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Crystalline porous materials, particularly metal–organic frameworks (MOFs) and covalent organic

frameworks (COFs), have garnered significant attention for advanced applications due to their tunable

pore environments and versatile functionalities. By precisely controlling factors such as size, shape,

functional sites, and pore distribution, MOFs and COFs can be tailored to exhibit high selectivity for

specific molecules, making them ideal for applications in gas storage and separation, catalysis, and water

remediation. This review provides a background overview, beginning with an introduction to pore

surface engineering strategies and the design features of MOFs and COFs. It then highlights recent

advancements in three key research areas that our group has investigated in-depth over the past

decade, discussing the strategies and principles involved. Finally, we outline the remaining challenges

and offer our perspectives on future opportunities for pore-engineered MOFs and COFs.
1. Introduction

The intriguing properties of crystalline porous materials,
including zeolites,1–3 metal–organic frameworks (MOFs),4–9

covalent organic frameworks (COFs),10–15 and hydrogen-bonded
organic frameworks (HOFs),16–20 have drawn signicant interest
anpei Song received his BS
rom Beijing University of
hemical Technology, China in
017, and graduated from the
niversity of North Texas with
PhD degree in 2023 under the
upervision of Prof. Shengqian
a. Since 2023, he has been
postdoctoral research asso-

iate in the Nanomaterials
hemistry Group, Chemical
cience Division at Oak Ridge
ational Laboratory. His
esearch interests focus on the
ent organic frameworks, and
vironmental remediation and

h Texas, Denton, TX 76201, USA. E-mail:

1767
from diverse research elds over the past several decades.
Among these crystalline porous materials, MOFs and COFs have
attracted particular attention due to their highly tunable
structures.21–23 Unlike traditional porous materials such as
activated carbon,24 molecular sieves,25 and mesoporous silica,26

which oen exhibit limited structural regularity, poorly dened
pore architectures, and minimal chemical tunability, MOFs and
COFs offer precise control over pore size, shape, connectivity,
and surface functionality. Their modular construction, based
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on the selection of organic linkers and metal or covalent nodes,
enables the formation of frameworks with diverse and well-
dened pore structures. This high degree of structural
programmability has driven a surge in the development of novel
porous materials with broad applicability across various elds.

MOFs are a class of hybrid organic–inorganic crystalline
materials composed of metal ions or metal clusters (nodes)
connected by organic ligands (linkers) through coordination
bonds. The vast combinational possibilities between metals
and organic ligands result in a wide range of structures with
highly tunable properties. In contrast, COFs are fully organic
crystalline porous materials composed of organic building
blocks connected via strong covalent bonds (e.g., C]N, C]C,
B–O bonds). Unlike MOFs, which have metal nodes, COFs are
constructed entirely from organic molecules, resulting in
lightweight structures with higher thermal and chemical
stability. Recently, a new class of crystalline porous materials,
covalent metal–organic frameworks (CMOFs), has emerged,
combining the key features of both MOFs and COFs. CMOFs
integrate the structural precision and covalent connectivity of
COFs with the functional versatility and catalytic potential of
metal centers in MOFs.27

The distinctive morphologies and tunable pore surface
chemistries of MOFs and COFs not only provide exceptionally
large internal surface areas—up to approximately 7839 m2 g−1

for MOFs28 and 5083 m2 g−1 for COFs29—with uniform pore
channels and windows, but also endow them with versatile pore
functionalities, making them highly suitable for various
industrial applications such as gas storage and separation,30–37

heterogeneous catalysis,38–44 proton conduction,45–49 chemical
sensing,50–56 and environmental remediation.57–62 Abundant
opportunities for tailoring their pore surfaces through pore
engineering can be readily achieved through a wide range of
chemical strategies, from de novo design of organic linkers and
connecting nodes to post-synthetic modications (PSMs).63–69

De novo synthesis allows precise control over pore size, shape,
and connectivity by designing functionalized linkers/monomers
andmetal nodes, while PSM enables the introduction of specic
functional moieties or active sites into pre-formed frameworks.
Additionally, sophisticated engineering techniques, such as
pore space partitioning and hierarchical pore construction, can
further optimize their performance. Pore surface modication,
such as graing functional groups or catalytic sites, enables the
alignment of ordered active centers within the pores, facili-
tating selective molecular interactions. Meanwhile, partitioning
or sub-framework assembly can tune the pore environment to
accommodate target analytes based on their molecular size,
polarity, or electronic properties. These tailored modications
are particularly crucial for meeting industrial requirements,
such as selectively storing or separating desired products from
complex mixtures, especially small-molecule gases (e.g., H2,
CO2, CH4). The synergy between rational framework design and
advanced post-synthetic engineering highlights the tremendous
potential of MOFs and COFs in addressing critical challenges in
energy, environment, and chemical industries.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Pore surface engineering

Pore engineering refers to a comprehensive set of processes
aimed at modifying the pore structures of MOFs and COFs.
These processes include the construction, combination, func-
tionalization, and partitioning of pores at the unit cell level.
Additionally, pore engineering can involve the generation of
hierarchical pore structures—ranging from micro to meso and
even macro pores—within the framework. The primary goal of
pore engineering is to optimize the pore characteristics of MOFs
and COFs, ensuring that these materials meet the specic
requirements of various applications. This optimization typi-
cally involves introducing specic functional sites or guest
species into targeted pore positions. These species are oen
immobilized through covalent bonds or coordination interac-
tions, which help tune the chemical environment or
morphology of the pore surface. By carefully controlling the
pore structure and its chemistry, pore engineering enables the
precise customization of the material's properties, making it
adaptable to a broad range of applications.

Through the pore engineering methodology, MOFs and
COFs can be endowed with a variety of versatile pore features,
including enhanced surface areas, controlled pore sizes, and
specialized functionalities. This level of customization enables
the materials to be tailored for specic industrial applications.
Additionally, pore engineering acts as a powerful tool for
developing crystalline porous materials with targeted,
application-specic properties, driving innovation across a wide
range of scientic and industrial elds.
2.1 De novo design of linkers and connecting nodes

The fundamental principle of pore construction in MOFs lies in
the careful selection of metal clusters and organic ligands,
following a bottom-up synthetic approach. The formation of
these metal clusters is highly dependent on experimental
conditions, including the choice of metal precursors, solvent
during the solvothermal process, and reaction temperature. The
pioneering MOF structures reported by Yaghi's group, MOF-2
and MOF-5, showcase how differences in coordination modes
under varying synthetic conditions can lead to distinct pore
architectures.70,71 Both MOFs are constructed from zinc(II)
clusters and 1,4-benzenedicarboxylic acid (H2BDC) as the
organic ligand. However, MOF-2 features Zn2(COO)4 paddle-
wheel units, while MOF-5 forms Zn4O(COO)6 secondary
building units (SBUs). This difference in coordination geometry
results in contrasting pore topologies: MOF-2 adopts a 2D
layered structure with lower surface area and less accessible
porosity, whereas MOF-5 forms a 3D open framework, offering
a higher surface area and greater porosity. These structural
distinctions highlight how synthetic control over metal–ligand
coordination plays a crucial role in tuning the porous properties
and functional potential of MOFs.

Incorporating mixed metals is a common strategy to adjust
framework exibility, tune pore chemistry and functionality,
and introduce additional active sites. The simplest method for
synthesizing mixed-metal MOFs (MM-MOFs) is a direct one-pot
Chem. Sci., 2025, 16, 11740–11767 | 11741
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solvothermal synthesis using a mixture of different metal
precursors. However, this approach oen lacks precise control
over metal distribution, leading to challenges such as uneven
metal arrangement, where one metal species may dominate the
connecting nodes, while the other forms (hydroxy)oxide clusters
on the pore surfaces instead of integrating into the framework.
To address this challenge, selecting metals with similar
coulombic charges, ionic radii, and chemical behaviors are
essential for achieving a uniform metal distribution within the
framework.72 Wang et al. successfully incorporated up to 10
different divalent metals (Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn, and
Cd) into microcrystalline MOF-74 via a one-pot solvothermal
reaction, demonstrating the feasibility of controlled metal
integration (Fig. 1).73 By optimizing metal–ligand coordination,
reaction conditions, and precursor compatibility, the develop-
ment of mixed-metal MOFs (MM-MOFs) with enhanced pore
functionality, diverse active sites, and improved performance in
applications such as gas storage, separation, and catalysis
becomes achievable.

The use of multiple linkers (mixed linkers) to modify the
functionality and pore structure of MOFs is a highly effective
strategy for achieving precise pore engineering. This approach
is relatively easy to implement because different ligands oen
share the same coordination mode with metal nodes, differing
only slightly in their functional groups. The pioneering work on
multivariate (MTV) MOFs was reported by Deng et al., who
successfully synthesized MTV-MOF-5 using up to eight different
linkers in a one-pot reaction, resulting in a single-phase MTV-
MOF-5 crystal.74 In their approach, all selected ligands had
identical lengths and coordination sites, ensuring their orderly
incorporation into a single MOF crystal without disrupting the
framework structure. This multivariate linker strategy was
subsequently extended to the development of MTV-COFs, where
up to four different monomers with various functionalities were
Fig. 1 (a) Schematic illustration of synthesizing MM-MOF-74. (b)
Combination of metal ions used to synthesize MM-MOF-74. Repro-
duced with permission.73 Copyright 2014, American Chemical Society.

11742 | Chem. Sci., 2025, 16, 11740–11767
uniformly incorporated into a single-phase COF crystal
(Fig. 2).75 The successful distribution of multiple building
blocks in both MTV-MOFs and MTV-COFs highlights the
versatility of this approach for customizing pore environments
and tuning material properties for diverse applications.76,77

In contrast to MOFs, which have connecting nodes formed
through coordination bonds, COFs are typically constructed
from reversible covalent bonds via dynamic covalent reactions
(DCRs). During COF formation, processes such as bond
formation, bond cleavage, and bond exchange occur simulta-
neously under appropriate conditions. This ongoing dynamic
bond breaking and reformation allows the framework to
undergo self-healing, effectively repairing defects and resulting
in highly ordered pore structures and highly crystalline frame-
works. The pore chemistry of COFs can be readily tuned by
introducing different linkage units, even when maintaining the
same rigid skeleton, enabling the design of COFs with diverse
functionalities. The rst successful synthesis of COFs via
reversible reactions was achieved by Yaghi in 2005, who utilized
boronic ester condensation (e.g., boronic ester and boroxine
formation).78 This breakthrough not only demonstrated the self-
healing ability of purely organic frameworks but also yielded the
rst porous, crystalline, covalent organic frameworks (COFs).
Following this pioneering work, other reversible reactions,
particularly Schiff-base condensations (e.g., imine, hydrazone,
azine, and Salen linkages),79–86 have become prominent in COF
synthesis. Among these, imine-linked COFs have gained
notable success due to their high thermal and chemical
stability, as well as their broad chemical tunability, derived
from the vast selection of functional amines and aldehydes,
making them highly suitable for various task-specic applica-
tions. Moreover, imine-linked COFs can undergo PSMs to yield
specically evolved functional COFs, further enhancing their
properties and expanding their application potential across
diverse research elds.
Fig. 2 Construction of single-linker COFs and MTV-COFs through
pure linkers or mixed linkers and the influence of solvent combinations
on their synthesis. Reproduced with permission.75 Copyright 2023,
American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In recent years, irreversible covalent bonds have been
increasingly employed to construct COFs with enhanced
stability, enabling their application under harsh conditions.
Several types of irreversible linkages, including b-
ketoenamine,87–89 polyimide,90–92 imidazole,93–95 and
benzoxazole,96–98 are primarily derived from imine-based
chemistry.99 Among these, b-ketoenamine-linked COFs have
emerged as one of the most popular platforms for pore engi-
neering, thanks to their high crystallinity and synthetic feasi-
bility. Beyond imine-derived linkages, vinylenes and fused
heterocycle linkages are two additional types of irreversible
bonds widely employed for constructing ultrastable COFs.100–104

The Feng group105 and Jiang group106 reported pioneering
examples of vinylene-linked COFs in 2016 and 2017, respec-
tively, using the Knoevenagel condensation reaction to form
carbon–carbon double bonds. Subsequently, the aldol conden-
sation reaction107 and the Horner–Wadsworth–Emmons reac-
tion,108 both involving aldehyde monomers and active methyl
groups, were developed to expand the library of vinylene-linked
COFs, further enhancing their synthetic versatility. In another
notable advancement, Thomas et al. introduced the concept of
covalent triazine frameworks (CTFs),109 synthesizing a series of
triazine-linked polymers via highly dynamic condensation
reactions. The C]N aromatic linkages (triazine units) in CTFs,
fused through –CN units, impart these frameworks with high
chemical stability, rich nitrogen content, and expanded prac-
tical applications, particularly in heterogeneous catalysis and
gas storage.110–112 Additionally, other fused heterocycle linkages,
such as dioxin,113–115 piperazine,116,117 pyrazine,118 and thia-
zole,119,120 have been employed to construct ultrastable COFs
with excellent acid- and base-resistance. Moreover, these fused-
ring structures generally exhibit enhanced electrical conduc-
tivity compared to imine-linked COFs, making them highly
promising candidates for electrocatalysis and other electro-
chemical applications. Collectively, the development of irre-
versible linkages in COFs has signicantly broadened their
structural diversity, chemical robustness, and functional
tunability, driving their deployment in demanding industrial
and scientic applications.

