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Hydrogen peroxide (H,0,) is a vital oxidant and a promising liquid fuel, serving as one of the 100
most essential chemicals. Covalent organic frameworks (COFs) have emerged as ideal candidates for
pure H,0, photosynthesis due to their fully designable structures and well-defined active sites. The mi-
croenvironment engineering of COFs presents exciting opportunities to optimize both selectivity and ef-
ficiency in H,0, photosynthesis, while their precisely identifiable active sites enable rational design of
next-generation high-performance COFs. Although significant progress has been made in regulating COFs’
active sites for H,O, photosynthesis, a comprehensive review systematically analyzing this specific and
significant area remains absent. Here, we provide a thorough overview of the recent advances and per-
sistent challenges in the microenvironment engineering of COFs for H,0, photosynthesis. To begin with,
the basic principles of 0,-to-H,0, photocatalytic conversion and outline general strategies for microen-
vironment engineering of COFs are presented. Subsequently, we critically examine the current research
progress in this field. The urgent challenges and the future development of the microenvironment engi-
neering of COFs in H,0, photosynthesis are finally proposed. This review will provide valuable theoretical

guidance for developing the next generation of COF photocatalysts that promote H,O, photosynthesis.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Hydrogen peroxide (H,0,), an environmentally friendly oxidant
and energy-dense liquid fuel, serves as one of the 100 most crit-
ical industrial chemicals. It has extensive applications in chemical
synthesis, environmental remediation, and biomedical engineering.
The global market reached US$10.9 billion in 2023, with annual
demand exceeding 4.4 million tons [1-4]. Currently, the indus-
trial synthesis of H,O, predominantly relies on the anthraquinone
oxidation process, accounting for over 95% of global output. Be-
sides, the direct Nreaction of hydrogen and oxygen catalyzed by
noble metal catalysts has emerged as a supplementary approach.
However, these conventional methods face critical limitations, in-
cluding high operational costs, substantial energy consumption,
and environmental pollution from byproduct emissions [5-7]. Fur-
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thermore, the high concentration of commercially produced H,0,
poses safety risks during storage and transport, and typically re-
quires dilution for practical applications (e.g., < 0.1 wt% for water
treatment) [8,9]. Therefore, the development of environmentally
friendly and economical technologies for the on-site synthesis of
directly utilizable H,0, is of great importance.

Molecular oxygen (O,) is the most environmentally benign
and abundant available oxidant on the planet. Photocatalytic O,
reduction reactions (ORR) provide a sustainable and appealing
alternative technology for directly synthesizing clean and ready-
to-use H,0, from pure water and air [10-13]. In principle, the
two-electron (2e~) ORR process for H,O, photosynthesis includes
either the direct one-step 2e~ (Eq. 1, all potentials are reported
with reference to the normal hydrogen electrode (NHE)) or the
consecutive two-step 2e~ (Egs. 2 and 3) route [14]. The generated
H,0, can further gain an e~ and be reduced to a hydroxyl radical
(-OH) and a hydroxide ion (OH™), i.e.,, 3e~ ORR process (Eq. 4) [15].
Besides, the 1e~ ORR produces superoxide radicals (-O,~) that eas-
ily react with photogenerated holes (h*) to produce singlet oxygen
(10,) (Eq. 5), and the 4e~ ORR pathway always competes with
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the 2e~ (Eq. 6) [16,17]. Despite extensive research on inorganic
semiconductors and organic polymers, most systems still suffer
from low activity, poor selectivity, and insufficient mechanistic un-
derstanding [18-22]. Addressing these limitations requires atomic-
scale insights into the intrinsic relationship between catalyst active
sites and O, adsorption/reduction behaviors, which is crucial for
rationally engineering high-performance photocatalytic systems.

0, +2e~ + 2H* — H,0,(0.68 V vs. NHE) 1)
0, +e~ — -0,7(—=0.33 V vs. NHE) (2)
0" +e~ + 2H* — H,0,(1.44 V vs. NHE) (3)
H,0, + e~ — -OH + OH™ (2.4 V vs. NHE) (4)
.0,” + ht*—10,(0.34 V vs. NHE) (5)
0, +4e~ + 4H* — 2H,0(1.23 V vs. NHE) (6)

Covalent organic frameworks (COFs), a kind of crystalline
organic porous materials constructed by integrating organic units
through covalent bonds, have emerged as thriving candidates in
H,0, photosynthesis due to their high crystallinity, tunable elec-
tronic band structures, and well-defined active sites [23-25]. The
vast building units, rich bonding linkages, and diverse topological
networks of COFs endow them with structures fully designable.
This unique feature allows precise regulation of electronic prop-
erties via customized configurations, thereby optimizing catalytic
activity and selectivity for H,O, generation. Furthermore, the
structures of COFs are precisely identifiable at the atomic level,
providing unparalleled opportunities to elucidate the nature of
the active sites and the structure-property relationships. Since
the pioneering work by Voort et al in 2020 [26], research on
COFs-based H,0, photosynthesis has grown exponentially (Fig. S1
in Supporting information). In particular, significant breakthroughs
have been achieved in microenvironment engineering of COFs
for regulating the activity and pathways of H,0, photosynthesis
(Fig. 1) [26-31]. Over five years of rapid development, COFs have
emerged as the leading candidates for the photosynthesis of
clean and ready-to-use H,0, via photocatalytic O, activation [32].
Although some reviews on COFs for H,0O, photosynthesis have
been published, a critical review summarizing the relationship
between the microenvironment of COFs and the efficiency of H,0,
photosynthesis remains conspicuously absent.

