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lon-selective membranes present a promising solution for efficient ion extraction, a critical need addressing
both water resource cycling and critical metal supplies. Conventional polymer membranes often exhibit an
intrinsic permeability—selectivity trade-off, stemming from their disordered and random pore architecture.
This structural limitation further complicates the understanding of how diverse ion species are transported
within their non-uniform sub-nanochannels. Covalent organic frameworks (COFs) and metal—organic
frameworks (MOFs) stand out as a promising solution for ion separation due to their ordered pore
architecture, designable topological configuration, and tunable pore microenvironment. Herein, recent
advancements in ion-selective membranes fabricated using these advanced COF and MOF materials are
critically reviewed. We begin by unravelling the currently dominant ion-differentiation mechanisms
within their sub-nanochannels, including size exclusion, electrostatic interactions, and chemically
specific binding. Particular emphasis is placed on the pore engineering design principles of these

crystalline framework materials, highlighting the role of specific ion-binding moieties, pore dimensions
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Accepted 16th November 2025 and charge, and asymmetric structures in selective ion transport. Advanced fabrication methods and ion-

related applications of crystalline framework-based membranes are subsequently described. We
DOI: 10.1039/d55c07238g conclude by presenting fundamental prospects and challenges for the on-demand design of next-

rsc.li/chemical-science generation ion-selective framework membranes.

species from unconventional sources (e.g., salt lakes and
industrial effluents) not only mitigates the global environ-

1 Introduction

The global proliferation of industries in the petrochemical,
tannery, and textile sectors has precipitated the discharge of
significant volumes of saline wastewater." Among the diverse
array of contaminants, heavy metal ions are of particular
concern given their pronounced tendency toward bi-
oaccumulation in biological organisms, leading to compro-
mised immune function and disrupted metabolic pathways.**
Conversely, the parallel expansion of burgeoning industries—
including new energy, precision manufacturing, and smart
technologies—has driven a soaring demand for various critical
ions (e.g., lithium and rare earth metals).”*> Consequently, the
efficient extraction and recovery of these valuable ionic resource
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mental crisis and resource scarcity but also actively facilitates
a circular economy.”"” Nonetheless, high-value ionic species
within natural or secondary sources are frequently dilute and
intermixed with coexisting entities of similar size and charge.
This presents a formidable obstacle to their selective extraction
and concomitantly escalates associated processing expendi-
tures. On the other hand, traditional separation techniques
inherently suffer from the inefficient recovery of target species
alongside compromised product purity stemming from inter-
ference by co-existing ions. Furthermore, the requisite intro-
duction of chemical reagents and the reliance on energy-
intensive separation processes lead to additional environ-
mental burdens.™ In this context, there is an urgent need for the
development of advanced separation technologies that enable
precise and sustainable ion separation.

Membranes function as thin, selectively permeable barriers
designed for the separation of mixtures by allowing the passage
of specific target substances while rejecting competitive ones.
This separation is achieved through diverse driving forces:
concentration differences (pervaporation),' pressure gradients
(nanofiltration (NF) and reverse osmosis (RO)),>** or potential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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differences (electrodialysis, ED).?> Membrane-based separations
offer a promising avenue for ion separation, attributable to their
facile continuous operation, high energy efficiency, and small
environmental footprint. They have significant potential to
promote the circular economy and optimize the industrial
structure.” To date, techniques like NF, RO, and ED have ach-
ieved considerable maturity in applications in seawater desali-
nation,**** heavy metal removal,>**” lithium extraction,**** and
rare earth element separation.***' Traditional ion-selective
membranes are fabricated from organic polymers, such as
polyamides,** polyimides,*® and polyesters.>* The exceptional
stability and robust mechanical strength of these materials
confer substantial benefits for commercial applications.
However, amorphous polymers like polyamides generally have
charged surfaces, which can lead to inorganic fouling and
biofouling during separation processes. Moreover, the inherent
size disparities among different ion species typically manifest at
the Angstrom level. Their heterogeneous pore size distribution
characteristics face a critical challenge in differentiating these
similarly sized ion species and thus impose a stringent
selectivity/permeability trade-off. Therefore, the rational design
of ion-selective membranes requires on-demand customization
of membrane structures, coupled with clarification of the
principles governing how structures affect separation perfor-
mance, to enhance ion separation processes.

Driven by continuous advancements in reticular chem-
istry,**¢ dynamic covalent chemistry,”** and computational
chemistry,*® porous crystalline framework (e.g., covalent organic
framework: COF, and metal-organic framework: MOF)
membranes have undergone rapid and significant develop-
ment. COFs, synthesized through the reversible reaction of
organic building blocks, represent a prevalent class of struc-
turally well-defined, chemically rigid materials featuring
permanent, long-range ordered nanochannels.**"** The tunable
building block design of COF membranes enables on-demand
synthesis and regulation of precise pore structure. This allows
fine-tuning of energy barriers for transmembrane ion transport
through the strategic leverage of steric hindrance, electrostatic
interactions, ion-ion interactions, coordination bonds, and
hydrogen bonds. A clear example is the integration of crown
ethers within COF channels, which selectively facilitates metal
ion transport via specific host-guest interactions.** Further-
more, post-synthetic modification strategies confer structural
adaptability to COF intrinsic pores, enabling the creation of
tailored pore architecture and functionality for differential
transport behavior between target and competing ions. Illus-
tratively, manipulating the positive charge density within COF
nanochannels can enrich counterions that actively interact with
lithium ions to mitigate dehydration energy barriers, thereby
boosting their transport rates.*> Unlike the entirely organic
constitution of COFs, MOFs are periodic porous materials
precisely assembled from metal ions/metal-oxo clusters and
organic linkers via diverse coordination bonds.***” These
frameworks distinguish themselves by featuring large surface
areas relative to conventional porous materials, underpinning
their broad utility in fields like adsorption,*® CO, capture,*
catalysis,* sensing,* and drug delivery.*> Notably, the bimodal
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pore structure of MOFs—comprising smaller windows for
selectivity and larger cavities for permeability—confers distinct
advantages in accurate ion separation. Inspired by the
Angstrom-scale asymmetric cavities of biological ion channels,
Abdollahzadeh et al. pioneered the design of a uniquely bilayer
MOF membrane. This design introduces energy barriers via
window-size disparities between the two MOF layers, achieving
remarkable K'/Li" and Na'/Li" selectivity of 84 and 80,
respectively.”

This review critically examines the dominant mechanisms
governing differential ion transport within sub-nanometer
channels, including size exclusion relative to the dehydration
effect,”*™® electrostatic interactions,”” and non-electrostatic
interactions (coordination bonds),*® all of which synergisti-
cally modulate ion migration (Fig. 1a). We provide a systematic
overview of design principles for COF/MOF membranes,
specifically addressing building block engineering, post-
synthetic modification, pore size modulation, along with
synthetic strategies for precisely tuning MOF apertures.
Membrane fabrication approaches like in situ growth,
secondary growth, interfacial polymerization, counter-
diffusion, and layer-by-layer assembly are also afforded partic-
ular attention. Furthermore, we categorize the detailed appli-
cations of COF/MOF membranes in heavy metal removal,
lithium extraction, and rare earth element separation (Fig. 1b).
Furthermore, this review focuses on the cutting-edge advance-
ments in a new generation of framework-based membranes.
Specifically, it encompasses developments in stimuli-responsive
smart membranes, the bio-inspired design of sub-nanometer
channels, and the precise assembly of heterogeneously
charged channels. These methodologies collectively provide
comprehensive guidance for the design and fabrication of
advanced ion-selective membranes and for the fundamental
exploration of ion transport mechanisms in nano-confined
environments. Importantly, discussions on thin-film nano-
composite (TFN) and mixed-matrix membranes incorporating
COFs/MOFs for ion sieving are excluded here to focus exclu-
sively on pure framework membrane performance.>**" Finally,
we outline the key challenges and opportunities in designing
next-generation framework membranes with enhanced selec-
tivity and multifunctionality on demand.

58

2 lon separation mechanism

Understanding ion separation mechanisms is pivotal for
developing high-performance ion-selective membranes. In
confined micro-channels, ion transport is governed by three
crucial mechanisms: (i) size-sieving effects, (ii) electrostatic
interactions, and (iii) chemical interactions. These mechanisms
operate synergistically to dictate the separation performance of
COF/MOF membranes.

2.1 Size exclusion based on steric hindrance

Steric hindrance is a pivotal determinant in transmembrane ion
transport, rendering channel dimensions and shape core
aspects for efficient membrane-based ion separation.®” Yang
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Fig. 1 Schematic of ion-sieving mechanisms and representative applications of COF/MOF membranes. (a) lon-sieving mechanisms of COF/

MOF membranes. (b) lon separation systems of COF/MOF membranes.

et al. exemplified this by developing 4-carboxyl-quinoline-linked
COFs via Doebner reactions.®® Their work revealed distinct
cation migration within COF channels: endowed with a 14 A
pore diameter, the membrane readily transports Hex,;N" (13.4 A)
while effectively blocking Oct,N* (17.8 A). This size-exclusion
phenomenon directly impacted conductivity, with Hex,N"
exhibiting a conductivity 2.1 times higher than that of
Dodec,N", highlighting the exquisite control over ion transport
achievable through precise pore engineering.