Recently, CMOFs have emerged as a promising class of
crystalline porous materials that integrate the advantages of
MOFs and COFs. Their synthesis typically involves assembling
metal complexes or clusters with functional groups (e.g., –CHO,
–NH2), which then react with organic linkers via dynamic
covalent chemistry to form extended networks. This approach
combines the functional versatility of metal centers with the
high chemical stability of covalent bonds. The de novo design of
linkers and connecting nodes is central to CMOF development.
By tailoring the geometry and reactivity of organic linkers and
metal-based precursors, it is possible to control the framework
structure, pore environment, and overall functionality. Li's
group has established a versatile strategy for constructing
CMOFs by synthesizing cyclic trinuclear units (CTUs) based on
coinage metals (Cu, Ag, Au), which are functionalized with
reactive groups.121–128 These CTUs can undergo covalent linkage
with a variety of organic monomers, leading to CMOFs with
tunable structures and properties, such as redox activity,
© 2025 The Author(s). Published by the Royal Society of Chemistry
luminescence, metallophilic interactions, and catalytic func-
tionality. As such, CMOFs offer a robust platform for developing
stable and multifunctional porous materials with promising
applications in catalysis, sensing, and energy conversion.
2.2 Post-synthetic modications for tailoring pore chemistry

PSMs offer a powerful and versatile approach to tailoring the
pore chemistry of MOFs and COFs, expanding their function-
ality beyond what is achievable through direct synthesis.129–132

Unlike de novo synthesis, which requires precise control over
precursor design and reaction conditions, PSMs enable the site-
selective incorporation of functional groups that are otherwise
difficult to introduce during initial framework formation. This
allows for ne-tuning of host–guest interactions, enhancing
selectivity and efficiency in applications such as gas storage,
molecular separation, catalysis, proton conduction, and
sensing. Beyond functionalization, PSMs play a crucial role in
reinforcing structural stability, making MOFs and COFs more
resistant to moisture, acids, bases, and high temperatures. By
modifying reactive sites or strengthening framework linkages,
PSMs prevent framework degradation and improve material
robustness under harsh operational conditions. This is partic-
ularly benecial for COFs, where dynamic imine bonds can be
post-synthetically converted into stronger covalent linkages
such as amide and fused heterocyclic bonds, signicantly
enhancing chemical and thermal stability.133 Moreover, PSMs
facilitate hierarchical pore engineering, allowing precise control
over pore size, shape, and surface chemistry to accommodate
specic molecular targets. This has profound implications for
gas separation, biomolecular recognition, drug delivery, and
size-selective catalysis, where optimized pore environments are
essential for performance. By leveraging a diverse range of PSM
techniques, including oxidation, hydrolysis, acylation, and
cross-linking reactions, researchers can systematically enhance
both the functionality and durability of MOFs and COFs,
broadening their practical applications across multiple scien-
tic and industrial elds.

Despite these advantages, PSMs also present several limita-
tions that need to be addressed to fully realize their potential:
(1) incomplete or non-uniform functionalization oen occurs
due to steric hindrance or limited diffusion of modiers within
the framework, leading to heterogeneous surface chemistry and
inconsistent performance; (2) excessive or bulky graing can
cause pore blockage and reduced accessible surface area,
thereby compromising adsorption and transport properties; (3)
certain post-modication reactions—especially those involving
harsh reagents or conditions—may induce partial framework
degradation, particularly in less robust MOFs; (4) the precise
characterization of modication degree and location within
conned pore environments remains challenging, hindering
the rational design of structure–property relationships. To
overcome these issues, several strategies can be adopted: the
use of small, highly reactive modiers and optimized solvent
systems can improve the uniformity of functionalization;
controlling graing density and selecting appropriately sized
modiers help preserve porosity; employing mild reaction
Chem. Sci., 2025, 16, 11740–11767 | 11743
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Fig. 3 Scheme illustrating the pore expansion strategy. (a) As-
synthesized bio-MOF-101 was converted to bio-MOF-100 through
ligand exchange with BPDC. (b) BPDC in bio-MOF-100 was subse-
quently replaced with ABDC to form bio-MOF-102, followed by the
replacement of ABDC in bio-MOF-102 with NH2-TPDC to yield bio-
MOF-103. (c) Light microscope images of the crystalline MOFs, with
scale bars representing 0.2 mm. Reproduced with permission.139

Copyright 2013, American Chemical Society.
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conditions and orthogonal chemistries can maintain structural
integrity; and advanced characterization tools such as solid-
state nuclear magnetic resonance, synchrotron-based X-ray
techniques, and vibrational spectroscopy can offer deeper
insight into the spatial distribution and extent of
functionalization.

2.2.1 Post-synthetic exchange of metal, ligand, or mono-
mer. The post-synthetic exchange (PSE) method provides
a viable strategy for metal ion exchange in pre-formed MOF
frameworks, leading to the formation of mixed-metal MOFs
(MM-MOFs) that are oen difficult to achieve through direct
synthesis.134,135 This approach allows for the controlled incor-
poration of secondary metal ions into pre-formed frameworks
while maintaining their structural integrity and crystallinity.
However, successful cases of metal exchange in MOFs are still
relatively limited, as the process is oen strongly inuenced by
factors such as the rigidity of the framework, the strength of the
metal–ligand bonds, and the compatibility of the solvent
system. A pioneering example was reported by Das et al., who
demonstrated the rst complete and reversible exchange of
metal ions within a robust microporous MOF while maintain-
ing its single crystallinity.136 This study provided direct evidence
that metal ion exchange in rigid frameworks is feasible and can
be precisely controlled. Building upon this, Song et al.
successfully synthesized an MM-MOF viametal ion exchange in
Zn-HKUST-1, where up to 56% of the Zn(II) ions in the frame-
work were replaced by Cu(II) ions in a methanol solution.137

However, this process was found to be irreversible, as soaking
the transmetalated Cu0.56Zn0.44-HKUST-1 in a Zn(II)-methanol
solution did not lead to the reincorporation of Zn(II) ions back
into the framework. Further advancing this strategy, Dincă's
group applied a similar soaking method to partially replace
Zn(II) ions in MOF-5.138 By exchanging the Zn4O(COO)6 clusters,
they successfully introduced a range of transition metals,
creating MZn3O(COO)6 clusters with M = V2+, Ti3+, Cr2+, Cr3+,
Mn2+, and Fe2+. This study highlighted the versatility of PSE in
diversifying MOF composition, allowing for tunable electronic,
catalytic, and adsorption properties. Although PSE has proven
effective for metal exchange, challenges such as selectivity,
reversibility, and control over metal distribution remain
signicant obstacles. Future developments in solvent engi-
neering, ligand design, and reaction kinetics could further
expand its applicability, offering new avenues for designing
functionalized MM-MOFs with target applications.

Ligand exchange, a key PSM strategy, has emerged as
a powerful method for incorporating multiple functionalities
into MOFs, leading to the formation of MTV-MOFs. Unlike de
novo synthesis, which requires precise control over precursor
compatibility, ligand exchange allows for the substitution of
organic linkers in a pre-formed MOF without disrupting its
overall framework integrity. This method provides a versatile
route for introducing functional diversity, modifying pore
environments, and tuning MOF properties for specic applica-
tions. In ligand exchange, pre-assembled MOFs are immersed
in a solution containing new ligands, which gradually replace
the original linkers through thermodynamic and kinetic
exchange processes. The feasibility of this method depends on
11744 | Chem. Sci., 2025, 16, 11740–11767
several factors, including the stability of the framework, the
binding affinity of the incoming ligands, and solvent compati-
bility. Li et al. demonstrated a stepwise ligand exchange strategy
to prepare a series of isoreticular bio-MOF-100 analogues
(Fig. 3).139 In this approach, the ligand 2,6-naph-
thalenedicarboxylate (NDC), originally used to construct bio-
MOF-101, was replaced by 4,40-biphenyldicarboxylate
(H2BPDC) through a controlled soaking process. Specically,
bio-MOF-101 was immersed in an H2BPDC/DMF/NMP solution
at 75 °C for a set duration, leading to its transformation into
bio-MOF-100. This method was further employed to expand the
pores of bio-MOF-100 by substituting BPDC with longer organic
linkers, including azobenzene-4,40-dicarboxylate (ABDC) and 20-
amino-1,10:4, 100-terphenyl-4,400-dicarboxylate (NH2-TPDC),
thereby ne-tuning the pore size and functionality. The same
post-synthetic ligand exchange strategy, involving the immer-
sion of solid MOFs in a solution containing a secondary ligand,
has also been successfully applied to zeolitic imidazolate
frameworks (ZIFs). Cohen's group reported that in ZIF-71(Zn),
the 4,5-dichloro-imidazole ligand could be partially replaced
by 4-bromo-1H-imidazole via solid–liquid PSE.140 Furthermore,
Cohen's group extended the ligand exchange approach to solid-
state reactions, demonstrating that post-synthetic ligand
exchange could occur between two distinct MOFs under rela-
tively mild conditions. This was exemplied with UiO-66(Zr),141

MIL-53(Al), and MIL-68(In),142 where ligand exchange was
successfully achieved through solid–solid PSE. For instance, in
the case of MIL-53(Al), two functionalized derivatives, one
synthesized using BDC-NH2 (aminated) and the other using
BDC-Br (brominated), were physically mixed in water and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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incubated at 85 °C (a signicantly lower temperature than the
original solvothermal synthesis at 150 °C) for ve days. Aerosol
time-of-ight mass spectrometry (ATOFMS) analysis conrmed
that the chemical composition of the framework had been
altered, providing strong evidence that solid–solid PSE had
successfully occurred within the MIL-53(Al) derivatives. These
studies highlight the versatility and effectiveness of ligand
exchange as a PSM technique, allowing for precise control over
MOF pore environments, functionality, and framework
composition, while maintaining structural integrity.