In this review, we provide a critical overview of the progress
and challenges in microenvironment engineering of COFs for H,0,
photosynthesis by ORR. To begin with, the principles of photocat-
alytic 0,-to-H,0, conversion and outlining key strategies for mi-
croenvironment engineering of COFs are introduced. Subsequently,
the research progress of microenvironment engineering of COFs in
H,0, photosynthesis is critically scrutinized and summarized. In
this part, the significant role of precise microenvironment engi-
neering of COFs in regulating O, adsorption/activation behaviors,
e~ transport and separation, and proton utilization will be empha-
sized. Finally, the challenges and potential advancements in this
area are projected. This review aims to provide valuable theoreti-
cal guidance for developing next-generation COFs towards boosted
H,0, photosynthesis.
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2. Basic principles of 0,-to-H,0, photocatalytic conversion and
microenvironment engineering of COFs

2.1. Basic principles of 05-to-H,0, photocatalytic conversion

The photosynthesis of H,O, primarily occurs via the ORR, a
complex multistep process involving electron or energy transfer
pathways that generate various reactive oxygen species (ROSs)
(Fig. 2a). The formation of undesired ROSs reduces O, utiliza-
tion efficiency, diminishing both the activity and selectivity of
H,0, photosynthesis. Furthermore, some highly oxidative ROSs
(e.g., -OH) can accelerate catalyst degradation, which compromises
the structural stability and catalytic longevity of photocatalysts.

The adsorption and activation behaviors of O, play a decisive
role in the pathway of ORR. Various experimental and theoret-
ical studies have identified two initial O, adsorption models in
H,0, photocatalysis: the end-on adsorption (Pauling model) and
the side-on adsorption (Yeager model) (Figs. 2b and c) [33,34].
These distinct O, adsorption configurations dictate the ORR reac-
tion pathways. In the “end-on” configuration, the O, molecule ad-
sorbs at single active sites (Fig. 2b), and then acquires an electron
in its w* antibonding orbital during the formation of the interme-
diate -O,~ (Fig. S2 in Supporting information, observed by in-situ
diffuse reflection infrared Fourier transform spectroscopy (DRIFTS)
at ~1100 cm~1) [35,36]. The -0, can easily react with photogen-
erated h™ to produce '0, (Fig. S2 in Supporting information), in-
troducing competing side reactions. In contrast, when two active
sites on the catalyst are close together, each oxygen atom can coor-
dinate with active atoms through Yeager-type adsorption (Fig. 2c).
This pathway often results in the formation of 1,4-peroxide (*00*,
in-situ DRIFTS at ~820 cm~1) [37], which subsequently combines
with e~ and protons to directly from H,0, via a one-step 2e” ORR
pathway. Thus, tailoring the active sites in catalysts can effectively
enhance the selectivity of H,0, production. Photocatalysts with
well-defined active sites exhibit superior performance by preferen-
tially stabilizing the desired adsorption configuration and reaction
pathway.

2.2. Influencing factors of microenvironment engineering of COFs

The microenvironment of COFs refers to the localized chemi-
cal and physical environment within their highly ordered porous
structures, collectively defined by organic building units, functional
groups, pore surface chemistry, and host-guest interactions. This
microenvironment exhibits the following key characteristics: (1)
Precise pore geometry (size, shape, and topology); (2) chemical
functionality on pore walls; (3) nanoconfinement effects arising
from framework rigidity/flexibility and stacking modes; (4) local
polarity and electronic tuning via guest binding. Taking the classic
two-dimensional (2D) COFs as an example, different symmetric
units are used as nodes or linkers, resulting in a wide variety
of layer structures and tunable pore geometries. A vast library
of monomers and covalent bond-forming reactions provides an
ideal platform for fine-tuning the microenvironment engineering
of COFs. Based on the artificial operable modulations, this section
will systematically introduce factors that affect the microenvi-
ronment engineering of COFs, including structural regulation,
crystallinity, dimensions, interlayer stacking, and topology (Fig. 3).

2.2.1. Structural regulation

In in-situ synthesis, although the original ligands may lack sig-
nificant catalytic activity, catalytic sites can be strategically en-
gineered and uniformly distributed within frameworks of COFs
through rational structural design. Moreover, post-synthetic modi-
fications such as halogenation, pendant groups appending, or metal
coordination enable fine-tuning the chemical environment of the
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Fig. 1. Selected examples of COFs used for H,0, photosynthesis.
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Fig. 2. (a) The ORR process involves multiple complex steps. (b) The process of O, adsorption in the Pauling-type configuration and (c) Yeager-type configuration for H,0,
photocatalysis.
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Fig. 3. Factors affecting the microenvironment engineering of COFs.

active sites without compromising structural integrity. This mod-
ular approach allows optimization of photocatalytic performance
while retaining the framework’s crystallinity and porosity.

The linking bonds in COFs, such as imine and triazine bonds,
can serve as acidic or basic active sites for certain catalytic
reactions [38]. Strategic bond engineering further enables the
optimization of charge transport dynamics and active sites func-
tionality. Transformations from imine to quinoline, azole, or amide
linkages have also been achieved [39-41], with N, O, or S atoms
in these linkages or other sites in the framework acting as typical
electron-rich species, potentially contributing to photocatalytic
behavior. These modified linkages synergistically modulate local
electronic environments and provide accessible coordination sites,
significantly enhancing photocatalytic performance in targeted
reactions.

2.2.2. Crystallinity

Crystallinity, defined as the long-range periodic arrangement of
atoms or molecules in a material, plays a pivotal role in photo-
catalytic applications of COFs [42]. The highly ordered structure of
crystalline COFs enables efficient separation and transport of pho-
togenerated e~-h* pairs, reducing recombination and thereby en-
hancing photocatalytic efficiency [43]. Enhanced crystallinity can
improve catalytic performance by (i) maximizing active sites den-
sity and uniformity, (ii) optimizing the reactant adsorption kinetics,
and (iii) ensuring structural stability under irradiation.