The transport behavior of metal ions in solution is governed
not by their bare ionic diameter, but by their effective hydrated
radius. In aqueous environments, metal ions are surrounded by
water molecules, forming a hydration shell. The extent of this
hydration is fundamentally related to the ion’s charge density.
Higher charge density ions (e.g., those with a small bare radius
or high charge) strongly polarize surrounding water molecules,
leading to a tightly bound, larger hydration shell and thus
a greater effective hydrated radius. In contrast, lower charge
density ions (e.g, those with a large bare radius or low charge)
induce weaker polarization, giving rise to a looser, smaller
hydration shell and a correspondingly smaller -effective
hydrated radius.**** This principle is clearly illustrated by alkali
metal ions, whose effective hydrated radii increase with
decreasing bare ionic radius (Li* > Na*" > K" > Rb").®

Apart from steric hindrance, differences in metal ion
hydration energies largely affect transmembrane ion transport.
The dehydration-induced entropic gain serves to partially
mitigate the enthalpic penalty associated with overcoming
these hydration energies, thereby acting as a critical determi-
nant of ion selectivity. Specifically, for metal ions possessing
hydrated radii exceeding the pore dimensions, dehydration is
imperative prior to channel ingress. For instance, elevated
hydration energy signifies intensified ion-water interactions,
rendering dehydration more difficult and imposing a higher
energetic barrier for entry.®**®

22902 | Chem. Sci., 2025, 16, 22900-22932

Quantitative analysis of the hydration number distribution
of metal ions within sub-nanometer channels via in situ liquid
time-of-flight secondary ion mass spectrometry provides critical
insights into the dehydration-mediated ion transport mecha-
nism within confined spaces (Fig. 2a).** Owing to their smaller
bare ionic radii, lithium and sodium ions permeating con-
stricted pathways within the membrane undergo only partial
dehydration. This results in a reduced average hydration
number, with smaller hydrated species predominating (Fig. 2b
and c). Ion transmembrane transport can be decoupled into
three distinct stages: (i) partial dehydration of hydrated ions at
the feed-side and their subsequent partitioning into the pore
channels, (ii) rapid diffusion of metal ions through sub-
nanometer channels, and (iii) desorption of metal ions at the
rear end of sub-nanometer channels.®”””°

To delineate the underlying mechanisms governing ion
transport within UiO-67 membranes, Xu et al. conducted
temperature-dependent ionic conductivity measurements on
Li* and Mg** in 0.1 M electrolyte (pH 6.3). This yielded acti-
vation energies for lithium and magnesium ion transport of
2.14 and 17.23 kecal mol™?, respectively (Fig. 3a).”* Meanwhile,
radial distribution function (RDF) analysis was utilized to
characterize the spatial distribution of water molecules
surrounding metal ions at discrete locations within the UiO-
67 framework. This revealed differential dehydration
behavior of metal ions during their passage through the
membrane windows (Fig. 3b and c). Specifically, the partial
dehydration of Li" necessitates shedding only 0.9 water
molecules from its second hydration shell. In contrast, Mg>*
requires the removal of 4.6 water molecules from its second
shell, thereby resulting in a significantly higher diffusion
resistance (Fig. 3d). This work underlines that the UiO-67/AAO
membrane features a bimodal pore architecture that
comprises sub-nanometer windows and nano-cavities, which
induces a repeated dehydration-hydration process during ion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transport (Fig. 3e). In this process, ions undergoing extensive channels correlates with dehydration effects. Potassium ions,
dehydration require substantially higher activation energies for instance, undergo substantial dehydration, enabling their
for transmembrane transport, resulting in lower kinetics. passage as largely bare ions driven by coulombic collision.”
Therefore, the dehydration effect plays a critical role in the Conversely, sodium ions typically engage in co-transport with
differential transport behavior of various metal ions. their hydration water, which accounts for their distinct
Furthermore, the superior selectivity of biological ion transport dynamics.
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In addition to intrinsic pore dimensions, both experimental
and computational results demonstrate that the effective cut-off
size of COF membranes is correlated with the chemical envi-
ronment of their pore wall. Specific functional groups lining the
channels engage in strong interactions with water molecules
through coordination and coulombic forces. These interactions
can effectively narrow the nanochannels, thereby significantly
impeding ion transport. As an exemplary case, Liu et al. utilized
a quaternary ammonium-functionalized aldehyde monomer
(HBAB) to develop a novel strategy for fabricating COF
membranes featuring asymmetric architectures.” Specifically,
the observed variation in activation energies for trans-
membrane ion transport within the COF membrane aligns with
the sequence of both permeation rates and hydrated ionic sizes
(Fig. 4a). A critical finding is that this COF membrane exhibits
an effective cut-off size of 8.2 A, with a marked reduction from
its intrinsic pore size of 1.2 nm, highlighting the crucial role of
the chemical environment of the pore (Fig. 4b). Consequently,
these membranes enable remarkable discrimination of rare
earth elements, exhibiting outstanding water fluxes of
225.4 mol m~* h™" and a high Cs*/La*" selectivity of up to 75.9
(Fig. 4c and d). RDF indicates that the N' in the quaternary
ammonium motif electrostatically binds to the electronegative
oxygen atoms of water molecules, forming a localized 4.3 A
hydration layer (Fig. 4e). Metal ion transport within the sub-
nanometer channels is mainly impacted by the synergistic
interplay between the localized hydration layers and the elec-
trostatic repulsion generated by the quaternary ammonium
motifs. This selective transport is achieved by precisely tuning

View Article Online
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the pore aperture of COF membranes to 8 A, a size that matches
the hydrated size of La®>" versus that of Cs* (Fig. 4f).

Wang et al. developed a novel strategy to enhance the
selective separation of monovalent cations by incorporating
sulfonic, phosphoric, and formic acid functionalities into COF
membranes.” RDF analysis was employed to elucidate the
influence of the hydration layer on their pore structure. The
results revealed that hydrogen atoms within the COF exhibit
closer proximity to water molecules compared to oxygen atoms,
indicative of hydrogen bonding formation between active sites
and water molecules (Fig. 5a and b). A comparative study of
water molecules associated with different acidic groups
demonstrated that more hydrophilic functionalities lead to the
formation of thicker hydration layers. A comparison of the
jump-to-contact distances (h) in atomic force microscopy (AFM)
force-distance measurements established a clear sequence for
the thickness of the confined water layer: TpPa-SOz;H > TpPa-
PO;H,> TpPa-CO,H (Fig. 5¢ and d). Concurrently, fitting the
dielectric spectra with the Havriliak-Negami relaxation model
identified a second Havriliak-Negami term in the TpPa-SO;H
membrane, attributable to the presence of a distinct secondary
hydration layer (Fig. 5e). The effective size of the TpPa-POs;H
membrane was approximately 7.0 A, which lies between the
hydration diameters of K* (6.6 A) and Li* (7.6 A), yielding a K/
Li" selectivity of 13.7.

2.2 Electrostatic interaction

Electrostatic interaction, serving as an important factor, affects
ionic transport.”> Compared to the bulk phase, deviations in
transport behavior within the charged channels were found
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Schematic of effective pore size.”® Copyright 2024, Springer.
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when conducting ionic conductivity experiments with KCI as
the electrolyte. This demonstrated that, in addition to size
exclusion, long-range coulombic interactions with charged
functional groups in the membrane can effectively discriminate
metal ions with distinct charges. Meanwhile, the optimized
charge density enables superior separation selectivity without
sacrificing water permeability.”” Specifically, electrostatic
interactions critically govern migration dynamics and interfa-
cial phenomena of mono-/multivalent ions. For example,
surface fixed charges in polyamide membranes suppress co-ion
partitioning through electrostatic exclusion. However, fixed
internal charges facilitate accelerated co-ion diffusion via elec-
trostatic attraction.”® Consequently, during the transmembrane
transport of ions, the permeation rate of co-ions is inhibited,
and the energy barrier rises. Conversely, counter-ions show
facilitated diffusion rates and reduced energetic penalties. It is
worth noting that the disordered arrangement of charged
moieties in crosslinked networks of traditional polymeric
membranes often impairs electrostatically-mediated separation
processes. This structural irregularity further complicates
mechanistic investigations into how electrostatic interactions
regulate ion transport within confined spaces. In contrast, the

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

inherent long-range order and customizable periodic porous
architecture of COF/MOF membranes provide precisely engi-
neered charged channels. This unique structural control facil-
itates rigorous mechanistic studies on ion-charged channel
interactions and confined transport phenomena at the molec-
ular level.

Leveraging the tailorable pore architectures of COFs, Hou
et al. engineered intrinsic nanochannels with fine-tuned charge
densities to decouple the role of electrostatic interactions in ion
transport (Fig. 6a).”” The results revealed that magnesium ion
permeation was progressively inhibited with an increase in
membrane charge density. Beyond a critical threshold,
however, the augmented charged motifs on pore walls induced
a pronounced enrichment of counterions (Cl"), thereby leading
to enhanced transport of magnesium ions. You et al. conducted
a comparative study on the separation performance of an ionic
COF membrane and a commercial membrane, specifically
investigating the impact of charged nanochannels on transport
behavior.”” The ionic COF membrane exhibited unexpectedly
lower rejection of MgCl, in comparison to NaCl. This observa-
tion deviates from predictions based solely on conventional
size-mediated membrane separation mechanisms (Fig. 6b and
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¢). The underlying principle is explained by the electric double
layer (EDL) theory, which posits that counterions within elec-
trolyte solutions accumulate near charged surfaces due to
coulombic interactions, thereby promoting the screening of
electrostatic potentials. The characteristic thickness of this
accumulated counterion layer is known as the Debye length
(Ap). When A exceeds the pore radius, EDL overlap occurs,
which directly enables the charge distribution within the
nanochannels to become the dominant factor governing ion
transport behavior (Fig. 6d). Counterions with higher valence

22906 | Chem. Sci, 2025, 16, 22900-22932

possess an enhanced capability to neutralize pore charges,
consequently reducing the Debye length. This explains the
observed lower rejection of MgCl, compared to NaCl. Given that
the Debye length is inversely correlated with electrolyte
concentration, and salt permeability itself is inversely propor-
tional to Ap, an increase in salt concentration consequently
leads to a decrease in salt rejection (Fig. 6e).

Heterogeneous architecture represents a fascinating aspect
of biomimetic membrane design, creating unprecedented
opportunities to break performance limits and construct

© 2025 The Author(s). Published by the Royal Society of Chemistry
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multifunctional materials. Notably, the asymmetric distribu-
tion of charged groups, a representative heterostructure design,
precisely modulates the ion partitioning-diffusion process.
Considering metal cations, for example, negatively charged
channels with a relatively strong electrostatic affinity promote
the partitioning of these ions into the pore channels, lowering
the energy barrier for ion entry. Conversely, this same electro-
static interaction concurrently leads to an increased energy
barrier for ion egress from the channels. Homogeneously
charged channels therefore impede rapid ion permeation,
whereas heterogeneous charge architectures demonstrate
remarkable potential for facilitating transport. Xu et al. devel-
oped a heterogeneously charged COF membrane by finely
controlling the polycation distribution.”” This engineered
channel structure was conceptualized as three sequential
segments: a negatively charged entrance, a weakly charged
intermediate region, and a positively charged exit (Fig. 7a). The
precise introduction of polyelectrolytes within the membrane
established an internal micro-electric field, which specifically
facilitates Li" permeation. Quantitative analysis via mean
squared displacement (MSD) corroborated this, demonstrating
preferential Li* transport through relative displacement quan-
tification (Fig. 7b). The negative entrance functions as a “cation
receptor”, facilitating the capture of cations into the channel
(Fig. 7c). Subsequently, the weakly charged inner region miti-
gates ion-channel friction, thereby augmenting ion migration
kinetics and reducing the overall interaction energy (Fig. 7d).
Finally, the positive charge at the exit significantly lowers the

Instant reception Fast migration Selective discharge
A A A

View Article Online
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energy barrier for Li" from the channel (Fig. 7e). This hetero-
geneously charged distribution is conductive to the transfer of
lithium, yielding a high Li*/Mg>" selectivity of 61.6.