Similar to ligand exchange in MOFs, monomer exchange in
COFs has been explored as a strategy to construct COFs with
more complex structures. Qian et al. developed an in situ COF-
to-COF transformation approach, where the benzidine linkers
in TP-COF-BZ were selectively replaced with 1,4-dia-
minobenzene linkers under solvothermal conditions
(Fig. 4a).143 This method enabled the controlled generation of
COFs with three distinct types of pores, demonstrating the
potential of monomer exchange for tailoring COF architectures
at the solid-state level. Wang and coworkers further advanced
this concept by introducing a self-limited dynamic linker
exchange strategy for surface functionalization of uniform COF
microspheres (Fig. 4b).144 Their approach allowed for precise
modication of COF surfaces while preserving the overall
morphology. Specically, they selected six different monomers
with varying functional groups and linker lengths, enabling the
transformation of a parent COF microsphere (PCOF) into six
Fig. 4 (a) Precise construction of dual-pore COFs via a multiple-
linking-site strategy and fabrication of triple-pore COFs through the
integration of vertex-truncation design with the multiple-linking-site
strategy. Reproduced with permission.143 Copyright 2017, American
Chemical Society. (b) Structures of six functional linkers and a sche-
matic illustration of the in situ linker exchange process for function-
alizing ECOF stationary phases. Reproduced with permission.144

Copyright 2024, John Wiley and Sons.

© 2025 The Author(s). Published by the Royal Society of Chemistry
distinct functionalized COF microspheres, which was originally
synthesized via the Schiff-base condensation of 1,3,5-tris(4-
aminophenyl)benzene (TPB) and 2,5-dimethoxytereph-
thalaldehyde (DMTP). This strategy signicantly enriched the
library of COF microspheres, offering a versatile approach to
tune COF properties for diverse applications.

2.2.2 Functional group graing for pore environment
modulation. Another widely used PSM strategy for graing
functional groups or active sites onto the pore surfaces of MOFs
and COFs involves immobilizing functional species through
coordinated or covalent bonds. This approach is highly effective
for precisely tuning the pore chemistry without compromising
the structural integrity of the framework, thereby signicantly
expanding the versatility and applicability of these materials
across various elds. In MOFs, the pore chemistry modication
can be achieved by coordinating metal complexes, organo-
catalysts, or solvent molecules to open metal sites (OMSs) or by
covalently modifying organic linkers to introduce hydrophilic,
hydrophobic, or reactive moieties for enhanced guest interac-
tions. In COFs, covalent post-modications such as imine-to-
amide conversion, click chemistry, and acylation enable
robust functionalization, enhancing chemical stability and
selectivity for various applications. These tailored modications
not only optimize host–guest interactions but also improve
framework durability, making PSM an indispensable tool for
developing task-specic porous materials with tunable
properties.

A number of MOF structures possess the ability to release
auxiliary ligands from their metal ion nodes, oen leading to
the formation of coordinatively unsaturated metal centers.
These OMSs can subsequently coordinate with other molecules,
thereby introducing new functionalities or modulating pore
geometries. One of the earliest demonstrations of this
phenomenon was reported in 1999 by Williams and co-workers,
who investigated the well-known HKUST-1 compound.145 Their
study revealed that a partial building block ligand, 1,3,5-ben-
zenetricarboxylate (BTC), on the paddle-wheel SBUs of HKUST-
1, could be replaced by pyridine upon treatment with dry pyri-
dine. This replacement occurred due to the lability of the axial
aqua ligands, yet the 3D lattice of the MOF remained intact.
This PSM not only altered the pore structure and chemistry of
HKUST-1 but also introduced tunable functionalization at the
metal nodes. Interestingly, the study demonstrated that
pyridine-decorated HKUST-1 could not be obtained through
direct solvothermal synthesis from Cu(II) salts, BTC, and pyri-
dine, but could be successfully prepared via post-synthetic
modication, thereby highlighting the unique advantage of
MOFs as structurally robust and tunable platforms. This ability
to precisely tailor the local microenvironment through ligand
exchange greatly enhances the versatility and functional
adaptability of these materials.

Both the ligands in MOFs and the monomers in COFs can be
readily functionalized with additional groups through coordi-
nated or covalent interactions, signicantly expanding their
structural diversity and functional tunability. Among these, 2,20-
bipyridyl (bpy) is a widely used chelating ligand for transition
metal (TM) complexes due to its strong coordination ability and
Chem. Sci., 2025, 16, 11740–11767 | 11745
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electronic properties. Carboxylate-functionalized bpy deriva-
tives have been extensively explored as either pre-integrated or
post-modied ligands for MOF synthesis with various metal
salts, enabling the precise incorporation of catalytically active
metal centers. Yaghi's group pioneered the incorporation of
metal sites into MOF-253, a framework featuring open 2,20-bpy
coordination sites.146 MOF-253 was synthesized from 2,20-
bipyridine-5,50-dicarboxylic acid (bpydc) and AlCl3 in DMF,
followed by post-synthetic metalation with PdCl2 and Cu(BF4)2
in MeCN solution to yield bimetallic MOFs. This strategy
allowed for the controlled introduction of catalytically active
metal centers, signicantly enhancing the material's functional
versatility. Building on this concept, Lin's group reported the
synthesis of chemically stable and recyclable bpy-UiO-Pd and
bpy-UiO-Ir by treating a UiO-type MOF containing bipyridyl
moieties (bpy-UiO) with Pd and Ir precursors.147 Notably, bpy-
UiO-Ir exhibited exceptional catalytic activity in the dehydro-
genative borylation of aromatic C–H bonds using B2(pin)2 (pin
= pinacolate) as the borylating agent, highlighting the potential
of MOFs containing nitrogen donor ligands as highly stable and
efficient catalysts for key organic transformations. These
studies underscore the effectiveness of post-synthetic metal-
ation in tailoring MOFs for specic catalytic applications.

BeyondMOFs, the bpy moiety has also been widely employed
in COF frameworks to immobilize metal sites, enabling the
design of highly recyclable and structurally robust catalysts. Our
group developed an effective strategy for incorporating metal-
active sites into COFs by synthesizing COF-TpBpy through the
condensation of 1,3,5-triformylphloroglucinol (Tp) and 5,50-
diamino-2,20-bipyridine (Bpy), followed by coordination with Cu
sites (Fig. 5).148 Additionally, exible polymeric phosphonium
salts (PPS) were conned within the COF channels via in situ
polymerization. The resulting material, PPS 3 COF-TpBpy-Cu,
leveraged the mobility of catalytically active sites on the highly
exible PPS, along with synergistic interactions between the
polymeric moieties and Lewis acid sites (Cu species) anchored
on the COF walls. This unique system exhibited superior cata-
lytic performance in the cycloaddition of epoxides with CO2 to
form cyclic carbonates, demonstrating enhanced reactivity and
Fig. 5 (a) The concept of heterogeneous concerted catalysis involving
Schematic representation of PPS3COF-TpBpy-Cu synthesis, alongwith
with permission.148 Copyright 2016, American Chemical Society.

11746 | Chem. Sci., 2025, 16, 11740–11767
recyclability. This work not only unveils a novel strategy for
designing bifunctional catalysts with dual activation behavior
but also opens new avenues for developing multifunctional
systems that mimic biocatalysis. To date, numerous function-
alized bipyridine-based COFs have been reported, incorporating
a range of metal sites including Co, Ni, Cu, Pd, Ru, Rh, Re, and
Ir, among others.149,150 These metallized bpy-based COFs have
exhibited signicant potential for various catalytic applications,
such as asymmetric catalysis, electrocatalysis, photocatalysis,
and small-molecule activation. The tunability of the bpy-metal
coordination environment, coupled with the high stability
and porosity of COFs, continues to drive innovations in
designing next-generation porous catalysts for sustainable
chemical transformations.

The Salen unit is one of the most signicant ligands in
coordination chemistry, widely utilized for the design of metal–
organic frameworks (MOFs) and covalent organic frameworks
(COFs) due to its strong coordination ability and structural
versatility.151 Wang and coworkers were the rst to report the
construction of a Salen-based COF, achieving both the forma-
tion of the COF structure and the functionalization with Salen
moieties in a single step (Fig. 6).152 This work paved the way for
the development of a series of metallo-Salen-based COFs
through post-synthetic metalation, broadening their applica-
bility in catalysis and molecular adsorption. They synthesized
the unique Salen-COF via the solvothermolysis of 1,3,5-tris[(5-
tert-butyl-3-formyl-4-hydroxyphenyl)ethynyl]benzene and ethyl-
enediamine, resulting in a highly crystalline material with
a high Brunauer–Emmett–Teller (BET) surface area of 1366 m2

g−1. Post-synthetic metalation was performed using various
metal ions, including Cu, Ni, Zn, Co, and Mn, yielding a family
of M/Salen-COFs. Powder X-ray diffraction (PXRD) patterns
conrmed that the crystalline structure of Salen-COF remained
intact aer metalation, demonstrating its structural robustness.
These metallo-Salen-COFs have since been extensively investi-
gated for catalytic applications, capitalizing on the diverse
catalytic properties of the incorporated metal centers. Prior to
this, in 2011, Nguyen and coworkers had reported a series of
metallosalen-based MOFs containing Co, Zn, Cr, Cu, and Ni.153
active sites on porous materials and highly flexible linear polymers. (b)
the structures of COF-TpBpy and PPS3COF-TpBpy-Cu. Reproduced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Classical synthesis of salen units and (b) one-step
construction of salen-COFa. Reproduced with permission.152 Copy-
right 2016, American Chemical Society.
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They synthesized these frameworks by treating MnIIISO-MOF,
a Mn3+(Salen)-based MOF, with H2O2 to remove the Mn3+ ions
from the Salen struts. This process generated a vacant coordi-
nation environment within the framework, allowing for the
subsequent introduction of various metal precursors to form
isostructural MSO-MOF materials. This re-metalation strategy
signicantly expanded the functionality and tunability of Salen-
based MOFs, offering a platform for diverse catalytic trans-
formations and selective adsorption processes. These pioneer-
ing studies on both COFs and MOFs underscore the versatility
of Salen linkers in framework materials, highlighting their
potential in designing multifunctional porous materials for
advanced applications in catalysis, separation, and sensing.

While functionality can be introduced into COFs or MOFs
through coordination-based PSM, covalent PSM offers an
alternative and widely adopted strategy for precisely modifying
organic active sites on pore surfaces. This method is particularly
valuable for ne-tuning the chemical environment within the
frameworks, enabling enhanced control over their properties
and functionalities. The concept of PSM in MOFs was rst
introduced by Cohen's group in 2007, marking a signicant
advancement in the eld.154 They demonstrated the covalent
modication of the IRMOF-3 using acetic anhydride. IRMOF-3,
featuring a cubic topology and amino-functionalized pore walls,
was synthesized from Zn(NO3)2$4H2O and 2-amino-1,4-
benzenedicarboxylic acid (R3-BDC). The free amino groups in
IRMOF-3 provided a versatile platform for post-synthetic cova-
lent modication. In a typical PSM reaction, crystals of IRMOF-3
were suspended in CH2Cl2 (or CHCl3) and treated with pure
acetic anhydride at room temperature, resulting in IRMOF-3-
© 2025 The Author(s). Published by the Royal Society of Chemistry
AM1, where the amino groups were converted to acetanilide
groups. This pioneering study opened new possibilities for
designing functionalized crystalline porous materials through
post-synthetic modication strategies, allowing the precise
tuning of chemical properties without disrupting the overall
framework integrity. In the realm of COFs, Jiang's group
successfully utilized PSM to functionalize COFs through click
chemistry, employing azide-appended building units that
reacted with various alkynes to yield triazole-functionalized
COFs with tunable pore surface chemistry.155 They synthesized
X% N3-COF-5 by combining 2,5-bis(azidomethyl)benzene-1,4-
diboronic acid (N3-BDBA), benzene-1,4-diboronic acid (BDBA),
and hexahydroxytriphenylene (HHTP). The azide groups in the
framework enabled further functionalization via 1,2,3-triazole
rings through click reactions with alkynes, yielding X% RTrz-
COF-5. By adjusting the proportion of azide units (X = 5, 25,
50, 75, and 100), they precisely controlled the density of func-
tional groups, demonstrating a scalable strategy for surface
engineering of COFs. Furthermore, the pore chemistry of these
COFs was nely tuned by modifying the triazole moieties
present on the pore walls.