2.2.3. Dimensions

As the most extensively studied family of COFs, 2D COFs feature
covalent connections that extend within planar layers, facilitating
rapid and directional molecule transport between pores or layers.
Their structural dimensions are highly tunable via synthetic strate-
gies, typically ranging from nanoscale to microscale. For instance,
powder-form 2D COFs often exhibit crystal sizes of tens to hun-
dreds of nanometers, while 2D COF single crystals up to 0.2 mm in
size, with in-plane lattice parameters usually falling in the range
of 2-5nm depending on building block design. Additionally, the
2D plane provides a large surface area, making it easier to intro-
duce functional groups through post-modification, significantly en-
hancing design versatility. However, the non-covalent interactions
(- stacking or dipole interactions) in stacked 2D frameworks
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can somewhat limit the accessibility of active sites [44]. By com-
parison, three-dimensional (3D) COFs possess more complex pore
structures, with their 3D morphology allowing for the stable posi-
tioning of COF particles in space and forming a highly cross-linked
network. This 3D configuration not only significantly increases the
specific surface area but also indirectly enhances the number of ac-
tive sites, effectively addressing the issue of active sites occlusion
due to interlayer stacking in 2D COFs [45]. One-dimensional (1D)
COFs are created by covalently linking building blocks in 1D, re-
sulting in porous nanoribbons that offer advantages such as easier
dispersion and greater exposure to edge sites [46].

2.2.4. Interlayer stacking

The energy band structure of COFs can be influenced by the
interlayer stacking modes [47,48]. Stacking often results in the
emergence of several local energy minima within a narrow en-
ergy window, which in the best-case scenario can lead to polymor-
phic stacking modes, such as eclipsed (AA stacking), staggered (AB
stacking or ABC stacking), and disordered stacking [49]. In 2D COFs,
interlayer w-m interactions not only enhance structural stability
and facilitate vertical (z-direction) e~ transfer [50] but also cre-
ate nanoconfined environments that modulate reactants adsorption
and diffusion. However, this stacking mode hinders the in-plane
e~ transport within the COFs, a limitation that becomes more pro-
nounced in AA stacking mode COFs. Notably, an appropriate degree
of interlayer shift may expose potential active sites.

Another interlayer factor that affects the microenvironment en-
gineering of COFs is interlayer distance. Strong m-7 interactions
between layers often lead to tight stacking, which can restrict mass
transport of reactants and reduce accessibility to catalytic sites,
thereby limiting catalytic efficiency. Ligand molecules with large
steric effects, such as pyrene, triazine, and carbazole, can create
spatial barriers between layers due to their larger molecular sizes,
increasing the interlayer distance and optimizing the e~-h* pairs
separation efficiency [51,52].

2.2.5. Topology

The reticular chemistry of COFs can be determined by the
pre-designed precursors and topological diagrams. Topological di-
agrams enable the design of COFs with different skeletons and
porosities, which is the source of COFs’ diversity. The successful
realization of the COFs’ complex and diverse topologies relies on
the varied structural characteristics of building blocks, which in-
clude different sizes, docking sites, reactive groups, chiral centers
and functional groups [53]. The geometry of the building blocks
directly dictates the topology of COFs, while the functions of these
blocks determine the types of chemical bonds formed and the
properties and distribution of active sites. Since COFs with different
topologies possess unique pore sizes and distributions, profoundly
influencing their electronic transport pathways and light absorp-
tion characteristics [54]. These changes, in turn, directly affect the
nature of the catalytic sites within COFs, especially those selective
active sites whose catalytic behavior can be significantly altered by
modifications in topology. Therefore, it is crucial to consider how
the topological structure regulates active sites and influences pho-
tocatalytic performance when designing COF-based photocatalysts.
This concept has gradually gained attention, but it has yet to re-
ceive sufficient emphasis [55].

3. Microenvironment engineering of COFs for H,0,
photosynthesis

3.1. Functional group engineering

In general, the rational design of porous materials as catalysts
is achieved by incorporating catalytic active sites into their frame-
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Fig. 4. (a) In-situ DRIFTS spectra vs. illumination time for the photocatalytic system of C-COFs and FS-COFs. (b) Key steps of H,0, production by FS-COFs. Reproduced with
permission [32]. Copyright 2023, Wiley. (c) Pictorial demonstration of chemical structures of DAzCOFs with different relative N locations. (d) Proposed reactive sites of TpDz
for activating O, molecule. (e) Free energy diagram of photocatalytic ORR pathways for TpDz, TpMd, and TpPz. Reproduced with permission [68]. Copyright 2023, Wiley.

work. The intrinsic properties of COFs are primarily determined
by the chemical structure of their skeleton. Introducing functional
groups with specific roles (e.g., hydroxyl, carboxyl, halogen, metal
atoms/clusters) into COFs can significantly regulate their electronic
structure and surface chemistry, further enhancing their photocat-
alytic performances. These functional groups can be integrated into
the COF frameworks through two synthetic approaches: in situ syn-
thesis and post-synthetic modification.

Unsaturated bonds are frequently utilized to modify COF skele-
tons due to their high e~ density and conjugation effects, which
enhance their electronic transport properties. Additionally, the
presence of unsaturated bonds significantly influences the geomet-
ric structure of molecules (double bonds typically impart a pla-
nar structure to the molecule, while triple bonds often result in
a linear arrangement), which optimizes the electronic transport
pathway and facilitates efficient charge carrier separation [56]. Zhu
et al. demonstrated that diacetylene units significantly enhanced
the COFs’ O, adsorption capacity and adjusted the ORR to be
streamlined into a one-step 2e~ process [57]. Chen et al. intro-
duced vinyl groups as pendant groups into the COF skeletons. Com-
pared to PDA-COF with imine N atoms as O, adsorption sites, the
vinyl groups in the DVA-COF became new adsorption sites for O,
and exhibited stronger adsorption affinity. Furthermore, the intro-
duction of vinyl groups changed the O, adsorption sites configu-
ration from Pauling-type to Yeager-type, promoting a one-step 2e~
ORR pathway and thus improving the photocatalytic efficiency of
H,0, production in DVA-COF [34].