A compelling demonstration of selective mono-/divalent ion
separation was provided by Lu et al. through their innovative
design of metal-organic framework (MOF) sub-nanochannels,
specifically using UiO-66-(COOH),.”* Molecular simulations
revealed that this selectivity arises from two concurrent
processes: partial dehydration of metal ions during their
passage through MOF-windows and their subsequent electro-
static interactions with MOF carboxyl groups. Specifically,
divalent ions exhibited stronger binding affinity and higher
diffusion barriers within the channels. This, coupled with their
elevated dehydration energy barriers stemming from higher
charge density, collectively enables superior mono-/divalent ion
selectivity.

Within sub-nanometer channels, ion-pore interactions are
significantly mediated by the dynamics of hydration layers.
During the adsorption/partitioning process from the feed side,
hydrated ions exhibit differential dehydration behaviors. The
stripping of hydration shells largely boosts electrostatic inter-
actions between the ions and the membrane. Specifically,
a higher degree of dehydration exposes more effective ionic
charge, leading to stronger electrostatic forces.” Alternatively, it
is recognized that electrostatic interactions within sub-
nanometer channels promote the dehydration of counter-
ions.*** This phenomenon affects the partitioning behavior of
co-ions at the channel entrance. Conversely, the electrostatic
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repulsion of co-ions by the channel walls stabilizes their
hydrated structure, and this resulting larger hydrated size
hinders their partitioning into the entrance.

2.3 Chemical interaction

Conventional membranes achieve ion separation primarily
through size sieving, excluding ions larger than the pore size,
and electrostatic repulsion for similarly charged species. This
dual mechanism, however, severely restricts their selectivity
towards coexisting ions with comparable charge properties and
dimensions.**®** Inspired by biological ion channels, which are
crucial for maintaining physiological processes, researchers
have recently focused on achieving high-precision ion separa-
tion based on coordination interactions. Specifically, quantum
chemistry reveals that a coordination interaction forms when
a ligand donates a lone pair of electrons to an unoccupied
orbital of another atom or ion. This coordination behavior
allows significant differentiation between metal ions, even
those with similar dimensions and charge characteristics. For
instance, alkali metal ions exhibit distinct coordination
behaviors with ligands due to their varying electronic configu-
rations. Ligand field theory explains this by showing that
minimized electronic repulsion, achieved when functional
group orbitals complement those of the ions, results in lower
energy states and favorable coordination bond formation. A key
example is polymeric membranes, where incorporated func-
tional groups with preferential binding affinity towards target
ions govern transport based on binding energetics, rather than
solely on membrane thickness.** Given that these atomic-level
interactions, explored in quantum chemistry, are primarily
applicable at the Angstrom level, the development of Angstrom-
leve]l COF/MOF channels and the strategic incorporation of
metal-ion-recognizing groups in COF/MOF membrane design
hold significant promise for achieving high-precision and
universal ion separation.

Lithium ions, due to their small ionic radius and high charge
density, demonstrate a strong propensity to form coordination
bonds with the lone pair electrons of oxygen atoms, as observed
in crown ethers.**®*** Inspired by this fundamental under-
standing, Bing et al. engineered ion-selective membranes by
incorporating oligoether into 2D COFs (Fig. 8a and b).*® To
elucidate the impact of side oligoether groups, the synthesis of
COFs with precisely controlled pore sizes and chemical envi-
ronments was achieved by introducing specific side chains at
the ortho-position of the aldehyde group (Fig. 8c). Their findings
elucidated a crucial mechanism: oligoethers significantly
reduce transmembrane barriers for lithium ions by displacing
water molecules from their hydration shell, thereby mitigating
the associated dehydration energy penalties. In contrast, the
robust hydration shells of magnesium ions impede their
transport. DFT calculations further demonstrated that oxygen
atoms within oligoethers form stable coordination with Li",
exhibiting a markedly higher binding affinity compared to
competing ions. Furthermore, their chain flexibility enabled
rapid coordination-dissociation dynamics with Li", facilitating
ion migration though a relay mechanism. This strategic

22908 | Chem. Sci, 2025, 16, 22900-22932
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incorporation of lithophilic oligoethers into the COF channels
facilitates the transfer of lithium ions while restricting the
diffusion of magnesium ions, thereby achieving a high Li*/Mg**
separation factor of 64.

The selective partitioning of hydrated ions at the channel
entrance is a key factor in ion migration. This process necessi-
tates metal ions to surmount entry energy barriers, particularly
those associated with partial dehydration. As a result, designing
ultra-selective ion separation membranes must prioritize target
ion binding, ensuring that such binding provides energetic
compensation for dehydration via compensatory interactions.
This promotes target ion partitioning or adsorption, thereby
augmenting their distribution within sub-nanometer channels.
However, a delicate balance is required: while insufficient
affinity fails to promote target ion partitioning, excessive affinity
can inadvertently elevate the ion exit energy barrier. Conse-
quently, precise quantification of functional group-ion binding
energies is paramount for engineering coordination-based ion-
selective membranes.

Beyond binding, efficient transport is also crucial. Studies
demonstrate that introducing binding sites within the long-
range ordered channels of MOFs/COFs enables ion hopping,
reducing transport energy barriers and elevating conduction
rates.*® However, introducing specific functional groups does
not guarantee improved target ion transport efficiency. For
example, optimal inter-site distances are essential; distances
below a certain threshold facilitate ion surface hopping,
whereas excessive spacing creates unfavorable energy wells for
ion diffusion. This explains why the randomly distributed active
sites in amorphous regions of polymeric membranes are
detrimental to enhancing ion permeation. Fortunately, the
emergence of COF/MOF materials with their inherent long-
range ordered nanochannels offers a compelling solution,
having significantly revitalized the development of advanced
ion-separation membranes.

Recently, designing membrane materials that can respond to
external stimuli (e.g., temperature, humidity, light, and pH) was
found to be highly efficient for extracting scarce ion resources.”
Engineering smart membranes necessitates the integration of
functional units for reversible physicochemical switching when
exposed to external stimuli. These units primarily encompass
pH-responsive moieties—such as carboxyl, phosphate, amine,
and pyridine groups—which facilitate these changes by under-
going protonation or deprotonation upon pH variation. For
instance, Cao et al. functionalized the COF intrinsic channels
with cysteine, which features terminal amine and carboxyl
groups as pH-responsive binding sites (Fig. 9a).”* Specifically,
the acid-induced protonated amine groups with positive
charges exhibited weak interactions with metal ions, leading to
the preferential transport of K* ions dominated by diffusion
effects. Conversely, under alkaline conditions, the deproto-
nated, negatively charged carboxyl groups exhibited strong
coordination interactions with metal cations, particularly
favoring Na' ion transport (Fig. 9b and c). To elaborate this
interaction between ions and cysteine moieties, RDF describes
dual ion shells formed by Na* and K" around carboxylate groups
(Fig. 9d). Evidently, Na*-carboxylate pairs exhibited narrow and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Biomimetic architecture design of COF membranes. (a) Schematic representation of biological ion channels. (b) Schematic represen-
tation of bioinspired artificial ion channels. (c) Schematic illustrations of COF structures derived from TAB reactions with various aldehyde

monomers.®® Copyright 2021, Elsevier.

intense peaks, which signified their tight binding. Conversely,
K'-COO~ interactions showed broadened and attenuated peaks
corresponding to loose coordination (Fig. 9e). Specifically,
approximately 2 Na" and 0.5 K' ions occupied the primary
coordination shell of carboxylate groups, further confirming the
superior binding affinity of Na' to carboxylate ligands (Fig. 9f).
In addition, spatial distribution in the xy-plane revealed that
both Na* and K ions coordinated with COO™ moieties, accu-
mulating near channel walls with significantly denser Na"
clustering (Fig. 9g). Ion flux was quantified by total ion count,
revealing significantly higher Na' permeation rates and
concentrations relative to K™ (Fig. 9h).

Apart from chemical interactions, hydrogen bonding repre-
sents a fundamental atomic-scale phenomenon driven by
dipole-dipole forces. This interaction occurs when a hydrogen
atom, covalently bonded to a highly electronegative element
(e.g., O, N, or F), acquires a partial positive charge, enabling
electrostatic attraction with another electronegative atom.
Leveraging this principle, Sheng et al. developed an ultrathin
COF membrane (TpBDMe,) featuring abundant hydrogen
bonding sites and 1D ordered channels, which showed desir-
able ion sieving performance (Fig. 10a).* The resulting COF
membranes exhibited a K'/Mg?* selectivity of =765, alongside
a K" permeation rate of =0.2 mol m > h™'. The underlying
mechanism for this superior selectivity lies in the hydration
shell polarization induced by the high charge density of Mg>",
making the hydrogen in water molecules more positively
charged and consequently forming hydrogen bonds with COFs

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

to impede Mg>" permeation. This charge effect dictates the
hydrogen bonding energy sequence between metal ions and the
COF, K" < Na" < Li" < Mg**, consistent with their charge density
(Fig. 10b). Concurrently, the average potential energy derived
from hydrogen bonding also follows the established sequence:
K'<Na'" <Li* < Mg*" (Fig. 10¢) (Fig. 10c). Furthermore, density
functional theory (DFT) calculations show that ion migration
resistance, manifested as transmembrane energy barriers,
follows the same sequence (K* < Na* < Li* < Mg**). This
fundamentally elucidates the origin of the exceptional selec-
tivity (Fig. 10d).

3 Guiding principles for COF/MOF
membrane design

The dominant mechanisms dictating ion transport and,
consequently, separation efficiency in COF/MOF membranes
are intrinsically linked to two critical parameters: pore size and
the immediate chemical environment. In this context, future
design paradigms for high-performance ion-selective COF/MOF
membranes must strategically leverage the precise tuning of
both pore dimensions and their localized chemical
functionalities.

