbic acid Pt 70 800 66
TpPa-COF-(CHj;), A> 420 nm Sodium ascorbate Pt 8330 67
sp*c-COFgrpN A > 420 nm TEOA Pt 2120 68
PY-DHBD-COF A>420 nm Ascorbic acid Pt 42432 69
COF-alkene A>420 nm TEOA Pt 2330 70
v-2D-COF-NO1 A>400 nm TEOA Pt 1970 71
sp’c-COF-ST 2> 420 nm TEOA Pt 2150 72
sp2c-Py-BT COF 2> 420 nm — NA 573 73
TtaTfa A>420 nm Ascorbic acid Pt 20700 74
COF-954 780 nm > A > 420 nm Ascorbic acid Pt 137230 75
CYANO-CON A>420 nm Ascorbic acid Pt 134200 76
2D-TP-PB A>420 nm TEOA Pt 24980 77
2-C13N3-COF A> 420 nm Ascorbic acid Pt 292 78
Cu-salphen-HDCOF-NSs A>420 nm TEA Cu 36990 79
C0ySs@COF A> 420 nm Ascorbic acid C0oSg 23150 80
Zn@H-TpPa A>420 nm Sodium ascorbate Pt 28 000 81
COF-Cu;TG A = 380-800 nm — NA 10470 82
TiO,-TpPa-1-COF (1: 3) A> 420 nm Sodium ascorbate Pt 11190 83
T-COF@CdS-3 Full spectrum Ascorbic acid Pt 12 500 84
COF-42 AM 1.5G TEOA Cobaloxime 163 85
NH,-UiO-66/TpPa-1-COF (4 : 6) A>420 nm Sodium ascorbate Pt 23410 86
ATNT-4 A>420 nm Ascorbic acid Pt 14 228.1 87
TBTA/g-C3N, A> 420 nm Ascorbic acid Pt 26 040 88
PEG@BT-COF A > 420 nm Ascorbic acid Pt 11140 89
MAC-FA1/S-COF A>420 nm Ascorbic acid NA 100 000 90
COF316/Pt@TpBpy-COF A> 420 nm — Pt 220.4 91

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) The construction of MPor-DETH-COFs. (b) PHE performance for MPor-DETH-COFs. (c) Photocurrent generation of all four COFs

coated on an indium-tin-oxide electrode as a working electrode in a three electrode CV setup upon light on—-off switching. Adapted with

permission.®* Copyright 2021, Springer Nature.

COFs different from other organic semiconductors is that they
are crystalline so that their structures are well-defined, making
them ideal candidates for investigation of the structure-prop-
erty relationship. A series of azine-linked N,-COFs have been
synthesized with different N, (x =0, 1, 2 and 3) building units.*
The planarity of the COFs was improved with the increasing
number of N atoms in the building units and the N; triazine
unit gave a planar 2D stacking layer. The photocatalytic activi-
ties of N,-COFs also increased with the increasing N content
and N;-COF exhibited the highest PHE rate of 1.703 mmol h™*
g~ '. N;-COF with a planar skeleton and extended 7-conjugation
offers a high BET surface area and promotes charge migration
and separation. More importantly, the electron-deficient
triazine unit can stabilize the negative charges and promote
charge transfer to the Pt reaction center. A series of isostructural
porphyrinic 2D COFs (MPor-DETH-COF, M = H,, Co, Ni, Zn)
were synthesized through the condensation reaction of por-
phyrinic aldehydes (p-MPor-CHO) and 2,5-diethoxytereph-
thalohydrazide (DETH) (Fig. 4a).®* After incorporation of
different transition metals into the porphyrin rings, the PHE
performance was found to follow the order of CoPor-DETH-COF
< H,Por-DETH-COF < NiPor-DETH-COF < ZnPor-DETH-COF due
to their tailored charge-carrier dynamics via molecular engi-
neering (Fig. 4b), which was further confirmed by the photo-
current responses observed in the same order (Fig. 4c).

224 | EES Sol, 2025, 1, 219-247

The donor-acceptor (D-A) system has been demonstrated to
be effective in promoting charge transfer and suppressing
charge recombination. A 2D D-A COF was constructed with the
units of electron-rich pyrene (Py) and electron-deficient thiazolo
[5,4-d]thiazole (Tz), which exhibited a PHE rate of 2072.4 umol
h™' ¢ 1% Employing a multicomponent synthesis strategy,
a three-component D-7t-A structure can be achieved to regulate
the photophysical properties of COFs in a more convenient way.
The Liu group reported two photoactive 2D COFs with D-1t-A
structures, in which a three-component donor-w-acceptor COF
(TCDA-COF) was constructed from electron-deficient triazine
and electron-rich benzotrithiophene units through an sp>
carbon linkage.*® These COFs exhibited a very high PHE rate of
70.8 +£1.9 mmol h™* g~ under visible light irradiation (420-780
nm) with Pt as the co-catalyst.