To further elucidate the regulatory mechanism of the ORR path-
way and rationally design rich and unique active sites in COFs to
achieve one-step 2e~ ORR, our previous work introduced sulfone
units into the COFs matrix to promote H,0, photosynthesis from
pure water and air [32]. Experimental and theoretical calculations
have confirmed that the introduction of sulfone units improved the
e -h™ pairs separation, enhanced the protonation property of FS-
COFs, and inhibited the formation of -O,~ (Fig. 4a). The electron-
withdrawing effect of the sulfone groups directed O, adsorption
to the two symmetrical carbon atoms on the central benzene ring.

This resulted in a Yeager-type conformation with strong binding
affinity, achieving high selectivity for O, reduction via a one-step
2e~ ORR process (Fig. 4b).

The well-defined channels of COFs are open and accessible to
interface with other nanomaterials [53]. Incorporating specific co-
ordinating groups (such as pyridine, phenanthroline, or salen lig-
ands) into the nodes or linkers of COFs enables precise anchoring
of metal atoms or ions through stable coordination bonds at pre-
determined sites [58-60]. Hou et al. developed a synthetic strategy
to immobilize single-atom Fe sites within a novel COF [61]. In this
system, the N atoms from the pyridine moieties and imine bonds
coordinate with single-atom Fe to form active sites for the ORR
process. Porphyrins and phthalocyanines, both featuring large fully
conjugated aromatic macrocyclic structures, have emerged as po-
tential platforms for constructing metal-based catalysts [62,63]. Xia
et al. synthesized a novel porphyrin-based COF with Ni?* in the
center of porphyrin. This photocatalyst can catalyze the production
of H,O, in the air without sacrificial agents. The incorporation of
Ni2* in the porphyrin center has a positive effect on the adsorp-
tion and reduction of O, molecules while facilitating the charge
transfer processes [64].

3.2. Nonmetallic heteroatomic engineering

Introducing nonmetal heteroatoms (e.g., N, S, F) into COFs skele-
tons via partial replacement of C atoms or bonds can establish
new localized energy levels and generate additional charges, ef-
fectively enhancing the separation and transfer of photogenerated
charge carriers [65,66]. Zeng et al. employed an N-site engineer-
ing strategy to systematically regulate H,O, photosynthesis perfor-
mance by precisely tuning the type and density of N atoms in the
framework. Their work revealed a positive correlation between N
density in the framework and H,0, production rates in these COFs
[67]. In a complementary study, Xi et al. designed and synthe-
sized three isomeric COFs functionalized with nitrogen-containing
N-heterocycles (diazines) for H,0, photosynthesis (Fig. 4c) [68].
They investigated how the relative positions of N atoms modulate
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the photocatalysts’ activity in this reaction. The synergistic config-
uration of the neighboring N atoms in the pyridazine ring (site 1),
combined with the N atoms from the imine bond and other pyri-
dazine ring (site 2), creates multiple O, adsorption sites for the
formation of *OO* (Fig. 4d). This synergistic configuration signif-
icantly reduces the Gibbs free energy of the one-step 2e~ ORR
pathway (Fig. 4e), making it thermodynamically superior to the
two-step 2e~ ORR pathway, thereby greatly enhancing the selec-
tivity of H,O, photosynthesis.

The N atoms in the pyridine ring structure provide active sites
for binding with H,O0 molecules through hydrogen bonds. Ma et al.
prepared a COF-based photocatalyst incorporating 2,2’-bipyridine
units, demonstrating that the bipyridine sites enable the simulta-
neous adsorption of two H,O molecules. The protonation process
at these sites facilitates the Yeager-type adsorption of O,, promot-
ing *00* intermediates formation and accelerating the one-step
2e~ ORR reaction under light irradiation [69]. Similarly, Kim et al.
revealed that 2,2’-bipyridine acting as an oxidation center could
adsorb and oxidize water molecules under light, leading to bipyri-
dine protonation and -OH generation [70]. However, due to the
presence of imine bonds, some O, molecules still tend to adsorb
onto single N sites, which causes the sequential two-step 2e~ ORR
process to produce H,0,. Addressing this challenge, Zhao et al.
synthesized an imine-based COF (Pylm-COF) using 3,3’-bipyridine.
This design creates dual active sites for O, adsorption through the
synergistic combination of the N atom of 3,3’-bipyridine and the
adjacent N atom on the imine bond, preferentially forming *0OO*
intermediates over *OOH species. This strategic configuration ef-
fectively suppresses the two-step 2e~ ORR pathway at the imine-N
sites while enhancing the efficiency of the one-step 2e~ ORR pro-
cess [71].

Nevertheless, the strong polarization of the N atoms in imine
linkages can partially hinder charges transfer, leaving opportuni-
ties for further improvement of s-delocalization. Sulfur (S) dop-
ing presents a promising alternative, as sulfur’s relatively larger
atomic radius and lower electronegativity (compared to N and
0) significantly alter the electronic structure of materials. These
properties make S a strategic heteroatom for tuning local elec-
tronic distribution in COFs. Voort et al. synthesized thiazole-linked
COFs by combining imine-based COFs with elemental S [72]. The
post-sulfurization process expanded the m-conjugation of the COF
framework in both the x and y directions, substantially improving
e~ transport efficiency and significantly enhancing photocatalytic
activity.