3.1 Building block design for COF membranes

COF membranes are porous crystalline structures formed by the

periodic covalent linkage of organic building blocks,

Chem. Sci., 2025, 16, 22900-22932 | 22909
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showcasing excellent long-range order.”*®® The intrinsic
advantages of their definite porosity and programmable
chemical microenvironments have established COF
membranes as compelling materials for creating intelligent
sub-nanometer channels that demonstrate remarkable ion-
sieving accuracy.

Advances in topological chemistry, dynamic covalent chem-
istry, and computational chemistry have illuminated how the
symmetry and reactivity of its building blocks affect the struc-
ture of a COF membrane. This understanding has advanced the
building block design, allowing for the precise, on-demand

22910 | Chem. Sci., 2025, 16, 22900-22932

construction of desired COF structures and functions. A
prime example is the strategic utilization of side chain proper-
ties, including steric hindrance and electron cloud distribution,
to precisely control intrinsic pore size, interlayer stacking mode,
topological structure, and the local chemical environment of
the COF membrane. Therefore, side chain engineering exem-
plifies an atomic-scale approach to structural design within the
broader context of building block optimization.®”~*°

A key aspect of building block design is the ability to intro-
duce bulky groups, which occupy free volume within the
intrinsic channels of COF membranes. This steric hindrance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanism provides a useful means to precisely regulate their
effective pore size. Illustratively, Liu et al. demonstrated the
precise regulation of the pore size of a COF membrane—and
subsequent removal of small molecular pollutants—by incor-
porating alkyl chains of varying lengths. Beyond direct engi-
neering of building units, COF pore size can also be indirectly
tuned by altering its topology or stacking patterns.**
Topology, defined by the specific knot and linker structures,
dictates the connection mode and spatial arrangement of
building units, thereby offering a means for precise control over
the pore structure.'® ' A notable illustration involves the
construction of both single-pore rhombic and dual-pore
kagome topologies from identical building blocks (a tetra-
functional C, knot and a linear C, linker).'**'** Expanding on
this, Peng et al. successfully engineered diverse COF powder
architectures by leveraging intermolecular hydrogen bonds.
Specifically, in TPE-COF-OH, intramolecular hydrogen bonds
induce a cis conformation of the imine and olefin bonds,
resulting in the characteristic dual-pore (7 A and 27 A) kagome
topology (Fig. 11a)."® In contrast, TPE-COF-OMe exhibits
a single-pore rhombic topology due to the trans conformation of
its imine and olefin bonds. The inherent advantages of dual-
pore hierarchical networks suggest significant potential for
simultaneously boosting membrane selectivity and perme-
ability.****”'%® Supporting this, Sun et al. created imine-based
COFs with distinct topologies by altering the side-chain
lengths of dialdehyde monomers (Fig. 11b).**® Their findings
demonstrated that an increase in alkyl chain length in the
aldehyde monomers triggers a topological transition in COF

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

membranes, evolving from single-pore structures (0.53 and 0.70
nm) to a dual-pore architecture (0.83 nm). However, hierarchi-
cally porous COF materials typically comprise mesopores that
are distinctly larger than the hydrated dimensions of metal
ions, posing a challenge for constructing ion-selective COF
membranes. Side-chain engineering represents a promising
strategy to alleviate this issue. For instance, Jiang et al. inno-
vated an amphiphilic hierarchically porous COF membrane by
precisely regulating the orientation of functional units within
separated pores.'” This strategic structural innovation lever-
ages steric hindrance to achieve a well-defined spatial distri-
bution of hydrophilic and hydrophobic segments. Specifically,
the incorporation of long-chain substituents within the hexag-
onal mesopores reduces the pore size from 26.5 A to 17.1 A
while concurrently establishing hydrophobic transport path-
ways. Simultaneously, hydroxyl groups align preferentially
within the micropores, facilitating a hydrophilic microenvi-
ronment. These hydrophilic microchannels facilitate the pres-
ervation of hydration shells around hydrated ions, thereby
enabling superior ion transport.” This work provides a novel
perspective on matching pore geometry and constructing
hydrophilic environments. While building block engineering
has proven effective for customizing COF powder pore struc-
tures through topological design, this approach remains
surprisingly underutilized in COF membrane fabrication. This
strategy is considered to offer transformative insights for future
ion-selective COF membrane advancements.

Interlayer stacking patterns in two-dimensional COFs are
dictated by the interplay of monomer steric hindrance and

Chem. Sci., 2025, 16, 22900-22932 | 22911
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intermolecular forces."''** Leveraging these interlayer stacking
patterns offers a powerful strategy to precisely regulate the pore
architecture of COF membranes. Crucially, the eclipsed (AA)
stacking of a given COF material results in a stable, larger-pore
configuration, while the staggered (AB) stacking corresponds to
a metastable state with approximately half the pore size.'**'*
Wu et al. exemplified this control in COF powders by strategi-
cally introducing isopropyl groups into amine monomers to
modulate interlayer stacking via steric hindrance. Their find-
ings showed that low isopropyl concentrations favored AA
stacking, which provided sufficient interlayer space for minimal
isopropyl group rotation. In contrast, higher isopropyl concen-
trations promoted ABC stacking to achieve optimal crystalline
packing energy. This structural control directly translated to
porous properties, with AA-stacked COFs exhibiting mesopores
and ABC stacking yielding micropores.'**> Moreover, Tian et al.
presented a ternary building block engineering strategy for
high-efficiency hydrogen purification membranes."*® The
results revealed that alkyl chains synergistically occupied free

22912 | Chem. Sci., 2025, 16, 22900-22932

volume and induced an AA-to-AB stacking transition, narrowing
pore apertures from 1.4 nm to 0.6 nm. The formation of the AB
stacking is attributed to a favorable balance where van der
Waals forces effectively compensate for the reduced =w-w
interactions caused by interlayer offset, resulting in a lower
binding free energy. Additionally, steric hindrance from the
alkyl chains resulted in an entropy effect, further driving the
observed interlayer displacement.

In addition to tailored pore architectures, the structural
tunability of COF monomers can also be utilized to impart
enhanced antifouling properties to ion-selective membranes.
For actual water treatment, the presence of pervasive contami-
nants leads to the progressive degradation of membrane
performance.”” A widely adopted strategy to enhance
membrane antifouling properties involves engineering hydro-
philic materials capable of forming a hydration layer at the
interface, thereby preventing contaminant adsorption.'***°
Zwitterionic membranes, characterized by the simultaneous
presence of cationic and anionic groups, can couple with water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules via electrostatic interactions and hydrogen bonding,
achieving improved antifouling performance.” Ji et al. exem-
plified this by pioneering a complementary charge strategy to
construct antifouling COF membranes.'** The results revealed
that the complementary charges in zwitterionic systems facili-
tate the formation of a continuous and dense hydration layer,
which effectively suppresses contaminant adsorption through
electrostatic repulsion. The resulting COF
membranes exhibited significantly lower adsorption capacities
for typical anionic contaminants such as bovine serum albumin
(BSA) and cationic contaminants such as lysozyme compared to
single-ion-type COF membranes, demonstrating their superior
antifouling performance.

Zwitterionic

3.2 Post-synthetic modification for COF membranes

Post-synthetic modification (PSM) allows for the precise intro-
duction of organic units or metals into pre-synthesized COFs via
a range of techniques, including graft modification, dynamic
monomer exchange, click reactions, and coordination chela-
tion."””**** Among these diverse PSM approaches, graft modifi-
cation stands out as a versatile strategy, enabling the precise
redefinition of COF functionality by anchoring specific motifs
onto the framework.

Achieving efficient multi-component differentiation through
a single-stage membrane process presents a fundamental
challenge. The integration of stimuli-responsive groups into
membrane channels offers an effective strategy to address
this.”” For example, Zhao et al. successfully grafted photo-
isomerizable azobenzene groups onto a COF membrane, where
subsequent UV irradiation induced cis-trans isomerization."*
This molecular-level change effectively induced a structural
transition in the pore architecture (Fig. 12a), allowing for the
reversible modulation of the selectivity for differently sized dye
molecules and enabling efficient differentiation of multi-
component feed solutions.

Monomer exchange is emerging as a powerful post-synthetic
modification strategy for COF membranes, enabling the precise
reconstruction of both pore dimensions and chemical micro-
environments. This process is thermodynamically driven: if an
energy gap exists between COFs formed from a common alde-
hyde and two distinct amines, the amine of the more stable COF
will displace its counterpart in the metastable COF. For
instance, imine-based COFs, synthesized via dynamic covalent
chemistry, readily permit linker exchange to yield a thermody-
namically stable framework.”””**® Specifically, Qian et al
demonstrated this by successfully substituting benzidine with
p-phenylenediamine, precisely tuning the pore sizes of COF
powder from initial values of 2.56 nm and 3.91 nm down to
1.61 nm and 3.18 nm, respectively.” In addition, Zhang et al.
reported a novel linker exchange strategy to construct ion-
selective COF membranes.**® This method involved immersing
pristine ACOF-1 membranes in a solution of p-phenyl-
enediamine, solvent, and acetic acid, leading to the formation
of an interlocked COF-LZU1 layer on the ACOF-1 surface. The
resulting heterogeneous COF membrane had an average pore
size of approximately 0.35 nm, a notable decrease from 0.45 nm
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in pristine ACOF-1, validating the pore size modulation via
linker exchange. Notably, the original ACOF-1 membrane
demonstrated negligible sodium sulfate rejection, whereas the
modified membrane achieved an impressive rejection rate of
approximately 97% following 3 hours of linker exchange.

In COF membranes, the polarity of sub-nanometer channels
is closely related to both the side-chain functional groups and
the chemical bonds within the framework. Specifically, less
polar imine bonds result in hydrophobic transport pathways. In
contrast, amide linkages, which contain polar oxygen and
amino groups, can form intermolecular hydrogen bonds,
creating a heightened structural polarity suitable for the
transport of polar solvents.”® Maschita et al. validated the
conversion of imine-to-imide bonds in COFs via alcohol-
assisted solvothermal synthesis coupled with monomer
exchange. The resulting imide-linked COF powder, featuring
strongly polar carbonyl groups, readily engages in hydrogen
bonding or dipole-dipole interactions with water molecules,
thus confirming that this strategy is effective for tuning channel
polarity.**?