Different triazole substitutions enabled precise control over
the framework's binding affinity toward various gas molecules,
enhancing their potential for efficient gas storage and selective
gas separation. These modications allowed COFs to be tailored
for specic applications, such as the selective sorption of CO2

over N2. The advancements in PSM strategies for both MOFs
and COFs underscore their versatility in functional material
design. By leveraging covalent modications, researchers can
impart new properties to these frameworks, expanding their
applications in catalysis, gas storage, molecular sieving, and
sensing technologies. The ability to introduce and ne-tune
functional groups post-synthetically provides a powerful tool
for optimizing porous materials for targeted applications while
preserving their inherent structural stability.

2.2.3 Host–guest-directed tuning of pore environments.
Feng and Bu's research groups proposed the pore space parti-
tion (PSP) concept in MOFs and have reported a series of
remarkable studies on utilizing sophisticated pore-partitioning
agents to segment the 1D channels of MOFs into smaller
pockets, thereby dramatically increasing the number of host–
guest binding sites.156,157 The key to their experimental success
lies in the presence of OMSs in the framework, which facilitate
the incorporation of pore-partitioning ligands. Currently, the
most representative embodiment of the PSP concept is the
partitioned-acs (pacs) platform, where ne and coarse adjust-
ments to the building blocks have enabled the transformation
of a prototype framework into an extensive and continuously
expanding family of chemically robust materials.158,159 These
materials exhibit controllable pore metrics and functionalities,
making them suitable for tailored applications. The composi-
tional diversity of the pacs platform stems from its intrinsic
multi-module nature, geometric exibility, tolerance toward
individual module variations, and the mutual structure-
directing effects among various modules. Together, these
factors enable the molecular-level uniform co-assembly of
chemical components that are rarely seen together in other
Chem. Sci., 2025, 16, 11740–11767 | 11747
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Fig. 8 (a) Graphical representation of pore partitioning in hexagonal
channels. (b) Conversion of DBAAn-BTBA-COF into DBAAn-BTBA-
HAPB-COF via symmetry-matching knot insertion. Reproduced with
permission.161 Copyright 2023, Springer Nature.
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systems. To achieve precise pore partitioning, they employed
a strategy called symmetry-matching regulated ligand insertion,
where a secondary ligand (Ls) is introduced into a primary
framework. This approach leverages the symmetry and size
matching between Ls and the geometrical arrangement of the
framework's coordination sites as well as the channel dimen-
sions. By incorporating a tripyridyl-type ligand into the
synthesis of a MIL-88-type structure, they successfully devel-
oped a family of Ni-trimer-based MOFs (Fig. 7).160 These mate-
rials signicantly reduce the pore size of the parent MOF,
leading to the newly synthesized CPM-33 family, which exhibits
superior CO2 uptake capacity. Notably, CPM-33b-Ni, in which all
open metal sites are occupied, demonstrates CO2 uptake
capacity comparable to that of MOF-74 with the same metal (Ni)
at 298 K and 1 bar.

The PSP strategy has also been applied to 2D COFs to
subdivide their mesopores (2–50 nm) and micropores (1–2 nm)
into ultramicropores (<1 nm). Two recent studies on pore par-
titioning in 2D COFs utilized aldehyde groups remaining in the
channels of preformed COFs as anchoring sites, enabling
amine-based insertions to partition the pore space intomultiple
smaller domains through post-synthetic Schiff-base reactions,
achieving precise pore segmentation. Xu et al. employed
a hexagonal boronic ester-linked COF, DBAAn-BTBA-COF, con-
structed from 1,3,5-benzenetriboronic acid (BTBA) and 4,40-
(2,3,6,7-tetrahydroxyanthracene-9,10-diyl)dibenzaldehyde
(DBAAn), as the parent framework (Fig. 8).161 This mesoporous
COF features well-dened hexagonal pores with a diameter of
2.9 nm. The six aldehyde groups on each hexagonal unit,
oriented toward the center of the 1D channels, were further
reacted with a planar hexagonal amine-based building block
possessing C6 symmetry. This reaction formed imine bonds,
Fig. 7 Illustration of pore space partitioning via symmetry-matching
regulated ligand insertion. (a) View along the c-axis and (b) side view of
the channels, depicting the cylindrical channel before and after par-
titioning (green: Ni, red: O, blue: N, gray: C). Reproduced with
permission.160 Copyright 2015, American Chemical Society.

11748 | Chem. Sci., 2025, 16, 11740–11767
partitioning each pore into six equal domains. Hexaminophenyl
benzene (HAPB) was identied as the optimal partitioning
agent, yielding a new crystalline material, DBAAn-BTBA-HAPB-
COF, where the original 2.9 nm pores were divided into six
uniform ultramicropores of 6.5 Å. However, DBAAn-BTBA-
HAPB-COF could not be synthesized via a one-pot procedure,
underscoring the advantages of the post-synthetic PSP strategy
in achieving precise pore size control. The resulting wedge-
shaped ultramicroporous 1D channels endowed the COF with
exceptional efficiency in separating ve hexane isomers based
on molecular sieving effects. Hao et al. extended this strategy to
imine-linked 2D COFs, designing and synthesizing a series of
tetragonal and hexagonal MTV-COFs with aldehyde groups
anchored within their channels.162 Additional linear or trian-
gular linkers were then inserted into the center of the pore
spaces, acting as partitioning agents to transform the micro-
pores and mesopores into ultramicropores. Notably, the intro-
duction of multi-N components into the partitioned COF 3-2P
resulted in high I2 and CH3I uptake capacities of 0.42 and 0.24 g
g−1 at 150 °C, respectively. These ndings demonstrate that
pore partitioning enables precise control over the pore envi-
ronment and functionality of COFs, highlighting the signicant
potential of COF-based adsorbents for diverse applications.

Very recently, Zhang et al. reported a powerful and general-
izable strategy for constructing metal-halide porous framework
superlattices with spatially modulated chemical compositions
within the pores of various MOFs.163 By employing a one-pot
synthesis approach, the authors achieved the conned growth
of selected metal halides (PbI2, PbBr2, CdI2, and NiBr2) within
a series of 3D Zr(IV)-based MOFs, resulting in the formation of
highly ordered, single-crystalline porous superlattices. Criti-
cally, the local pore environments of the host MOFs—speci-
cally, the cavity sizes, geometries, and spatial orientation of
anchoring sites—played a key role in directing the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dimensionality (0D, 1D, or 2D) and structural arrangement of
the metal-halide building units. This control arises from the
inuence of inter-node distances and spatial connement on
the nucleation and growth pathways of the halide crystals.
Moreover, further treatment of these superlattices with selected
amine molecules led to the formation of perovskite-like super-
lattices exhibiting highly tunable photoluminescence and chi-
roptical properties. This work highlights an innovative and
versatile platform for engineering high-order, multi-
dimensional single-crystalline superlattices with precisely
tailored chemical functionality and emergent physical proper-
ties. The integration of inorganic components into MOF scaf-
folds in this manner not only provides a new avenue for pore
regulation, but also opens up exciting possibilities for designing
multifunctional hybrid materials for optoelectronic, chiral, and
quantum applications.
3. Functional design and applications

With the versatile chemical tools available for tuning pore
structures and chemistry in MOFs and COFs, their practical
applications have been extensively explored over the past two
decades. To obtain target materials with precise functionalities,
the de novo synthetic strategy is an ideal approach, as it ensures
a controlled degree of functional group incorporation at the
ligand or monomer level. However, many desired framework
materials with specic active sites cannot be directly synthe-
sized through this method due to structural and synthetic
limitations. As an alternative, PSM has emerged as a powerful
strategy, allowing for the functionalization of organic back-
bones or metal clusters while preserving the integrity of the
pristine framework and maintaining porosity. The ease of
functionalizing pore surfaces in MOFs and COFs through
sophisticated pore engineering has enabled the development of
highly tailored materials for a wide range of practical applica-
tions. These materials have exhibited outstanding performance
in gas storage and separation, heterogeneous catalysis, and
environmental remediation, three key research areas in which
we have conducted in-depth studies over the past decade.
Through these efforts, we have proposed a series of innovative
design and synthesis strategies for functionalizing MOFs and
COFs, enabling the development of highly tailored materials
with enhanced performance and expanded application poten-
tial. In the following discussion, we will highlight signicant
advancements in these elds, emphasizing how structural
tuning and surface modications in MOFs and COFs contribute
to their superior functionalities and practical applications.
3.1 Gas storage/separation

MOFs and COFs, featuring uniform pore structures, large
surface areas, tunable pore sizes, and customizable pore surface
chemistry, have been extensively explored for gas storage and
separation applications. Among these, MOFs have gained
particular attention due to the efficiency of pore engineering in
controlling pore structure and functionality, which signicantly
enhances their capability for differential molecular recognition.
© 2025 The Author(s). Published by the Royal Society of Chemistry
By precisely tailoring pore sizes, channel geometries, surface
areas, and functional sites, novel MOF materials can be
designed for highly selective.164–168 Given the growing impor-
tance of clean energy,169 considerable efforts have been dedi-
cated to identifying materials for hydrogen storage,170,171

methane storage,172–174 and carbon dioxide capture.175,176 The
potential of MOFs in hydrogen storage was rst demonstrated
in 2003 when Yaghi's group reported MOF-5 as an H2 adsor-
bent.177 Since then, extensive research has led to the evaluation
of hundreds of MOFs as physi-sorbents for hydrogen storage
applications. It has been established that the gravimetric
hydrogen storage capacities at 77 K and high pressures are
strongly correlated with the pore volume and/or surface area of
MOFs. For instance, an isoreticular series of MOFs with a rht
topology, NOTT-112, NU-111, and NU-100 (also known as PCN-
610), exhibits systematically increasing BET surface areas of
3800 m2 g−1, ∼5000 m2 g−1, and 6143 m2 g−1, respectively.
Correspondingly, their total gravimetric hydrogen uptake at 77
K and 70 bar follows the same trend, with capacities of 10.0,
13.6, and 16.4 wt%, respectively.178–181 This demonstrates the
critical role of surface area and pore volume in optimizing
hydrogen adsorption performance.