Halogen atoms, known for their high electronegativity (espe-
cially F), can alter the electronic density distribution and surface
polarity of COFs upon incorporation. Additionally, dangling halo-
gen groups can stabilize the interlayer stacking of 2D COFs via -
electron interactions, enhancing structural stability and facilitating
charge transport. Han et al. rationally engineered the substitution
of F atoms on the edge aromatic units of an imine-linked 2D COF
with a triazine core (TF-COF) [73]. The F substituents strength-
ened sm-electron interactions, resulting in significantly improved
crystallinity and porosity of the partially fluorinated TF57-COF and
achieving the highest H,0, photosynthesis rate.

3.3. Linkage engineering

The linkages in COFs form the fundamental connections be-
tween repeating units, profoundly shaping their microenviron-
ment by influencing key properties such as band structure, -
conjugation, hydrophobicity, and charge separation efficiency [74].
This linkage engineering endows the frameworks with tunable
crystalline architectures and tailored functionalities. Particularly,
certain linkages (e.g, imine and cyano-vinylene) exhibit intrin-
sic polar asymmetry—their spatial orientation critically modulates
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the molecular dipole moment distribution, generating an oriented
built-in electric field that effectively drives the separation of photo-
generated e~-h* pairs [25]. Furthermore, post-synthetic modifica-
tion strategies offer additional avenues for constructing optimized
COF architectures with enhanced performance.

3.3.1. Linkage types

Imine-based COFs represent the most extensively studied fam-
ily, offering advantages like facile synthesis conditions (even
achievable at room temperature), diverse synthesis methods, and
robust chemical stability [75]. Additionally, the p-m conjugation ef-
fect of imine bonds contributes to the w-conjugated system within
the COFs plane, endowing the material with significant absorption
in the UV-visible range. Particularly, the N atom in the imine bond
exhibits a certain electron-rich effect, which allows it to act as an
oxidation site to adsorb O, for the two-step 2e~ ORR reaction [71].

Hydrazone-linked COFs are formed through the condensation
reaction between hydrazides and aldehydes. As structural ana-
logues of imine-linked COFs, these COFs have attracted significant
attention due to their high physicochemical stability and inherent
hydrophilicity [76]. Zhu et al. demonstrated the pioneering exam-
ple of a hydrazone-linked COF using aliphatic linkers with unprece-
dented activity for H,O, photosynthesis (Fig. 5a) [77]. The appro-
priate proton donors and acceptors on the aliphatic chains form
specific multiple hydrogen-bond networks, which restrict the ro-
tational freedom of the chains and enhance the crystallinity of
the framework. Compared to the aromatic TPPA-COF without hy-
drazone linkages, the TAH-COF exhibited stronger affinity for O,
and showed a record-high photocatalytic H,0, evolution activity
(6003 umol g-! h—1) without sacrificial agents, coupled with sig-
nificantly higher apparent quantum yields (AQYs) (Figs. 5b and c).

Azobenzene, an electron-deficient, light-switchable, and light-
harvesting organic unit, demonstrates significant potential as a
functional linkage in COFs for applications such as proton conduc-
tivity and photocatalysis. Zhao et al. transformed an imine COF into
an azobenzene-linked COF through a COF-to-COF conversion using
1,4-dinitrobenzene as a linker exchange reagent [78]. Although the
transformation involves replacing only one nitrogen atom, the re-
sulting azo linkage significantly broadens light absorption and en-
hances charge transport. More importantly, it also serves as an ac-
tive site for oxygen reduction, leading to improved photocatalytic
H,0, production.

Vinyl-linked COFs exhibit exceptional chemical stability and -
delocalization. Han et al. designed different levels of F atoms on
the edge units of COFs with triazine cores connected to olefins
[79]. The adjacent F atoms-olefinic bond can form p-m conjuga-
tion and achieve spin polarization under radiation. This mecha-
nism accelerates triplet excitons generation, activates O, to 10,
at the olefinic bond site, and thus generates H,O, through effi-
cient 2e~ ORR photocatalysis. Remarkably, the system simultane-
ously achieved in situ utilization of the produced H,O, for effi-
cient oxidation of biomass-derived 5-hydroxymethylfurfural (HMF)
to value-added furan compounds with 95% conversion yield.

3.3.2. Linkage orientation and position

The electronegativities of the C and N atoms are different,
which results in a certain polarity in the C=N bond [38]. Changing
the orientation of the imine bond may affect the distribution of
the m-electron cloud and the continuity of the conjugated system,
thereby influencing the light absorption and e~ transfer properties.
To systematically investigate the effect of imine bond orientation
on the photocatalytic performance of COFs, Yue et al. prepared a
pair of structural isomers COFs with reversed imine linkages [80].
This precise control over linkage direction effectively modulated
the energy barriers of key redox steps. TB-COF exhibited a larger
dipole moment and greater charge separation efficiency along both
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Fig. 5. (a) Pictorial demonstration of chemical structures of TAH-COF and BAH-COF. (b) Time course of H,0, evolution for TAH-COF, BAH-COF, and TPPA-COF. (c) AQYs of
these three COFs were measured at 475, 500, 520, 550, and 600 nm. Reproduced with permission [77]. Copyright 2024, American Chemical Society. (d) Experimental setup
for H,0, production in natural sunlight in water and seawater and a BA (10:1) mixture. (e) Long-term H,0, production of DMCR-1NH. (f) PXRD patterns of DMCR-1NH (left)
and Imine-1 (right) before and after five cycles. Reproduced with permission [85]. Copyright 2023, American Chemical Society.

the ORR and WOR pathways, resulting in significantly enhanced
H,0, photosynthesis performance. It is interesting to note that
the system directly utilized the seawater-produced H,0, for effi-
cient tetracycline degradation, while also achieving 100% selective
oxidation of 4-methoxybenzyl alcohol to high-value anisaldehyde
when coupled with Hy0, production. Complementing these find-
ings, Zhou et al. explored the intrinsic relationship between imine
bond orientation and the activation of molecular O,/H,0 [81]. The
synthesized PB-PT-COF (the nitrogen of imine is closer to the ben-
zene ring) showed strong H,O interaction, while PT-PB-COF (the
nitrogen of imine is closer to the triazine ring) preferentially ad-
sorbed and activated O,. In the H,0, photoproduction dominated
by the ORR pathway, the photocatalytic rate of PT-PB-COF is twice
that of PB-PT-COF.