A fully designable skeleton of COFs makes it very convenient
to integrate various functional groups for improved photo-
catalytic performance. For example, a series of ketoenamine-
based COFs, named TpPa-COF-X (X = -H, —(CHj3), and -NO,),
with the same framework were selected as the model system to
study the influence of different functional groups on photo-
catalytic hydrogen evolution (Fig. 5a).*” The obtained TpPa-COF-
(CH3), with an electron-donating functional group showed the
best photocatalytic performance and good stability (Fig. 5b and
c), while TpPa-COF-NO, with an electron-withdrawing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic representation of preparation of TpPa-COF-X. (b) PHE activities and (c) photocatalytic stability of TpPa-COF-X. Reprinted

with permission.®” Copyright 2019, Wiley-VCH.

functional group exhibited the lowest PHE rate. 3-Ethyl-
rhodanine (ERDN), as an electron deficient functional unit, has
been integrated as an end-capping group in the synthetic
process of sp’c-COF and produced ERDN-terminated sp’c-
COFgrpn.*® Because of the push-and-pull effect arising from the
ERDN terminating functional group, the PHE rate increased
from 1360 pmol h™" g™ of sp’c-COF to 2120 pmol h™* g~*
sp’c-COFgrpn. PY-DHBD-COF with adjacent hydroxyl groups
and imine-N throughout the framework allows photogenerated
electrons to converge and reduce the adsorbed platinum species
into metal clusters, in which uniformly dispersed platinum
clusters facilitated electron transfer, resulting in a high PHE
rate of 42 432 pumol h™' g~ * at 1 wt% Pt loading.*®

The linkage of COFs is vital for the stability of the materials
and affects the photocatalytic performance of COF

© 2025 The Author(s). Published by the Royal Society of Chemistry

photocatalysts. Three COFs adopting triphenylbenzene knots
and phenyl linkers with different linkages were constructed for
PHE.” Compared to imine- and imide-linked COFs with a low
PHE rate of less than 40 umol h™' g™, the cyano-substituted
alkene-linked COF showed a relatively high PHE rate of
2.33 mmol h™" g~' under the irradiation of visible light.
Between two isomeric benzobisoxazole-bridged v-2D-COFs with
trans and cis configurations of benzobisoxazole, v-2D-COF-NO1
with the ¢rans configuration linkage exhibited a PHE rate of
~1.97 mmol h™* g%, which is twice that of v-2D-COF-NO, with
the cis configuration linkage.” Recent investigations by Zhang
et al. revealed that sp>-carbon-conjugated COFs (sp”c-COF-ST)
constructed through vinylene linkages exhibit reduced effec-
tive mass and exciton binding energy, facilitating exciton

dissociation and charge separation, thereby enhancing
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Fig. 6 (a) Synthesis of TtaTfa, TtaTfa AC, TpaTfa, TpaTfa AC, TtaTpa, and TtaTpa AC. AC = ascorbic acid modification. (b) Time course of

photocatalytic H, evolution for TtaTfa, TpaTfa, and TtaTpa using AC as the sacrificial electron donor (SED) (3 mg catalyst, 16 mL 0.1 M AC aqueous
solution, 3 pL H,PtClg (8 wt%), A > 420 nm, and 20 °C). (c) Comparison of the photocatalytic HER rates of the above COFs using AC as the SED.

Adapted with permission.”* Copyright 2021, Wiley-VCH.

photocatalytic hydrogen evolution performance.”” Subse-
quently, Xu et al. synthesized a cyanovinylene-linked sp”c-Py-BT
COF and imine-linked imine-Py-BT COF, both featuring iden-
tical donor-acceptor structures.” Benefiting from significantly
lower exciton binding energy and superior stability conferred by
the cyanovinylene linkage, the sp”c-Py-BT COF demonstrated
remarkable activity for photocatalytic overall water splitting,
achieving an apparent quantum efficiency of 2.53% at 420 nm.
In contrast, the imine-Py-BT COF failed to achieve photo-
catalytic water splitting. The imine linkage has been widely used
for the construction of 2D COFs. When the Schiff-base linkage
of a D-A COF constructed with triazine and triphenylamine
motifs was protonated using ascorbic acid, a PHE rate as high as
20.7 mmol h™" g~! was achieved under visible light irradia-
tion.” The protonated COF showed redshift in the absorption
spectrum, improved charge separation and increased hydro-
philicity, which are responsible for the dramatically improved
photocatalytic performance (Fig. 6). Significant efforts have also
been made to understand how protonation enhances the pho-
tocatalytic performance of COFs. Protonated COFs were initially
employed for applications in sensing.”* In addition to the
advantages of improved hydrophilicity and broadened optical
absorption range,”* protonation can reverse the direction of
charge transfer between different moieties within COFs,*
indicating the potential for synergistic integration with other
structural features.” Li et al. employed highly photoactive oli-
go(phenylenevinylene) building blocks in the synthesis of
imine-linked COFs and implemented the protonation strategy
to further enhance the photocatalytic performance. The
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prepared COF-954 showed an exceptionally high PHE rate of
137.23 mmol h™' g .7 Zhang et al recently reported two
partially protonated COFs with significantly improved photo-
catalytic efficiency, which was attributed to the formation of
homojunctions between pristine and protonated COFs.”> The
unique unprotonated/protonated structure generates a strong
built-in electric field that effectively facilitates charge
separation.

Exfoliation of 2D COFs into nanosheets (NSs) is another
promising method to enhance catalytic efficiency as the layer
thickness greatly affects the charge separation efficiency of
COFs. CYANO-CON NSs were obtained by ball milling a cyano-
containing COF (CYANO-COF) under sonication.” Their
atomic force microscopy (AFM) images displayed irregular
nanosheet topography with thickness ranging from 4 to 5 nm,
corresponding to ~12-15 COF layers. The CYANO-CON nano-
sheets showed an impressive apparent quantum efficiency
(AQY) of up to 82.6% at 450 nm. Employing a noncovalent
functionalization strategy, exfoliation of the bulk crystalline
covalent triazine framework (CTF) was greatly facilitated by
adding 1-pyrenebutyrate (PB) in water on a large scale.”” PB-
modified 2D-TP (2D-TP-PB) was prepared by ball milling
homogeneously mixed PB aqueous solution and the bulk CTF.
Compared to the as-synthesized CTF, 2D-TP-PB nanosheets
demonstrated an optimized band structure, a much higher PHE
rate of 24.98 mmol h™" ¢! and an AQY of up to 27.2% at
420 nm.

Morphological functionalization of COFs has also been
utilized to improve their PHE performance. Wei et a