The integration of powerful click chemistry tools, such as
thiol-ene click reactions,”**** and azide-alkyne cycloaddi-
tion,™* has advanced the design and synthesis of functional
COF materials. Capitalizing on this, Jing et al. successfully
functionalized a COF membrane with various organic units (-
COOH, -NH,, or -SO;") to achieve gradient channel partition-
ing (Fig. 12b)."** The heterogeneous distribution of these units
within the nanochannels stems from differential chain flexi-
bility and click reaction kinetics. Specifically, the -NH, units
demonstrated the most favorable chain flexibility and fastest
reaction kinetics, resulting in both a high grafting density and
a uniform spatial distribution. In addition, the click reaction is
catalyzed by copper ions, which not only facilitate the immo-
bilization of the units but also coordinate with their functional
groups. This coordination promotes chain entanglement,
effectively segmenting the pore channels. This combined effect
of pore segmentation and CO, affinity contributes to the high
H,/CO, selectivity for amine-functionalized membranes.
Furthermore, Meng et al. modified COF membranes using
cysteamine hydrochloride, precisely tuning the average pore
size from 0.38 nm to 0.3 nm, which significantly increased the
mono-/multivalent ion selectivity.*

3.3 Building block design for MOF membranes

In 1990, drawing inspiration from zeolites, Robson et al. pio-
neered the construction of crystalline porous networks via
metal-oxygen bonds. This seminal work led to the development
of a novel class of organic-inorganic hybrid materials, subse-
quently termed metal-organic frameworks (MOFs)."*”**® MOFs,
distinguished by their topological diversity, well-defined
porosity, and exceptional surface area, have since become
a focal point of extensive research interest.

For isoreticular MOFs, the distance between metal nodes is
critically determined by the length of their organic linkers,
which function as essential “molecular bridges” between adja-
cent metal clusters.” Deng et al. leveraged this by engineering
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organic linker lengths from 7.0 to 50 A, successfully construct-
ing a series of MOF-74 materials with identical topology yet
tunable pore dimensions (Fig. 13a).**® This yielded MOF mate-
rials with impressive pore sizes ranging from 14 to 98 A. Anal-
ogous to COF materials, the non-reactive groups integrated
within the periodic porous framework of MOFs significantly
affect both their pore architecture and localized chemical
microenvironment. For instance, Banerjee et al. constructed
a series of isoreticular MOF materials by introducing diverse
functional groups into organic linkers, where the steric
hindrance of these groups effectively led to a decreased pore
size (Fig. 13b).*** The results revealed a general trend of
decreasing CO, uptake capacity with shrinking pore size;
however, ZIF-82 and ZIF-78 presented a notable exception,

22914 | Chem. Sci, 2025, 16, 22900-22932

exhibiting enhanced CO, affinity due to stronger host-guest
interactions.

In view of pore size engineering for Zr-MOF membranes,
Cong et al. strategically adopted three distinct approaches:
functional group modification, ligand ratio control, and ligand
length adjustment, leading to the successful fabrication of UiO-
66, UiO-66-33Br, and MOF-801 membranes for isomer separa-
tion.™ Their precise functional group modification involved
partially replacing 1,4-benzenedicarboxylate (BDC) ligands with
bulkier 2-bromoterephthalate (BDC-Br) during the secondary
growth of UiO-66-33Br selective layers on a-Al,O; substrates.
Notably, the rational ligand ratio (33 mol% BDCBr) played a key
role in effectively narrowing the pore apertures, resulting in
superior separation performance for n-hexane/2-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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methylpentane. Additionally, the application of shorter fuma-
rate ligands during in situ solvothermal synthesis facilitated the
formation of MOF-801 membranes with highly restricted pores,
capable of discriminating n-butane from isobutane.

Furthermore, Mo et al. engineered functionalized UiO-66
membranes by incorporating organic ligands with precisely
tailored surface groups for efficient mono-/multivalent ion
separation, achieving a remarkable K'/Mg>" selectivity of
542.9.' The results elucidated the critical correlation between
the binding affinity of these surface functionalities with ions
and the corresponding transport activation energy. Specifically,
the presence of negatively charged -SH and -OH facilitated the
attraction of metal ions through strong electrostatic interac-
tions, resulting in favorable (negative) binding energies. In
contrast, positively charged NH, electrostatically repelled
cations and thus resulted in unfavorable (positive) binding
energies. Notably, the binding affinity trend UiO-66-(NH,), <
Ui0-66-(SH), < Ui0-66-(OH), aligns with the observed K*/Mg**
selectivity.

In a notable study, Ye et al immobilized a C;-symmetric
organic ligand (Tripp) within the FJU-88 framework, ensuring
axial coordination with the metal center (Fig. 13c)."** The
incorporated Tripp ligands facilitated programmed structural

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

segmentation, which not only regulated the topology but also
elevated the rigidity of the framework. In addition to structural
alterations, Tripp introduced additional adsorption sites,
enabling both size sieving and surface functionalization critical
for efficient C,H,/CO, separation. The overarching pore space
partitioning strategy, therefore, represents a promising avenue
for designing ion-selective MOF membranes by precisely engi-
neering the free volume within mesoporous MOFs.

Apart from building block design, the pore architecture of
MOFs is largely impacted by their synthetic conditions,
including factors such as the metal-linker ratio, solvent system,
and reaction kinetics. Wang et al. exemplified this by intro-
ducing methanol into the MIL-88B synthesis. The coordination
of methanol with metal sites led to framework expansion,
eventually stabilizing a large-pore structure.**® Moreover, the
ratio between large-pore and narrow-pore phases in MIL-88B
was found to be modulated by the methanol concentration. In
addition, incorporating either low-dose additives or species
featuring non-preferential coordination with metal constitutes
a fundamental means for precise MOF architecture design. For
instance, as an exceptionally stable MOF, UiO-66 typically
features each zirconium cluster coordinating with twelve
organic ligands, resulting in a highly ordered framework with
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remarkable structural integrity. Cai et al. presented an innova-
tive “ligand-deficient” strategy to create mesoporous UiO-66."¢
This involved introducing monocarboxylic acid into the
synthesis, where the steric hindrance of its alkyl chains regu-
lated the coordination environment by impeding the complete
incorporation of organic linkers. In parallel, monocarboxylic
acids form coordination complexes with metals; however, these
interactions are preferentially replaced by organic ligands due
to the significantly lower pK, of the latter. Moreover, the
insufficient ligand in this work suggested incomplete substi-
tution, resulting in defects in the network. Their findings clearly
demonstrate a positive correlation between both the concen-
tration of carboxylic acid and the length of the alkyl chain, and
the resulting pore size.

The unique ability of flexible MOF materials to undergo
reversible structural rearrangement in response to external
stimuli presents an effective avenue for controlled separation.
Polyukhov et al. demonstrated this principle by developing
a temperature-modulated pore regulation strategy based on the
“gate-opening effect”.” A clear relationship between tempera-
ture and molecular permeation was established: p-xylene
permeated at low temperatures, m-xylene at moderate temper-
atures, and o-xylene required a significant temperature increase
to diffuse through the pores. In a related innovative application,
Mukherjee et al. engineered IITKGP-39, a flexible twofold
interpenetrated 3D MOF, to address the challenging separa-
tions involved in ethylene purification and acetylene/carbon
dioxide separation.'*® This MOF exhibits three distinct struc-
tural phases: as-synthesized (a-phase), activated (B-phase), and
gas-adsorbed/gate-opened (y-phase) forms. The mechanism of
action is rooted in a guest-triggered structural change: upon
activation, the release of guest molecules causes the internal
angle of the rhombic pore to contract. However, the selective
adsorption of certain gases expands this angle to 83°, effectively
opening the gate for molecular access. The selectivity hinges on
the strength of the guest-framework interaction; C,He and C,H,
exhibit sufficiently strong binding to induce this crucial phase
transition, whereas the weaker binding of C,H, and CO, is
insufficient to initiate the structural change, thereby enabling
the highly selective uptake of the former two gases.

Leveraging the inherent flexibility of MOFs to selectively
discriminate between chemically similar species represents
a significant opportunity for the rational design of next-
generation ion-selective membranes. For instance, Ying et al.
developed a sophisticated strategy by exploiting the “gate-
opening effect” in flexible MOFs to create pressure-responsive
membranes for highly selective CO, separation.*® It was
demonstrated that pressure-induced structural transformations
are the result of a gliding motion of phenyl rings within the 2D
layers of the framework. Specifically, when the gas pressure
surpasses a critical threshold, the framework undergoes
adsorption, and the resulting intermolecular interactions drive
a reversible architectural evolution. This structural reconfigu-
ration leads to pore dilation, which critically allows for the
simultaneous enhancement of both permeability and selec-
tivity, thus overcoming the traditional trade-off limitations in
membrane technology.
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3.4 Post-synthetic modification for MOF membranes

Direct immobilization of specific motifs on MOF building
blocks can hinder their crystallization. Therefore, post-synthetic
modification (PSM) strategies have been adopted to introduce
functional groups into the reticular framework, allowing for
precise regulation of the pore architecture and chemical
microenvironment. Given that MOF formation is a chemical
reaction controlled by both thermodynamic and kinetic factors,
the one-step synthesis of mesoporous MOFs frequently
encounters challenges such as interpenetrated structures and
pore collapse.

Ligand exchange offers a powerful approach to circum-
venting the limitations of conventional MOF synthesis, partic-
ularly for creating mesoporous structures. A notable example is
the solvent-assisted ligand exchange method developed by
Karagiaridi et al., which enables the extension of MOF organic
pillars and the enlargement of pore dimensions.”* Their find-
ings indicate that ligands with higher affinity for zinc are pref-
erentially incorporated into the framework, highlighting that
the Zn-ligand bond strength, which correlates with the pK, of
the conjugate acid, is crucial for the exchange process.

Another effective method leverages the metal ions or metal-
oxo clusters within the MOF network. These sites, possessing
vacant orbitals, can act as reactive sites for coordinating with
organic building units. This principle was exploited by Han
et al., who used coordination chemistry to introduce chirality
into MOFs by anchoring r-lactic acid onto the open magnesium
sites of a pre-activated framework.*** The partial occupation of
channels by these chiral molecules resulted in a reduced pore
volume, as confirmed by a decrease in the specific surface area.
The newly introduced carboxyl and hydroxyl groups also
provided additional coordination sites for metal ions. In
a similar vein, Wang et al. modified Mg-MOF-74 membranes
with ethylenediamine, increasing the H,/CO, separation selec-
tivity from 10.5 to 28."> In this case, one amino group of the
ethylenediamine coordinates with an active metal site on MOF-
74, while the other remains exposed within the pore channels to
regulate gas molecule transport. The enhanced selectivity is
attributed to two main factors: stronger interactions between
the amino group and CO,, which reduce CO, permeability, and
the smaller pore size, which imposes more stringent kinetic
restrictions on the larger CO, (3.3 A) than on H, (2.9 A).