Although some COFs (such as pyridazine COFs) have a rela-
tively high H,0, photosynthesis activity in pure water, the H,0,
they generate is prone to rapid degradation due to oxidation by
photoexcited h* or .0,~, which limits their long-term applicabil-
ity. To achieve high-rate H,0, photocatalytic production with en-
hanced stability in COFs, Yu et al. were the first to investigate the
impact of imine bond positions on H,0, photosynthesis [82]. The
spatial arrangement of the imine bond dictates the localization of
pyridinic nitrogen atoms, creating different types of active sites.
Despite having the same composition, 0-COF-TpPzda with ortho-
positioned imine bonds maintained stable activity after 48h in
pure water. In contrast, the p-COF-TpPzda with imine bonds in the

para position achieved a higher initial HyO, production rate but
suffered rapid deactivation within 6 h. This instability stems from
preferential photogenerated h* accumulation in the pyrazine ring
region, causing oxidation degradation. This study highlights a criti-
cal structure-durability relationship: Strategic imine bond position-
ing can decouple high activity from long-term stability in photo-
catalytic COFs design.

3.3.3. Linkage modification

The inherent two-orientation isomers of imine bonds may lead
to reduced COFs ordering due to the formation of a flat structure
[49]. Yaghi et al. showed that the orientation of certain linkers may
change even in the solid state [83]. To stabilize the orientation of
imine bonds and prevent configurational flipping, converting them
into irreversible bond types is an effective strategy [30]. For exam-
ple, He et al. employed an aza-Diels-Alder cycloaddition reaction
to transform dynamic imine bonds into robust quinoline linkages.
This post-synthetic modification strategy enhanced the resulting
COF’s structural robustness and mr-electron delocalization [84]. Ex-
panding on this strategy, Thomas et al. developed synthetic strate-
gies for quinoline-linked COFs and their analogs (DMCR-COFs) [85].
Compared to the imine COF analogue (Imine-1), both quinoline-
COFs exhibited improved H,0, production in natural sunlight and
seawater (Figs. 5d and e). Although DMCR-1NH is less conjugated
than the aromatic DMCR-1, the -NH functional group provides ex-
tra O, adsorption sites, making the quinoline-COFs perform more
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efficiently in H,0, photosynthesis. After 5 cycles, the activity of
DMCR-COFs only slightly decreased, whereas Imine-1 lost activity
and crystallinity (Fig. 5f).

The azole linkages can also effectively improve the chemical
stability and s -conjugation of compounds [86]. Wang et al. con-
verted imine COFs into structurally similar COFs linked by imida-
zole, oxazole, and thiazole via a linker exchange reaction for the
first time [87]. The increase of conjugation along the plane and
across the plane collectively enhanced the visible light absorption
ability of TZ-COF. Additionally, these azole-based chemical linkages
increased the activity near the phenyl rings and facilitated the for-
mation of suitable intermediates in the 2e~ ORR, thus promoting
the production of H,0,. Their study highlights the important role
of the linkage microenvironment in enhancing the photocatalytic
performance of azole-linked COFs.

3.4. Donor-acceptor (D-A) system engineering

Engineering D-A structures in COFs enables directional charge
separation by establishing internal electronic gradients. The
electron-rich donor units and electron-deficient acceptor moieties
create built-in dipoles, which drive photogenerated electrons to-
ward acceptors while pulling h* back to donors. This spatial sepa-
ration suppresses charge recombination and enhances charge mo-
bility [88,89]. In multi-step photocatalytic processes like H,0, gen-
eration, such controlled charge flow is essential for efficient O, re-
duction and precise intermediate stabilization.

3.4.1. D-A system

For H,0, photosynthesis, the D and A building blocks in COFs
can serve as dual active sites for ORR and WOR. The remarkable
e~ cloud separation between D and A units endows these reaction
sites with enhanced activity. Jiang et al. combined the electron-rich
hexaphenyl-substituted triphenylene with electron-deficient ben-
zothiadiazole units to synthesize three COFs with different degrees
of conjugation [90]. All three COFs have spatially separated D and
A, with each D and A unit serving as oxidation and reduction ac-
tive sites. Notably, in the non-conjugated Hz-TP-BT-COF, the A unit
displayed heightened electron-deficient properties while the D unit
retained exceptional electron-rich properties. This strategy enabled
Hz-TP-BT-COF with ultra-fast photoinduced e~ transfer and charge
separation from D to A, optimizing photocatalytic efficiency. In
a complementary study, Liu et al. designed and synthesized two
photoactive tris(triazole)-based COFs through the Schiff-base con-
densation reaction [91]. The COF-JLU51 demonstrated better D-A
characteristics, evidenced by the more pronounced separation of
HOMO-LUMO. This enhanced D-A configuration is directly corre-
lated with improved charge separation and photocatalytic perfor-
mance. In addition, Chen et al. found that the formation of the D-A
structure affects the atomic orbitals and the active sites on COFs.
By compensating for intrinsic energy barriers in H,0, formation,
their optimized D-A system achieved a 10-fold increase in H,0,
yield [92].