COFs have also been extensively investigated for hydrogen
storage. Yaghi's group designed and synthesized a series of
COFs tailored for H2 adsorption.182 Among them, COF-102 and
COF-103 exhibit high BET surface areas of 3472m2 g−1 and 4210
m2 g−1, respectively, while COF-108 stands out for its excep-
tionally low crystalline density of 0.17 g cm−3. Theoretical
predictions suggest that 3D COFs, such as COF-102, COF-103,
COF-105, and COF-108, demonstrate 2.5 to 3 times higher
hydrogen storage capacities compared to 2D COFs (e.g., COF-1
and COF-5), primarily due to their greater surface areas and
free volumes. Further computational studies on prototypical
COFs predict that COF-105 could achieve an excess H2 storage
capacity of up to 10 wt% at 77 K and 80 bar, while COF-108
could reach similar capacities at 77 K and 100 bar. These
values signicantly surpass some well-known MOFs, such as
MOF-177 (7.0 wt%)183 and MOF-5 (7.1 wt%)184 under similar
conditions. In terms of volumetric storage, COF-102 demon-
strated a maximum excess H2 uptake of 40.4 g L−1 at 100 bar,
highlighting its potential as a highly efficient hydrogen storage
material. To further enhance hydrogen adsorption in COFs,
Pramudya et al. proposed a strategy involving the chelation of
transition metals (TMs) inside 3D COFs, utilizing various linker
sites to host metal ions and improve H2 binding energies
(Fig. 9).185 Computational studies revealed that rst-row tran-
sition metals (Sc to Cu) could achieve interaction strengths
comparable to, or even surpassing, those of precious late tran-
sition metals (Pd and Pt). This nding suggests that it is
unnecessary to rely on expensive and heavy transition metals to
achieve strong H2 binding. Beyond COFs, lightweight non-
transition metal ions, such as Li+, incorporated via ion
exchange into anionic coordination MOFs, have also been
explored to enhance hydrogen adsorption performance. A series
of Li+-exchanged anionic In-diisophthalate frameworks (NOTT-
200, NOTT-206, and NOTT-208) demonstrated simultaneous
increases in both hydrogen uptake capacity and adsorption
Chem. Sci., 2025, 16, 11740–11767 | 11749

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01635e


Fig. 9 Design principles for high H2 storage through chelation of
abundant transition metals in covalent organic frameworks under 0–
700 bar at 298 K. Reproduced with permission.185 Copyright 2016,
American Chemical Society.
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enthalpy, offering a promising approach for optimizing H2

storage in porous materials.186

Beyond hydrogen storage, MOFs and COFs have also
demonstrated remarkable efficiency in methane storage,
offering a promising alternative for natural gas storage and
transportation. Their tunable pore structures enable strong
methane adsorption at moderate pressures, addressing key
challenges in gas delivery systems. Additionally, both MOFs and
COFs have been widely explored for CO2 capture, beneting
from their highly selective adsorption sites, which can be
chemically functionalized to enhance CO2 affinity while mini-
mizing energy-intensive regeneration processes. In the case of
methane storage, the incorporation of specic functional sites
in MOFs can signicantly enhance CH4 uptake by increasing
interactions with methane molecules. One effective strategy
involves introducing OMSs into the framework to improve CH4

affinity. For instance, HKUST-1, featuring well-suited pore
cavities and abundant accessible Cu sites, exhibits an excep-
tional CH4 volumetric uptake of 267 cm3 (STP) cm−3 at room
temperature and 65 bar, where STP is standard temperature and
pressure.187 This makes HKUST-1 the rst MOF material with
the potential to meet the U.S. Department of Energy (DOE)
targets for volumetric CH4 uptake. Further advancements in
MOF design have led to even greater methane storage capac-
ities. Chen and coworkers developed a novel NbO-type porous
MOF, UTSA-76a, incorporating pyrimidine groups and OMSs,
which demonstrated an outstanding methane storage capacity
of 257 cm3 (STP) cm−3 at 298 K and 65 bar.188 Moreover, UTSA-
76a surpassed HKUST-1 in methane storage performance,
exhibiting a higher working capacity of 197 cm3 (STP) cm−3 and
a storage density of 0.263 g g−1. This superior performance is
attributed to the extensive rotational freedom of its central
“dynamic” pyrimidine cluster, which optimizes CH4 packing
under high-pressure conditions.

Recently, Yin et al. developed two isostructural 3D COFs
featuring a rare self-catenated alb-3,6-Ccc2 topology with a pore
size of 1.1 nm.189 Utilizing a [6 + 3] topology design strategy, the
authors constructed highly porous 3D COFs by selecting 1,3,5-
trimethyl-2,4,6-tri[3,5-di(4-aminophenyl-1-yl)phenyl-1-yl]
benzene (TAPB-Me) and its analog 1,3,5-triethyl-2,4,6-tri[3,5-
11750 | Chem. Sci., 2025, 16, 11740–11767
di(4-aminophenyl-1-yl)phenyl-1-yl]benzene (TAPB-Et) as 6-con-
nected polyhedral nodes, while 1,3,5-triformylbenzene (TFB)
served as the 3-connected building block, yielding 3D-TFB-COF-
Me and 3D-TFB-COF-Et, respectively. Both COFs exhibited
exceptionally high BET surface areas exceeding 4000 m2 g−1,
ranking among the highest reported for imine-linked COFs and
placing them in the top tier of all knownmicroporous materials.
Given their high surface areas and microporous architectures,
their high-pressure CH4 adsorption performance was evaluated
up to 100 bar at 298 K. The gravimetric methane uptake values
for 3D-TFB-COF-Me and 3D-TFB-COF-Et reached 423 mg g−1

and 429 mg g−1, respectively. Based on their crystal densities,
their volumetric methane uptakes were measured at 249 cm3

(STP) cm−3 and 264 cm3 (STP) cm−3, with 3D-TFB-COF-Et
surpassing the latest DOE CH4 storage target of 263 cm3 (STP)
cm−3 at 298 K and 100 bar. These ndings further underscore
the signicant potential of MOFs and COFs in methane storage
applications, with ongoing research directed toward enhancing
adsorption capacities through pore engineering and functional
site modications.

Beyond gas storage, MOFs have demonstrated exceptional
potential for gas separations, leveraging their precisely tunable
pore structures and surface chemistry. These materials have
been widely investigated for key industrial separations,
including ethylene/ethane (C2H4/C2H6), propylene/propane
(C3H6/C3H8), acetylene/ethylene (C2H2/C2H4), acetylene/carbon
dioxide (C2H2/CO2), propyne/propylene (C3H4/C3H6), C4 hydro-
carbon separations, C6/C8 isomer separation, CO2 capture and
separation.190–192 Chen's group pioneered the application of
microporous MOFs in industrial gas separation, demonstrating
their separation performance and efficiency through xed-bed
adsorption and breakthrough experiments.193–195 As early as
2005, Chen and Dai rst reported the use of microporous MOFs
for alkane isomer separation.196 MOF-508, synthesized from
H2BDC, 4,40-bipyridine (Bipy), and Zn(NO3)2$6H2O, was
employed as a gas-chromatographic (GC) ller, successfully
separating linear and branched isomers of pentane and hexane.
MOF-508, a double-interpenetrated MOF, consists of 6-con-
nected paddle-wheel zinc clusters bridged by bdc2− and Bipy
linkers, forming a three-dimensional framework with pcu
topology. Its one-dimensional channels (∼4.0 Å in diameter)
selectively accommodate linear alkanes while excluding
branched isomers, demonstrating the size-exclusion effect.
Furthermore, MOF pore sizes can be rationally tuned by
adjusting their degree of interpenetration, as exemplied by the
non-interpenetrated microporous MOF [Zn2(bdc)2(dabco)]
(dabco = 1,4-diazabicyclo[2,2,2]octane), which exhibits
a similar pcu topology but with optimized pore accessibility.197

In 2016, Chen and co-workers conducted a comprehensive
study on acetylene (C2H2) and ethylene (C2H4) adsorption using
a series of SIFSIX materials, including SIFSIX-1-Cu, SIFSIX-2-Cu,
SIFSIX-2-Cu-i, SIFSIX-3-Cu, SIFSIX-3-Zn, and SIFSIX-3-Ni.198 By
nely tuning the pore chemistry and size, all of these materials
exhibited higher C2H2 uptake than C2H4, demonstrating selec-
tive acetylene adsorption. Notably, SIFSIX-2-Cu-i displayed an
exceptionally high C2H2 adsorption capacity (2.1 mmol g−1 at
298 K and 0.025 bar), with a C2H2/C2H4 selectivity of 39.7–44.8,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectively overcoming the typical trade-off between C2H2

selectivity and uptake capacity. Chen and co-workers further
extended their research into C2H2/CO2 separation by designing
MOFs with enhanced selectivity. A notable example is UTSA-74,
an isomeric Zn-MOF-74, with the formula Zn2(H2O)(dobdc)$
0.5(H2O).199 UTSA-74 exhibits comparable C2H2 adsorption
capacity (145 cm3 cm−3) to Zn-MOF-74 but signicantly lower
CO2 uptake (90 cm3 cm−3) due to differences in Zn2 coordina-
tion environments. Unlike Zn-MOF-74, where Zn2 sites are
terminally bound to CO2, in UTSA-74, the Zn2 sites are bridged
by CO2 molecules, reducing CO2 binding strength and resulting
in a high C2H2/CO2 selectivity of 9 at 100 kPa and 298 K. These
ndings highlight the remarkable adaptability of MOFs for gas
separations, with ongoing research focusing on pore size
control, functionalization, and metal-site engineering to opti-
mize selectivity and adsorption capacity for industrial
applications.

Our group has recently developed a series of microporous
MOFs featuring gas-specic nanotraps for the efficient capture
and separation of key industrial gases. In early 2021, we intro-
duced an ultra-strong C2H2 nanotrap designed to selectively
Fig. 10 (a) The channel structure of ATC-Cu and the two primary
C2H2 binding sites within the framework. Reproduced with permis-
sion.200 Copyright 2021, American Chemical Society. (b) 1D chains
[Al(m2-OH)(COO)2]n and V-shaped ligands (H2FDC, m-H2BDC, and
H2TDC) assemble into three isostructural 3D frameworks of MIL-160,
CAU-10H, and CAU-23, respectively. Hydrogen atoms are omitted for
clarity. Color code, Al: pale blue; O, red and rose; C, 50% gray.
Reproduced with permission.201 Copyright 2021, American Chemical
Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
capture acetylene and separate C2H2/CO2 mixtures (Fig. 10a).200

This was achieved using the alkyl-functionalized MOF ATC-Cu,
which possesses uniquely positioned, oppositely adjacent Cu
paddlewheel open metal sites, signicantly enhancing its
affinity for acetylene molecules. ATC-Cu was synthesized via
a hydrothermal reaction between 1,3,5,7-adamantane tetra-
carboxylic acid (H2ATC) and copper nitrate hydrate, forming
a robust 4,4-coordinated network where four Cu paddlewheels
are linked by ATC ligands. The exceptionally short Cu–Cu
distance of 4.43 Å (aer subtracting van der Waals radii) creates
a dual potential coordination site, enabling strong C2H2

binding. Additionally, the aliphatic hydrocarbon cavities in
ATC-Cu contain twelve inward-facing hydrogen atoms posi-
tioned at an average distance of 3.5 Å from the cavity center,
providing additional adsorption sites for C2H2. The synergistic
effect of these structural features results in an unprecedented
acetylene binding affinity, as demonstrated by a record-high
isosteric heat of adsorption (QST = 79.1 kJ mol−1). ATC-Cu
exhibited the highest reported pure C2H2 uptake at 1 × 10−2

bar and remarkable selectivity in a binary equimolar C2H2/CO2

mixture at 298 K and 1 bar, setting a new benchmark for C2H2

capture and separation. Following this, we developed a MOF-
based hydrogen-bonding nanotrap strategy to further enhance
acetylene storage and separation (Fig. 10b).201 By introducing
hydrogen-bonding acceptor sites on the pore surface, we opti-
mized the separation of C2H2/CO2 mixtures across three iso-
structural MOFs: MIL-160, CAU-10H, and CAU-23. Among them,
MIL-160, synthesized from 2,5-furandicarboxylic acid and
Al(OH)(CH3COO)2, demonstrated exceptional C2H2 storage
capacity (191 cm3 g−1, or 213 cm3 cm−3) while maintaining
a signicantly lower CO2 uptake (90 cm3 g−1) under ambient
conditions, highlighting its superior C2H2 selectivity.