4 Fabrication approach for the COF/
MOF membrane (COFM/MOFM)

The synthesis of COF membranes is a complex process gov-
erned by a delicate balance between kinetic and thermody-
namic factors, which results in strict reaction conditions and
slow crystallization rates. Existing synthetic methods—in situ
growth, interface-assisted synthesis, and layer-by-layer
assembly—have been refined with techniques like substrate
modification, the addition of co-solvents and surfactants, and
the use of catalysts to achieve high-quality thin films.*****” On
the other hand, the traditional approach to MOF membrane
synthesis involves immersing substrates directly into precursor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solutions, where organic linkers and metal ions undergo
sequential nucleation, crystallization, and growth. This method
is often challenged by the competition between homogeneous
nucleation in the solution and heterogeneous nucleation on the
substrate, frequently leading to defective and discontinuous
membranes."® To address this, new strategies such as substrate
modification, the use of multi-metallic sources, and seed-
assistance have been developed to specifically boost heteroge-
neous nucleation.

4.1 In situ growth for COFM synthesis

In situ growth involves initially grafting one monomer onto
a pre-functionalized substrate, followed by submerging the
substrate in a solution containing a second monomer, where
the active COF layer is formed through hydro-/solvothermal
synthesis. The porous substrate is crucial, as it serves as
a reactive zone with heterogeneous nucleation sites that guide
the uniform growth of the COF layer.*>*¢>

While the thermal stability of inorganic carriers meets the
requirements for the elevated temperatures for in situ growth,
achieving sufficient interfacial compatibility between the inor-
ganic support and the active COF layer remains a key challenge.
To address this, the surfaces of inorganic substrates are
routinely modified with reagents like polyaniline (PANI), 3-
aminopropyltriethoxysilane (APTES), and 3-aminopropyl-
trimethoxysilane (APTMS) to enhance interfacial adhesion and
promote uniform film growth. Wang et al. exemplified this by
decorating an Al,O; substrate with APTES to provide heteroge-
neous nucleation sites for the growth of COF-300 membranes.**
The method involved grafting APTES onto the Al,O; surface to
anchor terephthalaldehyde (TPA) molecules, achieving uniform
nucleation and growth of the COF-300 active layer. The resulting
membrane exhibited impressive operational stability over
a continuous 90-hour cross-flow test. In parallel, Liu et al
employed surface-initiated polymerization to successfully grow
TpPa-SO;H layers on an amino-functionalized oxide surface
(Fig. 14a).*** The superior polymerization kinetics in this
method are attributed to the pre-assembled APTMS monolayer,
which provides specific amine binding sites that direct the COF
growth upon immersion in the precursor solution.

Due to their high cost and lack of flexibility, the use of
inorganic substrates poses a significant challenge for large-
scale industrial applications. This has resulted in growing
interest in the utilization of porous polymeric substrates such
as polyacrylonitrile (PAN), nylon, and polysulfone (PSF).'*
These materials are advantageous because their intrinsic func-
tional groups (e.g., carboxyl or amino groups) can promote COF
nucleation and growth under mild or ambient conditions. In
addition to using pristine polymer surfaces, various modifica-
tion strategies have been developed to introduce additional
reactive sites.’®® Examples include using alkaline hydrolysis to
convert nitrile groups into carboxyl groups or applying poly-
dopamine deposition to create surfaces rich in amino
g‘r()l-ll)s.167,168

Shen et al. demonstrated a robust method for fabricating
high-performance membranes by using polydopamine (PDA)-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modified polyacrylonitrile (PAN) surfaces.’® The PDA layer
effectively anchors building blocks, thereby facilitating the
uniform nucleation and growth of a sulfonic COF (SCOF). The
resulting SCOF membrane demonstrated an exceptional water
permeance of 134.6 L m > h ™' bar~ " while maintaining >99.0%
rejection of various organic molecules such as Eriochrome
black T and Congo red. In contrast, an unmodified PAN
substrate failed to provide the necessary heterogeneous nucle-
ation sites, a deficiency attributed to insufficient interfacial
compatibility between the SCOF microcrystals and the
substrate. This led to the formation of a defective active layer
consisting of loosely packed, fibrous SCOF assemblies. The poor
interfacial adhesion was evident from the membrane's light-
ening after ultrasonication, and its compromised structure
resulted in negligible separation performance.

Wu et al developed a sophisticated functionalization
strategy for PAN substrates, which involved incorporating
additional amine groups via APTES modification. This step
successfully created a high density of active nucleation sites for
the subsequent 3D COF growth (Fig. 14b)."*® The resulting
membrane demonstrated an exceptional Li* permeation rate of
0.123 mol m~> h™', a superior Li"/Mg>" selectivity of 36, and
outstanding long-term operational stability. This work high-
lighted that selective Li*/Mg>" transport is collectively governed
by size sieving, ion affinity interactions, and electrostatic
interactions.

4.2 Layer-by-layer assembly for COFM synthesis

Layer-by-layer assembly enables the construction of thin films
through the sequential deposition of 2D COF nanosheets
(CONs). CONSs are typically fabricated using two distinct path-
ways. The first is a top-down strategy,"””*'”* in which bulk COFs
are exfoliated using methods such as solvent sonication,
mechanical stripping, or chemical intercalation. The second is
a bottom-up approach,'”>'”* which enables direct nanosheet
synthesis through self-exfoliation or interfacial growth
techniques.

Zhu et al. developed defect-free COF-based ion-selective
membranes (denoted as DhaTGCl/TpPa-SO;H) based on elec-
trostatic interactions (Fig. 15a)."”* The CONs were fabricated in
a stable colloidal dispersion using an oil-water-oil triphasic
system before being deposited onto substrates via vacuum-
assisted filtration. The oppositely charged nanosheets created
an interlocked conformation that stabilized the interlayer
architecture, leading to marked pore size reduction. This
structural change resulted in a superior salt rejection rate of
99.99% and exceptional long-term stability over 156 hours of
continuous operation. Furthermore, the high aspect ratio (>10
000) of the interlocked CONs significantly shortened the water
transport pathway, thereby giving rise to a high permeance of
132.66 kgm > h ™.

Zheng et al. engineered hetero-charged COF membranes
from oppositely charged CONs with different pore sizes,
achieving exceptional rejection efficiency for multivalent ions
such as Ni**, cd**, Cr**, CrO,>", and SeO,;”" (Fig. 15b).”” This
superior performance is a result of the synergy between steric
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hindrance and Donnan exclusion, stemming from the intrinsic
pore size mismatch and the hetero-charged structure. The LBL
assembly method proved highly advantageous, enabling precise
tuning of membrane properties (e.g., thickness, hydrophilicity,
pore size, and zeta potential) by facile alteration of the ratio of
the two nanosheet dispersions. The resulting membrane also
demonstrated remarkable stability due to favorable -7 stack-
ing interactions, maintaining its performance during 7 days of
continuous operation for heavy metal removal. In parallel,
Wang et al. successfully constructed staggered-stacking COF
membranes from oppositely charged CONs, leveraging electro-
static interactions to synergistically enhance both mechanical
integrity and separation efficiency (Fig. 15¢).””® The resulting
staggered-stacking COF membranes showed a two-fold increase
in mechanical performance compared to single-component
COF membranes. Additionally, the staggered-stacking COFM
achieved a monovalent salt ion rejection rate of 77.9%,
a substantial increment over the 49.2% rejection rate observed
in single-component membranes.

4.3 Interfacial polymerization for COFM synthesis

Interfacial polymerization (IP) has emerged as a burgeoning
platform for the on-demand design of ultrathin COF
membranes, as it exploits fundamental thermodynamic and
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kinetic principles such as dissolution, partitioning, equilib-
rium, and phase separation.””** In this approach, the
substantial polarity difference between these phases confines
the condensation reaction to the interfacial region, which is
crucial for yielding ultrathin films with precisely controlled
thickness. The judicious selection of diverse interfaces has been
shown to effectively manipulate the nucleation and crystalliza-
tion processes, thus enabling the construction of COF
membranes with well-defined architectures.'®*

Surfactants are known to reduce the interfacial tension and
enhance the diffusion of monomers, thereby accelerating
interfacial polymerization reactions. Capitalizing on this prin-
ciple, Du et al. created a minute-scale interfacial polymerization
process by using sodium dodecyl sulfate (SDS) as a molecular
bridge at the water-dichloromethane interface (Fig. 16a).'** This
molecular bridge facilitated the diffusion of tris(4-
aminophenyl)amine (TAPA) by creating strong electrostatic
interactions between protonated TAPA and the negatively
charged head of the SDS molecule. A key benefit of this method
is that the SDS addition not only prevented powder formation
but also facilitated the formation of a dense film with a sharper
pore size distribution.

In addition, solvents play a dual role in interfacial polymer-
ization: as a key determinant of the reaction and as a medium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2024, American Chemical Society.

for green synthesis of membranes.™ In the context of sustain-
able fabrication, green solvents—including ionic liquids,
aqueous two-phase systems (ATPSs), and deep eutectic
solvents—are particularly effective.'*® Expanding on this, Wang
et al. utilized an ATPS composed of polyethylene glycol (PEG)
and dextran (Dex) to create separate aqueous phases for di-
ssolving aldehyde and amine monomers (Fig. 16b)."* This
system allowed for the precise tuning of interfacial tension by
modulating the polymer ratio. It was found that a higher
interfacial tension (0.1-1.0 mN m™ ") promoted the formation of
dense and continuous membranes, whereas a lower tension
(0.001-0.1 mN m ) led to porous and fragile architectures. The
resulting optimized membranes exhibited outstanding perfor-
mance, achieving NaCl rejections of 93.0-93.6% and a water
permeance of 1.7-3.7 L m~> h™" bar™', outperforming conven-
tional COF membranes.