3.4.2. Expansion of D-A system

A conventional D-A system typically comprises alternating ar-
rangements of D and A units. Given the fully designable structure
of COFs, creating novel D-A COFs with configurations like D{-A-D,
or A;-D-A, could be engineered to enhance optoelectronic proper-
ties and potential photocatalytic applications [89]. These additional
D or A units may also offer more active sites. Chen et al. designed
and synthesized HEP-COFs with spatially separated redox centers,
named HEP-TAPT-COF and HEP-TAPB-COF [28]. Both the heptazine
and triazine rings exhibit similar O, adsorption sites, serving as D
units to produce H,0, via a one-step 2e~ ORR pathway (Fig. 6a).
Compared with HEP-TAPB-COF, where heptazine acts as the sole O,
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reduction center, HEP-TAPT-COF demonstrated superior H,O, pho-
tosynthesis (Fig. 6b).

The electronic landscape of D-A COFs can be further engineered
through targeted functionalization and structural hierarchy, en-
abling precise control over charge transfer pathways. In a further
exploration, Ni et al synthesized three imine-based COFs (COF-
OCN, COF-1CN, and COF-2CN) with varying numbers of cyanide
groups introduced into the biphenyl units [93]. Cyano groups with
strong electron-withdrawing effects can serve as additional A units
to connect with D units and provide more WOR catalytic sites
for COFs. Notably, as the number of cyanide groups increases,
their H,O, photocatalytic performance continues to improve. The
in situ produced H,0, demonstrated effective antibacterial activity
against antibiotic resistance genes and successfully degraded or-
ganic pollutants. Besides, under natural sunlight irradiation, COF-
2CN still exhibited stable activity and recyclability in the scaled-up
reactor (Fig. 6¢). In addition, Luo et al. designed two different types
of complex cyano-functionalized D-A COFs based on D-A-7-D and
D-A-rr-A fashion and explored the photocatalytic effect dependent
on e~ and structures [94]. Compared with the D-A-w-A type, the
D-A-m-D type achieved a 1.9-fold increase in H,0, production effi-
ciency and a 1.3-fold improvement in O, utilization and conversion
rate. Wang et al. designed three benzotrithiophene-based COFs and
introduced the concept of a uniport "atom spot-molecular area" via
a double D-A method in a periodic framework [95]. When the D-
A direction of the imine bond is consistent with the direction of
e~ transfer between the molecular motifs, a periodic and unob-
structed charge transport mode is formed, ultimately achieving the
high-yield synthesis of H,0,. Almost 72 % of sulfamethoxazole can
be directly degraded within 5min in the produced H,0, solution
through Fenton reactions, demonstrating its immediate applicabil-
ity for environmental remediation.

3.5. Dimensional engineering

Tuning the dimensionality of COFs regulates the spatial arrange-
ment of active sites and mass transport pathways, thereby influ-
encing 0,/H,0 adsorption and catalytic selectivity. In 3D COFs,
interconnected isotropic pores enable co-transport of reactants
and stabilize intermediates via spatially distributed active cen-
ters. In contrast, 1D COFs confine O, within linear channels, gen-
erating polarized microenvironments and exposing terminal sites
for enhanced activation. This dimensional differentiation reveals
structure-activity relationships in photocatalysis: dimensional con-
trol systematically coordinates the adsorption-catalysis coupling
through structural parameters (pore configuration, e~ delocaliza-
tion, and active site distribution), thereby optimizing the efficiency
and selectivity of H,O, photosynthesis.

3.5.1. 3D COFs

3D COFs have demonstrated unique advantages in regulating
microenvironment engineering. Their high porosity and large spe-
cific surface area facilitate diverse active site layouts, enhance con-
tact efficiency with O, and H,0 molecules, and effectively promote
e~ transfer. Zhang et al. designed and synthesized octa-aldehyde
difluorobenzene monomer as an 8-connected cubic node for the
construction of 3D COF (COF-NUST-16) with tty topology via a
bottom-up [8 +4] reticular strategy for the first time. This frame-
work demonstrated a wide and strong absorbance and narrow
bandgap in the visible light region, achieving an H,0, production
rate (1081umol g=! h=1) higher than that of similar 4-linker 2D
COF (234umol g=! h~1) [96]. To break the traditional constraint
of triangular planar nodes and linear linkers only forming 2D hcb
topologies, Gu et al. employed steric hindrance engineering by pre-
installing four bulky groups on the linear linker. The resultant in-
termolecular repulsion causes the planar structure to distort into a
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spatial disk-like structure, leading to the formation of an extended
network and subsequent 3D framework (Fig. 7a) [97]. In photocat-
alytic reaction pathways, 3D TMP-COFs offer fully exposed active
sites and stronger positively charged regions, significantly enhanc-
ing H,0, photocatalytic synthesis performance compared to anal-
ogous 2D COFs.

The twisting of flexible units can also be used to transform
2D planar units into 3D structures. Lan et al. constructed 3D COFs
with spn topology based on the trigonal antiprism (C3) monomer
hexa(4-formyl-phenoxy)cyclotriphosphazene (CTP) [98]. The inher-
ent flexibility of the phosphazene structure building block in
CTP induces structural distortions that reconfigure conventional
2D architectures. When combined with a linear C, configuration
monomer, the Cg configuration of CTP tends to form 2D COFs
with kgd topology. However, a 3D unit of trigonal antiprism (C3)
monomers of CTP will be formed when the CTP twists exces-
sively, which tends to form a 3D COF even connected with planar
monomers. This 3D structure enriches active sites and exhibits ex-
cellent H,0, photosynthesis stability.

3.5.2. 1D COFs
Studies indicate that 1D COFs possess low-density base sites
and numerous exposed edge sites on their skeletons, significantly

enhancing active site accessibility and expanding the electrochem-
ically active surface area [99]. In a pioneering advancement, Shen
and Zhang et al. systematically designed and eventually synthe-
sized novel VIA group elements (O, S, Se)-bridged 1D COFs with
a typical 4-connected sql topology (Fig. 7b) [100]. The 1D structure
of EO-COF effectively enhances proton shuttling and O, activation,
and exhibits better visible light absorption, more exposed active
sites, more effective charge transfer capabilities, and stronger pro-
ton transfer ability. This is the first report of 1D COFs in H,0, pho-
tosynthesis. In addition, Luo et al. used specific functional groups
to modulate the edge sites of 1D COFs. By tailoring the electronic
states of C atoms on COFs and edge groups, they achieved precise
control over photocatalytic performance [101].