To further rene gas separation performance, we imple-
mented a dynamic spacer installation (DSI) strategy to construct
a series of multifunctional MOFs (LIFM-61/31/62/63) with
optimized pore spaces and environments for ethane/ethylene
separation.202 These MOFs were derived from the prototype
LIFM-28, with pore volumes expanded (from 0.41 to 0.82 cm3

g−1) and pore sizes reduced (from 11.1 × 11.1 Å2 to 5.6 × 5.6 Å2)
by incorporating linear dicarboxylic acids into the replaceable
coordination sites. Among them, LIFM-63, post-synthetically
modied with biphenyl-4,40-dicarboxylic acid (H2BPDC) and
20-methyl-[1,10:40,10-terphenyl]-4,400-dicarboxylic acid
(H2MTPDC), exhibited exceptional C2H6 uptake and C2H6/C2H4

selectivity. This was attributed to enhanced C–H/F and C–H/
p interactions enabled by its optimized pore volume, small pore
size, and tailored pore surface chemistry. LIFM-63 demon-
strated a remarkable ethane adsorption capacity (4.8 mmol
g−1), nearly three times higher than its prototypical counterpart
(1.7 mmol g−1) at 273 K and 1 bar. Additionally, we explored the
impact of pore functionalization on gas separation by synthe-
sizing two isostructural Ni-based MOFs, [Ni(btz)Cl]$Cl (Ni-MOF-
1) and [Ni(bdp)] (Ni-MOF-2), using organic linkers with rich
aromatic moieties: btz(1,40-bis(4H-1,2,4-triazol-4-yl)benzene)
and bdp(1,4-benzenedipyrazole), respectively.203 In Ni-MOF-1,
the presence of Cl− ions partially obstructed the pore spaces
and weakened C–H/p interactions, leading to negligible C2H6/
Chem. Sci., 2025, 16, 11740–11767 | 11751
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C2H4 separation capability. In contrast, Ni-MOF-2, with open
pore spaces and fully accessible aromatic rings, exhibited
multiple and stronger C–H/p interactions favoring C2H6

adsorption over C2H4. As a result, Ni-MOF-2 demonstrated
exceptional ethane/ethylene separation performance, ranking
among the best porous materials for this critical industrial gas
separation process. These studies collectively underscore the
power of rational MOF design and pore engineering in
achieving precise gas capture and separation, paving the way for
advanced materials tailored for industrial applications.

Due to their typically larger pore sizes (>1 nm) than MOFs,
most unmodied 2D COFs are not well-suited for gas separa-
tion, as the lack of tight molecular sieving limits their selec-
tivity. However, certain 3D COFs have demonstrated promising
potential in hydrocarbon separation. For instance, McGrier and
co-workers synthesized and metalated a 3D COF containing p-
electron conjugated dehydrobenzoannulene (DBA), yielding Ni-
DBA-3D-COF via metalation of the pristine DBA-3D-COF.29 The
metalation process resulted in only a slight reduction in BET
surface area, from 5083 m2 g−1 to 4763 m2 g−1, preserving the
material's high porosity. The ethane/ethylene separation
performance of Ni-DBA-3D-COF was assessed through gas
adsorption isotherms at 273 K and 295 K over a pressure range
of 0 to 1.2 bar, revealing amoderate enhancement in adsorption
capacity, with an increase of 0.07 mmol for ethane and
0.13 mmol for ethylene at 295 K. Although the enhancement
was modest, this proof-of-concept study highlights the feasi-
bility of utilizing metalated COFs for hydrocarbon separations
and paves the way for further optimization. Beyond hydro-
carbon separations, COFs have also been explored for precise
gas separation at the molecular level. Fan et al. introduced an
ultramicropore-in-nanopore concept, employing a matryoshka-
like pore-channel engineering strategy to achieve angstrom-
level control over COF channel sizes.204 This was accom-
plished via in situ encapsulation of a-cyclodextrin (a-CD) within
the 1D nanochannels of a COF membrane during interfacial
polymerization. The resulting LA-a-CD-in-TpPa-1 membrane
demonstrated exceptional H2 separation performance, exhibit-
ing a high H2 permeance (∼3000 GPU) along with signicantly
enhanced selectivity (>30) for H2 over CO2 and CH4. This
enhancement was attributed to the formation of fast and
selective H2 transport pathways, showcasing a novel approach
for precisely tuning COF pore structures for advanced gas
separation applications. These studies underscore the growing
versatility of COFs in gas separation, particularly through pore
chemistry and pore size engineering, which open up new
possibilities for designing highly selective, high-performance
separation membranes or adsorbents.
3.2 Catalysis

COFs and MOFs have emerged as highly promising materials
for heterogeneous catalysis due to their high surface area,
tunable pore structures, and versatile active sites. Through pore
engineering, the size, shape, and surface chemistry of their
pores can be precisely tailored to enhance substrate diffusion,
reactant accessibility, and selectivity, making them highly
11752 | Chem. Sci., 2025, 16, 11740–11767
efficient catalytic platforms. MOFs, with metal nodes, provide
Lewis acid sites that facilitate oxidation, hydrogenation, and
C–C coupling reactions. In contrast, COFs, composed of fully
organic linkages, can be designed with catalytically active sites
through the incorporation of specic functional groups or by
coordinating with metal species, enabling diverse catalytic
applications. Both materials allow PSM, including metalation,
ligand engineering, and biomimetic site incorporation, further
enhancing catalytic efficiency. The p-conjugated backbones of
COFs make them ideal for photocatalysis and electrocatalysis,
enabling applications in CO2 reduction and water splitting.
Additionally, their excellent chemical and thermal stability
ensures long-term catalytic performance with easy recovery and
recyclability, making them superior to many homogeneous
catalysts. By leveraging precise pore engineering, researchers
have designed MOFs and COFs with hierarchical porosity,
OMSs, and functionalized channels, optimizing catalytic
activity for oxidation, hydrogenation, cross-coupling, photo-
catalysis, and electrocatalysis.

During the synthesis of MOF materials, solvents oen
participate in coordinating with central metal nodes. These
solvents can be completely or partially removed by subjecting
the MOFs to high temperatures under vacuum or other
controlled conditions, exposing unsaturated metal sites that
serve as Lewis acid sites for multiphase catalytic applications.
To further enhance catalytic performance, our group developed
a feasible strategy to incorporate linear ionic polymers within
MOF pores via in situ free radical polymerization of monomer
salts, creating synergistic catalytic sites within a single mate-
rial.205 A well-known MOF, MIL-101,206 synthesized from
Cr(NO3)3$9H2O and terephthalic acid under solvothermal
conditions, was treated with ethanol to remove the trapped
DMF molecules within its pores. Subsequently, MIL-101 was
mixed with a monomer salt, 3-ethyl-1-vinyl-1H-imidazol-3-ium
bromide, in DMF and stirred at room temperature, allowing
the monomer to settle inside the MOF pores, ensuring
successful in situ polymerization of the ionic polymer. MIL-101,
featuring mesoporous cages, high stability, and open chro-
mium(III) metal sites, provides abundant accessible Lewis acid
sites ideal for hosting exible catalytic sites and acting as a co-
catalyst. The resulting material, MIL-101-IP, was evaluated for
CO2 xation and the transformation of various epoxides into
cyclic carbonates. By integrating OMSs inside rigid MOF
frameworks and introducing halide ions via immobilized ionic
polymers, the unication of two catalytically active components
was achieved, demonstrating that pore chemistry can be readily
tailored through a host–guest strategy. This highlights the
potential of engineering synergistic catalytic systems within
porous materials for a wide range of applications.

Heterometallic MOFs have also demonstrated superior
catalytic performance compared to their single-metallic coun-
terparts due to their enhanced chemical stability and tunable
pore chemistry, which can be precisely controlled by adjusting
the metal ratios within the framework. Fu et al. developed
a double-metallic MOF-74 (Cu/Co) with various Cu/Co ratios via
a facile one-pot synthesis method, ensuring a uniform distri-
bution of Cu2+ and Co2+ throughout the structure.207 By carefully
© 2025 The Author(s). Published by the Royal Society of Chemistry
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tuning the Cu/Co ratio, not only was the oxidation activity
modulated, but the selectivity of oxidation products was also
nely controlled. Furthermore, the incorporation of secondary
metal ions or clusters in heterometallic MOFs can regulate the
electronic properties of active sites, signicantly enhancing
electrocatalysis and photocatalysis performance. Using
a similar method, Tang and co-workers synthesized ultrathin
bimetal-organic framework nanosheets (NiCo-UMOFNs) using
a mixed solution of Ni2+, Co2+, and benzenedicarboxylic acid
(BDC).208 The resulting UMOFNs exhibited nanometer-scale
thicknesses, enabling rapid mass transport and superior elec-
tron transfer, along with a high percentage of exposed catalyt-
ically active surfaces containing coordinatively unsaturated
metal sites, ensuring exceptional catalytic activity. Additionally,
the distinct surface atomic structures and bonding arrange-
ments of NiCo-UMOFNs could be readily identied and tuned.
Electron transfer from Ni to Co clusters resulted in optimized
electronic states, signicantly improving the electrochemical
oxygen evolution reaction (OER) activity compared to mono-
metallic Co-UMOFNs, Ni-UMOFNs, and bulk NiCo-MOFs. The
metal ions/clusters can also bemanipulated by PSM, Cohen and
co-workers prepared UiO-66-NH2(Zr/Ti) catalysts through post-
synthetic method, whose electron accepting levels were low-
ered by the Ti doping, which can be readily achieved by post-
synthetic ion exchange of UiO-66-NH2(Zr) with TiCl4(THF)2 in
DMF solution (Fig. 11).209 The newly modied UiO-66-NH2(Zr/
Ti) showed higher CO2 photoreduction activity and HCOOH
selectivity (5.8 mmol mol−1), 1.7 times higher than the mono-
metallic UiO-66-NH2(Zr).
Fig. 11 (a) Synthesis of mixed-ligand MOF 1(Zr) via PSE to obtain
mixed-metal MOFs 1(Zr/Ti) and UiO-66(Zr/Ti)-NH2. (b) Photo-
luminescence spectra of 1(Zr) and 1(Zr/Ti). (c) Energy band structure of
1(Zr/Ti) derived fromUPS and F(R) results, showing that heterogeneous
ligands create two energy levels within the MOF, potentially facilitating
CO2 catalysis. Reproduced with permission.209 Copyright 2015, Royal
Society of Chemistry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Jiang's group has been at the forefront of developing MOFs
with precise pore engineering to enhance catalytic performance
across multiple reactions.210–212 Recently, they introduced
a simple yet effective strategy to regulate the spin states of
catalytic Co centers by altering their coordination environ-
ments. Through post-synthetic metal exchange, Co species were
incorporated into a stable Zn-basedMOF, yielding three distinct
active sites, Co–OAc, Co–Br, and Co–CN, within the MOF pores
for CO2 photoreduction (Fig. 12).213 By changing the Co
precursor, Co centers coordinated with –CH3COO, –Br, or –CN,
precisely tuning their coordination environment and spin
states. Experiments and theory showed that this spin-state
modulation—without changing Co's oxidation state—greatly
enhanced charge separation, CO2 adsorption, and activation.
Among the three variants, Co–OAc, which exhibited the highest
spin state, demonstrated superior charge separation and opti-
mized energy barriers for CO2 adsorption and activation,
resulting in an outstanding photocatalytic CO2 reduction rate of
2325.7 mmol g−1 h−1 with 99.1% selectivity toward CO. To
further explore MOFs as hosts for catalytically active species,
Jiang's group employed UiO-66 as a template to encapsulate
metal nanoparticles (NPs) and nanoclusters (NCs) within its
pore cages. While NCs with atomically precise structures hold
great promise for catalysis, their tendency to aggregate and the
spatial resistance of surface ligands pose signicant challenges.
The spatial connement effect of MOFs provides an ideal
protective environment to address these issues. In their studies,
Au25 NCs214 and a series of MAg24 (M= Ag, Pd, Pt, and Au) NCs215

were successfully encapsulated into UiO-66-X, forming
Au25@UiO-66-X (X = H, NH2, OH, and NO2) and MAg24@UiO-
66-NH2. These composites allowed for precise tuning of electron
density and substrate adsorption properties through variations
in both the encapsulated NCs and the MOF ligands. Addition-
ally, various NPs, including Pt NPs and PdCu NPs, were incor-
porated into MOFs for enhanced catalytic applications. For
example, Jiang's group synthesized UiO-66-SO3H (Zr6O4(OH)4(-
BDC-SO3H)6, denoted as UiO-S) to host PdCu NPs via PSM.216 To
further optimize its catalytic properties, a hydrophobic poly-
dimethylsiloxane (PDMS) coating was introduced, yielding
a composite catalyst denoted as PdCu@UiO-S@PDMS. The
electron transfer within PdCu NPs facilitated N2 activation,
Fig. 12 Synthesis of Co–OAc, Co–Br, and Co–CN with different spin
states of CoII and CoIII via a postsynthetic exchange strategy. Repro-
duced with permission.213 Copyright 2024, American Chemical
Society.
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Fig. 13 (a) The “activation” process involving a Cr3(m3-O) (COO)6(-
OH)(H2O)2 cluster in MIL-101(Cr)-FLP-H2. Reproduced with permis-
sion.219 Copyright 2019, John Wiley and Sons. (b) Construction
pathway of NU-1000-FLP-H2. Reproduced with permission.220