Freestanding COF nanofilms often suffer from inferior
mechanical properties and are difficult to handle, with

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

subsequent transfer to a porous substrate leading to weak
interfacial adhesion. To address these challenges, thin-film
composite membranes can be fabricated through in situ reac-
tions by placing the substrate directly at the interface.'®® Wang
et al. successfully demonstrated this by developing an in situ
interfacial polymerization technique that employs electro-
chemical deprotonation and electric field-induced migration to
grow a COF active layer onto a PAN substrate (Fig. 16¢)."** A key
finding was the emergence of a self-healing mechanism during
the electrochemical interfacial polymerization, which ensured
a continuous and defect-free membrane architecture. This
effect is driven by preferential polymerization that occurs at
defect sites, where the localized current density is highest.
Consequently, the resulting COF membrane showed
outstanding desalination performance, achieving a water per-
meance of 92 kg m~> h™" and an outstanding salt rejection of
99.96%, which is superior to the performance of most reported
ion-selective COF membranes.

Chem. Sci., 2025, 16, 22900-22932 | 22919
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4.4 In situ growth for MOFM synthesis

Paralleling the solvothermal/hydrothermal synthesis of bulk
MOFs, the in situ growth of MOF membranes (MOFMs) relies on
elevated temperatures to enable the formation of active layers
from precursor solutions on various substrates. A representative
example is the work reported by Liu and co-workers, who
fabricated an ultrathin MOF-5 active layer on an a-Al,O;
substrate.”® A combined pretreatment using 1,4-benzenedi-
carboxylic acid (BDC) and anhydrous zinc nitrate was found to
be instrumental in achieving the growth of a continuous MOF-5
membrane. The resulting membranes exhibited gas permeance
reaching approximately 65% of that of the pristine substrate,
suggesting the formation of a MOF active layer.

A critical challenge for in situ grown MOFMs lies in the lack
of favorable interactions between porous substrates and metal
ions, which diminishes heterogeneous nucleation sites yet
promotes undesirable homogeneous nucleation in the bulk
solution.”® A promising strategy to address this is the exploi-
tation of a bimetallic source methodology to create heteroge-
neous nucleation sites, which in turn optimizes interfacial
compatibility between the substrate and the nascent MOF

22920 | Chem. Sci., 2025, 16, 22900-22932

microcrystals. For instance, the incorporation of zirconium ions
directly onto a substrate has been shown to successfully facili-
tate interfacial heterogeneous nucleation, allowing the forma-
tion of a continuous UiO-66 membrane. Liu et al. exemplified
this by engineering a UiO-66 active layer via in situ growth on
pre-structured yttria-stabilized zirconia (YSZ) hollow fibers,
enabling organic dehydration through pervaporation.*** Their
findings revealed a unique growth mechanism where metal ions
and organic ligands first formed gel particles in the precursor
solution. These particles subsequently migrated to and accu-
mulated on the YSZ hollow fiber surface via Brownian motion,
a process driven by the coordination between zirconium atoms
on the substrate and ligands within the gel particles. This
persistent deposition of gel particles led to continuous crystal
growth, eventually forming a highly interconnected MOF active
layer. Moreover, Guo et al. reported a method where a heat-
treated copper mesh was immersed in a solution of copper
nitrate and trimesic acid.®* In this process, both the copper
oxide on the substrate surface and the copper ions in solution
acted as metal sources, facilitating nucleation and growth to
produce a continuous MOF layer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Surface functionalization with metal-ion-anchoring reagents
is a beneficial approach to promote heterogeneous nucleation
kinetics. A notable approach is inspired by mussel bi-
oadhesives, where dopamine undergoes oxidative self-
polymerization under oxygenated, humid, and weakly alkaline
conditions. This process yields polydopamine (PDA) oligomers
that assemble into a layer with remarkable adhesive properties
due to synergistic covalent and non-covalent interactions." Xie
et al. exemplified this by engineering a PDA-modified regene-
rated cellulose membrane via interfacial self-polymerization.
The PDA interlayer functioned as a secondary functional plat-
form, anchoring metal ions to accelerate the heterogeneous
nucleation of ZIF-8, which facilitated the in situ self-assembly of
a uniform and continuous MOF layer that exhibited excellent
oil/water separation performance.***

A parallel approach was demonstrated by Huang et al., who
engineered PDA-modified steel meshes. Here, synergistic cova-
lent and non-covalent interactions with zinc ions promoted the
nucleation and growth of defect-free ZIF-8 membranes." In
a contrasting and innovative strategy, the same group utilized
APTES-modified porous ceramics for ZIF membrane fabrica-
tion.'*® The ZIF-22 layer grown on the APTES-modified ceramics
was confirmed by a continuous, dense, and defect-free layer
(~40 pm thickness), which exhibited superior hydrogen selec-
tivity and thermal stability. This structural integrity stems from
the coordination between the 3-aminopropylsilane groups on
APTES and zinc ions, which directly facilitates the nucleation
and subsequent epitaxial growth of the MOF membranes. In
contrast, pristine ceramic substrates yielded discontinuous ZIF-
22 deposits characterized by isolated crystalline islands and
discrete crystals.

4.5 Secondary growth for MOFM synthesis

The secondary growth approach is a powerful seed-assisted
strategy for the thin-film fabrication of MOF membranes. This
process involves the pre-deposition of crystal seeds on
a substrate, followed by immersion in a precursor solution
under solvothermal or hydrothermal conditions. Neelakanda
et al. innovatively combined this technique with a bimetallic-
source strategy to create ultrathin ZIF-8 membranes with
superior intercrystalline cohesion.”” Specifically, a ZnO layer
was deposited onto a porous polyacrylonitrile (PAN) substrate
via magnetron sputtering. Upon immersion in a ligand solu-
tion, this ZnO layer functioned as a second metal source and
formed a seed layer. The seed layer proved critical for two
functions: it facilitated the heterogeneous nucleation of ZIF-8 at
the interface and simultaneously enhanced the interfacial
adhesion between the formed MOF layer and the underlying
substrate.

In parallel, Zhai et al. developed a bimetallic-source
secondary growth strategy in which both the alumina
substrate and aluminum ions from the precursor solution serve
as synergistic metal sources to create a crucial seed layer
(Fig. 17a)."® The resulting membrane showed exceptional
separation performance and structural integrity for pervapora-
tion alcohol dehydration and dye nanofiltration, outperforming

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MOF-303 membranes prepared using alternative methods. This
success highlights a key distinction from MOF membranes
fabricated via one-step hydrothermal growth, which exhibited
random crystal orientation, intercrystalline defects, and weak
adhesion.

Apart from using secondary metal sources for seed deposi-
tion, another strategy involves first synthesizing precursor
suspensions of MOF nanoparticles or nanosheets and then
immersing a substrate in them to form a seed layer. Yuan et al.
successfully utilized this method, depositing ZIF-300 seeds on
an a-Al,O; substrate.” These seeded substrates were then
immersed in a MOF precursor solution under solvothermal
conditions to fabricate a ZIF-300 membrane. The resulting
active layer, approximately 10 um thick, demonstrated excep-
tional long-term stability and efficiency for heavy metal ion
removal in crossflow filtration mode.

In addition, spin-coating and blade-coating represent well-
established strategies for seed layer deposition.”® For
instance, Zhang et al. successfully spin-coated a dispersion of
ZIF-8/GO nanosheets twice on alumina supports, creating
a uniform seed layer that served as an epitaxial template for
MOF membrane growth.®” The resulting membrane exhibited
exceptional alkali metal ion separation efficiency, driven by
synergistic dehydration effects and steric hindrance mecha-
nisms. A particularly innovative method was introduced by Wu
et al., who employed a sacrificial polymer binder for blade-
coating zirconia seeds (Fig. 17b).* The polymer gradually di-
ssolved during solvothermal treatment, creating templated
voids that facilitated MOF nucleation and growth. Their find-
ings showed that the polymer played a dual regulatory role: it
enhanced the interfacial compatibility between the seeds and
the substrate and modulated the formation of UiO-66, enabling
the high-quality construction of the MOF layer. Current-voltage
(I-V) measurements further demonstrated that the MOF
membrane exhibited hydration-controlled differential ion
transport behavior.

4.6 Contra-diffusion assisted growth for MOFM synthesis

The counter-diffusion assisted growth approach is a distinct
method from in situ synthesis, utilizing a substrate to spatially
separate organic ligand and metal ion solutions.***** This
strategy promotes crystal nucleation and growth exclusively
within and on the porous scaffold, allowing for the elaborate
architectural engineering of composite membranes. Counter-
diffusion synthesis is governed by coexisting reaction and
diffusion dynamics, with both parameters having a profound
impact on the final structure. As a prime example of modulating
the diffusion rate to regulate the reaction zone, Shamsaei et al.
combined counter-diffusion synthesis with vapor-phase modi-
fication to develop an innovative fabrication method for high-
quality ZIF-8 composite membranes (Fig. 18a).>** The modi-
fied substrate, with its reduced pore size and freshly introduced
amine groups, effectively suppressed the migration of Zn** ions
while enriching them at the substrate interface. This precisely
controlled reaction zone enabled the fabrication of continuous,
defect-free ultrathin MOF membranes with outstanding

Chem. Sci., 2025, 16, 22900-22932 | 22921
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performance. Conversely, on pristine substrates, ZIF-8 crystal-
lization occurred throughout the porous channels, which
impeded the formation of a continuous membrane layer.
Kwon et al. innovated an in situ synthesis strategy directly
inspired by the counter-diffusion concept.””® In this method,
a substrate saturated with a zinc salt solution was brought into
contact with a solution containing a ligand and sodium
formate. The key insight is that sodium formate acts as
a deprotonating agent, accelerating the reaction rate to a point
where it surpasses the diffusion rate. This is crucial for pre-
venting undesired metal ion nucleation in the bulk phase. The
results from this study demonstrated that the “counter-diffu-
sion” process creates a high-concentration reaction zone at the
interface. This, in combination with the catalytic effect of

22922 | Chem. Sci., 2025, 16, 22900-22932

sodium formate, promoted the heterogeneous nucleation of
crystals. An additional advantage of this approach is that crys-
tals preferentially grow at defect sites during “counter-diffu-
sion”, effectively sealing grain boundary voids and improving
the film quality.

In another example, Zhao et al. developed a novel approach
for fabricating thiol-functionalized UiO-66 MOF channel
membranes (Fig. 18b).>*° It was demonstrated that contra-
diffusion synthesis on bullet-shaped PET substrates resulted
in MOF membranes with asymmetric crystal growth concen-
trated at the tip regions. This unique morphology was directly
correlated with superior ion-sieving performance. This is in
sharp contrast to in situ grown MOF membranes on bullet-
shaped PET and counter-diffusion synthesized membranes on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) Schematic of ethylenediamine-modulated counter-diffusion.2®* Copyright 2016, American Chemical Society. (b) Engineering
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cylindrical PET, both of which showed uniform crystal distri-
bution throughout the channels, ultimately compromising ion
transport selectivity.