To date, research has predominantly focused on constructing
novel topological dimensions of COFs, with limited systematic in-
vestigation into how dimensional engineering fundamentally en-
hances photocatalytic performance. Although 3D COFs show great
potential for expanding their topological library, precise design and
tough synthetic techniques remain significant challenges to their
development. Similarly, the application of 1D COFs in topological
networks remains underexplored, with only sporadic research ad-
dressing their photocatalytic performances. Therefore, optimizing
the microenvironment engineering of COFs through multidimen-
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sional structural design to improve H,0, photocatalytic production
efficiency is still in its early stages and holds vast potential for fu-
ture exploration.

3.6. Others

Overall, the current strategies for improving the photocatalytic
production of H,0, using COFs predominantly focus on tuning the
structure of COFs. Some other factors, such as improving crys-
tallinity and altering topology, have also been reported but remain
scarce. For instance, Yan et al. proposed a novel strategy to en-
hance the crystallinity of a covalent organic framework, TFA-TaPt-
COF, connected by imine linkages [102]. By forming an acetal be-
tween an aldehyde and ethanol, the aldehyde concentration was
reduced, thereby slowing down the reaction rate between the ac-
etal and amine. The TFA-TaPt-COF-E with higher crystallinity had
a fivefold higher H,O, photosynthesis rate than TFA-TaPt-COF-NE.
Tang et al. successfully synthesized two novel COFs with similar
skeleton compositions but different topologies through the inge-
nious design of monomer linkage sites [55]. TBD-COF possessing
six-arm cores with cpt topology exhibited superior photocatalytic
H,0, performance compared to TBC-COF featuring three-arm cores
with hcb topology. Due to the pyridine N-sites acting as potential
active centers for both ORR and WOR, the topology of TBD-COF re-
quired twice the amount of bipyridine monomers to construct the
cpt topology, thereby providing a larger specific surface area and
more abundant catalytic active sites. On the other hand, topology
modulation lowered the energy barrier for the ROS in the H,0,
formation process via ORR and WOR pathways, further enhancing
the photocatalytic performance of TBD-COF.

Studies have shown that organic polymers with highly coplanar
frameworks exhibit enhanced m-conjugation, which significantly
promotes e~ -h* pairs separation [103]. However, traditional linear
linkages (such as C=N, C-N, bipyridine, and biphenyl units) in COFs
inevitably introduce structural torsion between building blocks, re-
sulting in dihedral angles that impair coplanarity. To address this
limitation, Tan et al. synthesized four CTFs with varying degrees of
coplanarity using coplanar triazine rings as linkers combined with
planar fused and non-fused ring compounds as building blocks
[104]. The near 0° dihedral angles between components in fused
CTFs indicate higher coplanarity. Both the e~-h™ separation effi-
ciency and H,0, photosynthesis performance were improved. Xu
et al. demonstrated that by rationally regulating the torsion angle
in the basal plane of the as-prepared crystalline CTFs, a remarkable
improvement in direct H,0, photosynthesis can be achieved with
a locked-in coplanar conformation [105].

4. Perspective and outlook

There is no doubt that COFs have an impressive range of prop-
erties and great potential in the field of H,0, synthesis (Table
S1 in Supporting information) [106]. While substantial progress
has been made, several fundamental and practical challenges re-
main. Future efforts should aim to deepen the understanding of
microenvironment-activity relationships and develop more precise
strategies to manipulate the local environments within COFs.

(1) Although current studies demonstrate the influence of func-
tional groups, pore structures, and stacking modes on cat-
alytic performance, the specific correlations between mi-
croenvironmental features and reaction intermediates re-
main elusive. Future work should combine in situ character-
ization techniques with advanced theoretical calculations to
capture the spatial and electronic environment of active sites
in real time, and to reveal how nanoconfined environments
impact O, activation and intermediate stabilization.
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(2) Most current strategies target static and singular aspects of
the microenvironment (e.g., e -h* pairs separation efficiency
or hydrophilicity). Future studies could explore multi-level
regulation, integrating geometric confinement, electrostatic
interactions, and dynamic guest-responsive behavior within
the same framework. Introducing stimuli-responsive units or
reversible host-guest systems may allow adaptive tuning of
the microenvironment during catalysis.
2D COFs have dominated the field, but their dense interlayer
stacking can hinder mass transport and limit exposure of
active sites. Designing 3D or interpenetrated COFs with hi-
erarchical porosity and open channels could help modulate
the microenvironment in three dimensions, enhancing both
diffusion and accessibility. Topological control can also en-
able spatially resolved distributions of functional groups or
charge gradients.

(4) To translate COF-based photocatalysts into practical sys-
tems, future research should focus on designing microenvi-
ronments that not only enhance intrinsic activity but also
meet practical requirements such as chemical stability, prod-
uct selectivity, and ease of separation. An integrated system
approach—combining light harvesting, microenvironment
modulation, and efficient product recovery—will be essential
for scalable H,0, production. Recent studies have explored
various in situ H,O, utilization strategies [80,107], provid-
ing a conceptual framework for future industrial applications
(Fig. S3 in Supporting information). Based on this, COF-based
photocatalysts must be benchmarked against established in-
dustrial processes such as the anthraquinone method, not
only considering the intrinsic activity, with careful evalua-
tion not only of their intrinsic activity but also of long-term
durability, cost-efficiency, and system-level scalability.
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