Copyright 2023, American Chemical Society.
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while the protonated sulfonic acid groups provided an essential
proton source for nitrogen reduction reaction (NRR). Mean-
while, the PDMS coating selectively suppressed water contact
with PdCu while still allowing the sulfonate (–SO3

−) groups to
extract protons from water. This unique microenvironment
efficiently supplied protons while suppressing the competitive
hydrogen evolution reaction (HER), resulting in an optimized
system for electrocatalytic NRR with enhanced performance.
Expanding on this work, Jiang's group further engineered MOF-
based core–shell structures to ne-tune catalytic activity.217 By
varying the functional groups of MOF ligands, they designed
a set of UiO-66-X (X= –H, –Br, –NA (naphthalene), –OCH3, –Cl, –
NO2) shells coated onto UiO-66-NH2@Pt, forming UiO-66-
NH2@Pt@UiO-66-X. These core–shell MOF composites enabled
simultaneous modulation of both the microenvironment
around the Pt active sites and the photosensitive UiO-66-NH2

core. This precise structural control signicantly inuenced the
photocatalytic H2 production performance. Among the various
functionalized composites, UiO-66-NH2@Pt@UiO-66-H exhibi-
ted the highest H2 production rate of 2708.2 mmol g−1 h−1,
approximately 222 times higher than that of UiO-66-NH2@Pt@
UiO-66-NO2. Their pioneering work has opened new avenues for
designing supported catalysts with precisely tailored pore
chemistry, demonstrating the immense potential of MOF-based
materials for advanced catalytic applications.

Our group was the rst to report the graing of frustrated
Lewis pairs (FLPs) into the pore space of MOFs by tailoring the
pore environment.218 MIL-101 (Cr) was selected as the platform
to host FLPs due to its exposed CrIII open sites in the secondary
building unit (Fig. 13a).219 One site serves as an anchor for the
FLP, while the other, along with the hydroxyl group residing at
the third CrIII site, preferentially interacts with the targeted
double bond in the substrate to facilitate its activation. In this
work, the FLP, B(C6F5)2(Mes)/DABCO, was successfully
anchored into MIL-101(Cr), yielding MIL-101(Cr)-FLP. This
catalyst demonstrated the selective hydrogenation of imine
bonds in a,b-unsaturated imine compounds to produce unsat-
urated amine compounds using H2 gas at room temperature,
while this transformation is not achievable with FLPs in
a homogeneous system. This represents the rst example of an
FLP-based heterogeneous catalyst capable of selectively hydro-
genating a,b-unsaturated organic compounds, thereby paving
the way for the development of precious-metal-free chemo-
selective heterogeneous catalysts. Building on this break-
through, our group and co-workers explored various
combinations of FLPs and MOFs to investigate their catalytic
performance. A novel P/B-type FLP containing a phosphorus-
based Lewis base was synthesized within the MOF NU-1000,
demonstrating high efficiency in the selective hydrogenation
of quinoline and indole to yield tetrahydroquinoline and
indoline-type drug compounds with excellent yield and recy-
clability (Fig. 13b).220 Additionally, chiral FLPs (CFLPs) derived
from RB(C6F5)2 (R = C6F5 or C9H11) and various chiral Lewis
bases were synthesized and anchored into MOFs, resulting in
CFLP@MIL-101(Cr)221 and EMR@MOF,222 respectively. These
MOFs exhibited efficient heterogeneous asymmetric hydroge-
nation with excellent recyclability and regenerability,
11754 | Chem. Sci., 2025, 16, 11740–11767
establishing CFLP@MOF as a promising platform for asym-
metric catalysis. This approach bridges different elds of
chemistry to address challenges in asymmetric catalysis and
beyond.

Following these advancements, our group realized a set of
metal-free chiral frustrated Lewis pair frameworks within COFs
as well. We proposed a general strategy for integrating rationally
designed crystalline COFs with newly developed CFLPs to create
chiral frustrated Lewis pair frameworks (CFLPFs).223 COF-TAPB-
3P-COOH was rst synthesized using 1,3,5-tris(4-aminophenyl)
benzene (TPB) and p-terphenyl-20,50-dicarboxylic acid-4,400-
dicarboxaldehyde (3P-COOH). Through covalent post-synthetic
modication, chiral N1,N1-di-tert-butyl-3,3-dimethylbutane-
1,2-diamine (R1NH2) and chiral 4,5-dihydro-4-phenyl-2-
oxazolemethanol (R2OH) were introduced as chiral Lewis
bases, yielding COF-TAPB-3P-COHNR1* and COF-TAPB-3P-
COOR2*, respectively, which were further associated with
B(C6F5)3 to form CFLPF1 and CFLPF2. Both metal-free CFLPFs
exhibited superior activity and enantioselectivity for asym-
metric olen hydrogenation, along with outstanding stability
and recyclability.

Our group has also developed various strategies to tune pore
geometry and active sites in COFs to optimize inner pore
chemistry and catalytic performance.224–226 Due to their purely
organic skeletons, large pore sizes, high chemical stability, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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easy recyclability, COFs have emerged as a promising platform
for hosting biocatalysts, such as enzymes, to overcome chal-
lenges in cell-free enzyme catalysis. COFs provide robust
protection against enzyme deactivation, enhance recyclability,
and improve operational stability. In a study published in 2017,
our group selected TPB-DMTP-COF (COF-OMe), synthesized by
the condensation of dimethoxyterephthaldehyde (DMTP) and
TPB, as a host material due to its exceptional stability, high
surface area, and ordered one-dimensional (1D) channel-like
pores (3.3 nm) (Fig. 14).225 Lipase PS (3.0 nm × 3.2 nm × 6.0
nm) was immobilized into COF-OMe in a phosphate buffer
solution, yielding lipase@COF-OMe with a high enzyme uptake
capacity of 0.95 mg mg−1. Recognizing that protein migration
into porous materials is driven by surface interactions, we
investigated the impact of pore environments on enzyme
loading. Three isoreticular COFs (COF-V, COF-OH, and COF-
ONa) with varying degrees of hydrophilicity were synthesized
for comparison. COF-V was obtained from 2,5-divinyltereph-
thalaldehyde and TPB, COF-OH from 2,5-dihydroxytereph-
thalaldehyde and TPB, and COF-ONa by treating COF-OH with
NaOH. Under identical conditions, COF-Vexhibited a slightly
lower lipase PS uptake (0.78 mg mg−1) than COF-OMe, likely
due to its reduced surface area. COF-OH and COF-ONa dis-
played even lower uptake capacities (0.75 and 0.59 mg mg−1,
respectively), supporting the hypothesis that a hydrophobic
pore environment favors enzyme inltration. Beyond surface
properties, pore structure also plays a crucial role in enzyme
immobilization. To verify this, we synthesized an amorphous
analogue (POP-OMe) of COF-OMe using the same monomers
but in DMSO as the solvent. POP-OMe exhibited a signicantly
lower BET surface area (1740 m2 g−1 vs. 1056 m2 g−1 for COF-
OMe) and a reduced enzyme uptake (0.58 mg mg−1),
achieving only 65% of COF-OMe's performance. Subsequent
studies focused on tuning pore heterogeneity in COFs to
enhance enzyme accessibility and resistance to denaturants.226

COFs with dual pores were designed and synthesized to
improve enzyme immobilization. The dual-pore structure of
COF-ETTA-EDDA was conrmed by DFT pore size distribution
analysis, revealing micropores (∼13.9 Å) and mesopores (∼38.5
Å). The larger mesopores facilitated enzyme immobilization,
while the smaller micropores remained unoccupied, serving as
Fig. 14 (a) Schematic representation of lipase PS and porousmaterials us
Si, purple: Na). (b) Enzyme uptake capacity of various porous material
Reproduced with permission.225 Copyright 2018, American Chemical So

© 2025 The Author(s). Published by the Royal Society of Chemistry
transport channels for substrates and products. This structural
optimization effectively reduced diffusion path lengths and
signicantly enhanced ux rates, thereby improving mass
transport within the material. As a result, it established clear
structure–property design rules for creating hierarchical pore
architectures, which are crucial for optimizing enzyme-
encapsulation applications and improving catalytic efficiency.
3.3 Environmental remediation

Given their high surface area, well-dened pore structures, and
versatile functionalization potential, MOFs and COFs have
gained signicant attention as promising materials for envi-
ronmental remediation. They demonstrate great potential for
the binding and extraction of various pollutants, offering
innovative solutions to pressing environmental challenges,
including water purication, air pollution control, and toxic
waste treatment. Task-specic binding sites can be incorpo-
rated into MOFs and COFs through de novo synthesis or post-
synthetic modication, enabling the introduction of complex-
ing functionalities to effectively capture and neutralize diverse
contaminants.

Among the various environmental concerns, the adsorption
of organic dyes and heavy metals from water has long been
a major focus, and MOFs and COFs have been extensively
studied for their effectiveness in removing these pollutants
from water supplies. One notable example of an environmen-
tally friendly MOF is MOF-235(Fe), a structural analog of the
well-known MIL-101, both synthesized from FeCl3$6H2O and
BDC, but differing in crystal structures.227 Despite being clas-
sied as a nonporous or low-porosity MOF, MOF-235(Fe) has
demonstrated strong adsorption capabilities for both anionic
(e.g., methyl orange, MO) and cationic (e.g., methylene blue,
MB) dyes in aqueous solutions.228 Additionally, the presence of
Fe2+ and Fe3+ sites within MOF-235(Fe) enables it to function as
a solid-state analog of Fenton reagents in advanced oxidation
processes (AOPs), facilitating the degradation of MB in solution
through H2O2-derived reactive species.229

Beyond dye adsorption, MOFs have also been developed as
highly efficient platforms for heavy metal ion removal. Zhong
and co-workers reported a versatile MOF-based broad-spectrum
ed for enzyme immobilization (blue: N, gray: C, red: O, white: H, yellow:
s after 6 hours of incubation in a 30 mg per mL lipase PS solution.
ciety.
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heavy metal ion trap, capable of capturing a total of 22 different
heavy metal ions, encompassing hard, so, and borderline
Lewis metal ions (Fig. 15).230 This MOF material, derived from
MOF-808(Zr) (constructed from BTC and ZrOCl2$8H2O),231,232

was post-synthetically modied through a solvent-assisted
linker exchange method, where the formate groups on the Zr6
clusters were replaced with EDTA, yielding MOF-808-EDTA (BS-
HMT). This modication introduced highly efficient chelating
sites within the MOF's pores, signicantly enhancing its heavy
metal binding capabilities. The modied MOF demonstrated
ultrahigh removal efficiencies (>99%) for all 22 tested metal
ions, irrespective of their classication as so, hard, or
borderline acids. The exceptional performance of BS-HMT
highlights how pore chemistry in MOFs can be effectively
tuned through simple PSM strategies, broadening their appli-
cation in selective pollutant separation and environmental
remediation. This research underscores the vast potential of
MOFs and COFs as tunable, high-performance materials for
environmental applications, offering sustainable and efficient
solutions for pollutant removal and resource recovery.

Our group developed a series of post-synthetically modied
COFs functionalized with various thiol groups and demon-
strated their efficacy in mercury removal. We designed a vinyl-
functionalized monomer, 2,5-divinylterephthalaldehyde, in
which the vinyl groups remain intact during COF synthesis,
allowing for further chemical modications.233 The resulting
vinyl-functionalized COF (COF-V) was synthesized via the
condensation of 2,5-divinylterephthalaldehyde and TPB. Given
the strong affinity of sulfur-containing groups for so heavy
metal species like mercury and the high efficiency of thiol-ene
click chemistry, a library of thiol compounds with varying
exibility and sulfur densities was selected to react with the
vinyl groups on the COF pore surface. The modied sulfur-
functionalized COFs retained their crystallinity and porosity,
Fig. 15 (a) Schematic illustration of the BS-HMT concept. Ordered
HCOOH molecules in MOF-808 can be replaced by EDTA, leading to
MOF-808 with an ordered EDTA arrangement, which functions as
a BS-HMT for metal ion capture. (b) The removal efficiency of hard
Lewis metal ions, soft Lewis metal ions, and borderline Lewis metal
ions for MOF-808-EDTA. Reproduced with permission.230 Copyright
2018, Springer Nature.

11756 | Chem. Sci., 2025, 16, 11740–11767
enabling effective mercury removal from both aqueous solu-
tions and the gas phase. These COFs exhibited outstanding
uptake capacities of up to 1350 mg g−1 (at an equilibrium
concentration of 110 ppm) for Hg2+ and 863 mg g−1 for Hg0.
Additionally, they could rapidly reduce Hg2+ concentrations to
as low as 0.1 ppb, even in the presence of high concentrations of
competing ions. Notably, the exibility of the chelating groups
inuenced mercury accessibility, demonstrating that the
capture and adsorption performance of COF-based adsorbents
can be precisely tailored through pore engineering.

Building on the versatile chemical modication potential of
COF-V, we further integrated superwettability into COFs by
treating COF-V with 1H,1H,2H,2H-peruorodecanethiol via
thiol-ene click chemistry to yield COF-VF (Fig. 16).234 The
successful incorporation of peruoroalkyl groups onto the COF
pore surface was conrmed by water contact angle (CA)
measurements. COF-VF exhibited a static water CA of approxi-
mately 167°, indicating a superhydrophobic surface, whereas
COF-V and its alkyl-modied derivative showed CAs of only 113°
and 122°, respectively. In contrast, oil droplets were instantly
absorbed upon contact with COF-VF, conrming its super-
hydrophobic and superoleophilic properties. To explore its
practical applications, COF-VF was integrated into commercial
melamine foams, resulting in a cost-effective superhydrophobic
foam (COF-VF@foam). This was achieved by immersing
monolithic melamine foam in a precursor solution, followed by
solvothermal synthesis to in situ coat COF-V onto the foam
structure. Subsequent graing of peruoroalkyl groups onto the
COF-V coating produced COF-VF@foam. The uptake perfor-
mance of COF-VF@foam was evaluated using various organic
liquids, demonstrating sorption capacities ranging from 67 to
142 times its own weight, highlighting its potential for oil-spill
cleanup. Furthermore, COF-VF@foam exhibited excellent recy-
clability. The foam-based adsorbent could be easily regenerated
by squeezing out the absorbed oil, maintaining its performance
over at least ten adsorption cycles without signicant efficiency
loss. These results demonstrate that superhydrophobicity can
be effectively incorporated into COFs through pore-surface
Fig. 16 Schematic illustration of imparting superhydrophobicity on
COF-V. (a) Synthetic scheme of COF-V and COF-VF. (b and c) Sche-
matic representation of the eclipsed AA stacking structure of COF-V.
(d) Schematic representation of COF-VF. Reproduced with permis-
sion.234 Copyright 2018, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Synthetic scheme of COF-TpDb, formed through the
condensation of Tp (black) and Db (blue), followed by a chemical
transformation of cyano groups into amidoxime groups, yielding COF-
TpDb-AO. (b and c) Schematic representation of the eclipsed AA
stacking structure of COF-TpDb (blue: N; gray: C; red: O; hydrogen
omitted for clarity). (d) Schematic representation of COF-TpDb-AO
(blue: N; gray: C; red: O; hydrogen omitted for clarity). Reproduced
with permission.241 Copyright 2018, John Wiley and Sons.
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engineering, offering valuable insights into structure–property
relationships between functional groups and practical
applications.

MOFs and COFs have demonstrated superior radionuclide
sequestration performance compared to traditional porous
materials, offering enhanced uptake capacity and selectivity.
Carboni et al. pioneered the application of MOFs as novel
sorbents for actinide extraction from aqueous media.235

Specically, they synthesized three MOFs with UiO-68 network
topology using amino-TPDC or TPDC bridging ligands func-
tionalized with orthogonal phosphorylurea groups (TPDC =

p,p0-terphenyldicarboxylic acid). Among them, the UiO-MOF
with diethoxyphosphorylurea functionalization [UiO-68-
P(O)(OEt)2, MOF 2] was synthesized from ZrCl4 and a diethox-
yphosphorylurea-derived TPDC ligand (H2L2), obtained
through the condensation of 20-amino-1,10:40,100-terphenyl-4,400-
dicarboxylic acid (H2tpdc-NH2) with diethoxyphosphinyl isocy-
anate. MOF 2 exhibited near-quantitative uranium removal
from both water and articial seawater, achieving a remarkable
saturation sorption capacity of 217 mg U per g, corresponding
to the binding of one uranyl ion per two phosphorylurea groups.
Building upon this progress, our group designed and synthe-
sized a novel, highly stable carboxylated MOF, BUT-12-3COOH,
featuring an ultra-high density of free carboxyl groups, excep-
tional chemical stability, rapid adsorption kinetics, and a high
U(VI) sorption capacity.236 Through precise pore engineering, we
optimized the pore environment of BUT-12-3COOH to maxi-
mize uranium capture efficiency, achieving an impressive
maximum sorption capacity of 235 mg U per g, demonstrating
its outstanding extraction ability from aqueous solutions.

Beyond MOFs, our group proposed a pore-environment
engineering strategy to optimize COFs for radionuclide
sequestration.237–240 Given that amidoxime is the state-of-the-art
functional moiety for uranium capture, we incorporated ami-
doxime groups into COFs via a two-step synthesis (Fig. 17).241

First, a nitrile-functionalized COF (COF-TpDb) was synthesized
by condensing 2,5-diaminobenzonitrile (Db) with Tp under
solvothermal conditions, aligning cyano groups within the 1D
pore channels. These cyano groups were subsequently con-
verted into amidoxime moieties through hydroxylamine treat-
ment, yielding an amidoxime-functionalized COF adsorbent
(COF-TpDb-AO). Through this pore-surface functionalization
approach, the eclipsed stacking arrangement of 2D extended
polygons in COF-TpDb-AO positions the amidoxime chelating
groups in adjacent layers parallel to each other, facilitating
cooperative interactions for enhanced uranium binding. As
a result, COF-TpDb-AO exhibited far superior adsorption
performance compared to its amorphous analog (POP-TpDb-
AO), with saturation adsorption capacities of 408 mg U per g
and 355 mg U per g, respectively. Notably, COF-TpDb-AO
reduced uranium concentrations in contaminated water
samples from 1 ppm to below 0.1 ppb within minutes,
surpassing the stringent drinking water limit (30 ppb). More-
over, in spiked seawater, it achieved an exceptionally high
uranium uptake of 127 mg U per g, illustrating its potential for
uranium mining applications. These ndings highlight the
critical role of pore engineering in MOFs and COFs,
© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrating how precise functionalization and tailored pore
environments can signicantly enhance their performance in
environmental remediation, particularly for radionuclide
sequestration.
4. Outlooks and conclusion

In this review, we provide a comprehensive and timely overview
of the advancements in pore engineering of MOFs and COFs,
highlighting how precise modications in pore structures and
surface chemistry can signicantly enhance their functionality
and expand their applicability across various domains. We
discuss in detail the strategies employed to functionalize and
tailor these crystalline porous frameworks, including de novo
synthesis and post-synthetic modications. Furthermore,
drawing from our extensive research experience in gas storage
and separation, catalysis, and environmental remediation, we
discuss the design principles and strategic approaches for
optimizing MOFs and COFs in these applications. We highlight
how rational pore engineering, through precise control over
pore size, topology, and surface chemistry, enhances adsorption
capacity, selectivity, and stability. Building on our group's
advancements, we illustrate how these pore-engineered frame-
works surpass conventional porous materials by exhibiting
superior efficiency, accelerated kinetics, and enhanced recy-
clability, thereby broadening their practical applicability.
Through precise control over composition, pore geometry, and
surface functionality, MOFs and COFs can be strategically
tailored for specic applications, paving the way for next-
generation materials with optimized performance and
Chem. Sci., 2025, 16, 11740–11767 | 11757
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expanded functionality. This review not only provides insight
into the current state-of-the-art in pore engineering but also
sheds light on future research directions and challenges that
need to be addressed for broader industrial implementation.

Despite signicant advancements, the practical application
of MOFs and COFs remains challenging, particularly in scalable
synthesis and processing.242–245 High production costs and low
yields oen hinder large-scale manufacturing. Addressing these
issues requires the development of cost-effective organic
ligands and monomers alongside more efficient, sustainable
synthesis strategies that improve yield while reducing energy
consumption and waste. In addition to synthetic challenges, the
chemical and mechanical stability, as well as the recyclability of
MOFs and COFs under harsh industrial conditions—such as
exposure to moisture, high temperature, or chemical contami-
nants—pose signicant barriers to their long-term deployment.
Many MOFs and COFs exhibit degradation or loss of structural
integrity upon repeated use, which limits their feasibility in
continuous operation environments such as adsorption-based
separation or catalytic cycles. Therefore, improving the robust-
ness and reusability of these materials is essential for real-world
applications. Additionally, the complex and oen multistep
synthesis required for designing task-specic MOFs and COFs
presents another hurdle to their large-scale adoption. To
address this, future research should prioritize the development
of more streamlined and scalable synthetic strategies that
retain key structural features such as crystallinity, porosity, and
stability. Furthermore, progress in material processing—such
as shaping MOFs and COFs into membranes,246,247

monoliths,248–250 or composites structures251–254—will be vital to
bridge the gap between laboratory research and practical
applications.

Articial intelligence (AI) and machine learning (ML) offer
transformative solutions by enabling data-driven crystalline
porous material design.255–262 ML algorithms can analyze vast
chemical datasets, predict structure–property relationships,
and optimize synthetic pathways, signicantly reducing reli-
ance on trial-and-error experimentation. AI-driven models
facilitate high-throughput screening of candidate frameworks,
accelerating the discovery of MOFs and COFs with tailored
adsorption, separation, and catalytic properties. Deep learning
further renes this process by predicting material stability,
porosity, and functional performance before synthesis,
streamlining development. In pore engineering, AI enables
precise modulation of pore environments to enhance material
selectivity and efficiency. Advanced ML models uncover corre-
lations between pore structure and host–guest interactions,
guiding the rational design of highly selective materials.
Generative algorithms, including deep neural networks and
reinforcement learning, can autonomously propose novel MOF
and COF architectures with optimized pore chemistry and
spatial congurations. AI-driven robotic synthesis platforms
further enhance reproducibility and accelerate the experimental
validation of computationally designed structures, bridging the
gap between theoretical predictions and practical applications.

In the future, integrating AI with MOF and COF research will
revolutionize material innovation, making it more predictive,
11758 | Chem. Sci., 2025, 16, 11740–11767
scalable, and application-driven. By merging AI-guided
discovery with advanced synthesis techniques, next-generation
crystalline porous materials can be precisely engineered,
unlocking breakthroughs in a variety of practical applications.
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206 G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange,
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