4.7 Advanced synthesis of MOF membranes

Electrochemical synthesis serves as an emerging strategy for the
construction of MOF membranes. Specifically, the electric field
enables directed precursor delivery and induces subsequent
high-density nucleation. Wang et al. exemplified this by pio-
neering an additive-accelerated electrodeposition (AAED)
methodology based on the synergistic combination of a strong
electric field and a catecholamine-based additive.>*” The applied

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

electric field drives the rapid deposition of additive-ligand
complexes onto the substrate, which initiates the formation of
high-density crystal nuclei. The results elucidated that the
additive subsequently heals grain boundary defects during the
crystal growth phase, ultimately resulting in the formation of
a continuous and dense ultrathin MOF membrane.

The utilization of mixed-linker MOFs represents an effective
strategy for the design of membrane asymmetric architectures,
enabling the tailored engineering of both functionality and pore
structure. However, organic linkers with varying reactivity often
lead to deviations between the final MOF structure and the
designed blueprint. To address this challenge, Zhou et al.

Chem. Sci., 2025, 16, 22900-22932 | 22923
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pioneered an electrochemical synthesis approach for fabri-
cating mixed-linker MOF membranes.>® In this case, the
current intensity precisely regulated the deprotonation kinetics
of the linkers, thereby stabilizing the overall deprotonation level
of both ligands. Remarkably, the molar ratio of the two linkers
incorporated into the MOF framework was closely aligned with
the designed compositions.

While bulk MOFs can be exfoliated into nanosheets via
solvent intercalation for subsequent membrane assembly,
similar to COFs, a critical challenge is their propensity to
restack randomly, creating tortuous pathways that hinder
solute transport.>® To address this, Qiu et al. introduced
a super-spreading confinement assembly strategy to construct
highly oriented MOF membranes for selective sieving capabil-
ities.”’® The aligned stacking of nanosheets creates straight
mass transfer channels, significantly reducing ion transport
resistance. The results revealed that the dehydration energy
barrier is higher for multivalent ions than for monovalent ions,
enabling high mono-/multivalent ion selectivity. Concurrently,
divalent ions exhibit distinct binding energies, which critically
influence their transmembrane transport behaviors. The
prepared membrane exhibited high K*/La*" and K*/Ni*" selec-
tivities of 59 and 26.6, respectively, demonstrating a distinct
preference for the permeation of monovalent ions.

5 lon-related separations using COF/
MOF membranes

Because of their intrinsic well-defined architectures, tunable
pore dimensions, and long-range ordered nanochannels, COF/
MOF membranes are a promising platform for high-precision
ion separations. These framework-based membranes have
demonstrated significant potential in a wide range of applica-
tions, including the sieving of different alkali metals in
monovalent/monovalent ion separation, and the selective
recovery of critical metals in mono-/multivalent ion separation,
such as Li*/Mg** separation. They also show promise in water/
salt separation, which includes seawater desalination and the
removal of heavy metals. These capabilities enable critical
mineral extraction and secondary resource recovery across
diverse separation-based scenarios.

5.1 Desalination

The increasing global water scarcity, exacerbated by industri-
alization, underscores the critical role of membrane-based
desalination in securing clean water.”**'* Despite their wide-
spread use, traditional polymeric desalination membranes
exhibit an intrinsic trade-off between permeability and selec-
tivity. This challenge arises from their highly cross-linked pore
networks, which fundamentally limit their separation effi-
ciency.”®® Conversely, MOF membranes, possessing precisely
ordered nanochannels and negligible non-selective voids,
present a compelling alternative for advanced desalination
technologies.”* This was exemplified by Jian et al., who fabri-
cated a laminated Al-based MOF membrane on a porous
alumina substrate using a vacuum-assisted filtration method.

22924 | Chem. Sci, 2025, 16, 22900-22932
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The interlayer architecture was stabilized by strong m- inter-
actions, which resulted in stable operation for more than 750
hours.*® The resulting AI-MOF membrane achieved near-
complete rejection of Na*, K*, Mg>", and Ca®" ions (ion per-
meance = 3.3 x 10"° mol m~> h™" bar™ ") while maintaining an
exceptional water permeance of 2.2 mol m > h™' bar .
Molecular dynamics simulations provided a mechanistic
understanding of this high performance, confirming that size
exclusion was the primary rejection mechanism. Specifically,
the intrinsic MOF channels, with dimensions smaller than
those of hydrated ions but larger than those of water molecules,
enabled superior water/ion separation. Water density mapping
further supported this by showing that 82.92% of water mole-
cules preferentially permeated through the intrinsic pores of
the MOF rather than the interlayer gaps.

As a burgeoning thermal-membrane coupled desalination
technology, pervaporation has drawn considerable interest
thanks to its outstanding water/monovalent salt selectivity.*®
Nevertheless, traditional pervaporation membranes suffer from
a key drawback: their tortuous transport pathways and uncon-
trolled pore dimensions fundamentally limit their separation
efficiency. By leveraging their programmable chemical micro-
environment and designable channel architectures, COF
materials represent a promising and transformative platform
for advanced pervaporation systems.'®® Recently, Wang et al.
constructed a mixed-dimensional COF membrane with
remarkable structural integrity by depositing TpPa-SOz;H
nanosheets interconnected with TpTTPA nanoribbons on
a PTFE substrate.”” This robust architecture arises from
synergistic electrostatic and w-m interactions between the two
components. This ingenious design yielded a record-breaking
water flux of 267 kg m> h™" and 99.91% salt rejection in per-
vaporation. The exceptional water flux stems from two critical
characteristics: the vertically aligned pore architecture and the
presence of sulfonic acid groups embedded within the channel
walls. These functional groups form hydrogen-bonded
networks that trap water molecules, facilitating fast water
molecular transport via a hopping mechanism. A quartz crystal
microbalance (QCM) further supported these findings by
quantitatively demonstrating a 40% enhancement in water
adsorption capacity in the sulfonated COFs. This work provides
a clear example of purpose-driven material engineering for
advanced separation membranes.

Reverse osmosis (RO) is a desalination technique that
applies external pressure to drive water permeation against the
osmotic pressure. In a recent work, Sun et al. developed a photo-
responsive COF membrane for reverse osmosis desalination
using a defect-engineering strategy that incorporated spiro-
pyran (SP) units.>® This integration of SP enables dynamic
modulation of the pore size from 6.9 A to 4.0 A and simulta-
neous alteration in the pore chemical microenvironment and
hydration structure. Under UV irradiation, SP isomerization
causes the membrane pores to transform into zwitterionic
channels with alternating positive and negative charges. This
transformation enhances electrostatic interactions with water
molecules, thereby promoting the formation of a continuous
hydration layer. The TAPA-TFP-SP-25% COF membrane, with an

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07238g

Open Access Article. Published on 17 November 2025. Downloaded on 4/21/2026 5:18:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

initial pore size of 6.9 A, exhibited exceptional desalination
performance, achieving 91.2% NaCl rejection. Molecular
dynamics simulations further clarified the mechanism,
revealing that the modified COF membranes form hydration
layers with a thickness of 0.28-0.47 nm, which effectively
reduces the functional pore size from 1.11 nm to 0.40 nm.

5.2 Heavy metal removal

Heavy metals, as representative non-biodegradable inorganic
contaminants, pose critical environmental concerns. Industrial
wastewater containing high concentrations of these metals
presents substantial risks to biological systems and can
compromise human immune function. MOFs, with their hier-
archical “window-channel” architectures, are particularly well-
suited for this task. The sub-nanometer windows of these
structures enable precise ion sieving, while the interconnected
channels facilitate water permeation. This unique architecture
offers a promising route to overcome the traditional perme-
ability-selectivity trade-off.*”

Yuan et al. leveraged this strategy by dip-coating seeds onto
an aluminum oxide substrate, followed by a secondary growth
step to fabricate a ZIF-300 selective layer.'”® The results
demonstrated that their separation performance was indepen-
dent of the charge characteristics of the solutes. Instead, the
superior rejection of heavy metal ions, whose hydrated size
exceeded the pore window (7.9 A), is consistent with theoretical
predictions. Furthermore, the membrane maintained a stable
permeance of 39.2 LMH bar™" and 99.21% rejection for CuSO,4
during 12-hour crossflow operation. The ZIF-300 membrane
also retained its structural integrity after immersion in water for
30 days, highlighting its practical potential for sustainable
water management.

COF membranes, featuring tunable pore dimensions and
chemical microenvironments, are garnering increasing atten-
tion for selective heavy metal separation. Zheng et al. advanced
this field with an innovative strategy that combined pore-size
engineering and charge reversal. Their method involved the
vacuum-assisted self-assembly of Tp-SO;H nanosheets on a PAN
substrate, followed by a polyelectrolyte dip-coating step.**® This
PEI coating was instrumental, reducing the effective pore size
from 0.78 nm to 0.60 nm and simultaneously reversing the
membrane surface potential from —40 mV to +31 mV. This dual
modification synergistically reinforced both size exclusion and
electrostatic repulsion, promoting highly efficient cation rejec-
tion. The modified COF membranes achieve rejection rates of
98.5% for Cr**, 97.3% for Cd**, 97.0% for Pb*", 96.2% for Cu**,
and 96.0% for Ni*" ions, respectively. These high rejection rates
were sustained above 95% throughout a continuous 7-day
operation, and the universality of the approach was confirmed
by the robust rejection performance of membranes modified
with both PDDA and PAH.

5.3 Lithium extraction

Technological advancements drive the energy revolution, while
simultaneously posing a critical challenge: securing the lithium
supply essential for the emerging new energy sector.”* In this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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context, membrane-based lithium extraction has emerged as
a promising, eco-friendly, and highly efficient solution. A key
challenge, however, is the need for membranes to selectively
permeate lithium ions while effectively rejecting competing
ions, such as magnesium and other monovalent ions with
similar properties.””* This requirement is distinct from tradi-
tional desalination or heavy metal removal. Despite the low
energy consumption of membrane-based lithium extraction,
conventional polymer membranes are often unsuitable due to
their overly cross-linked and poorly tunable pore structures,
which fundamentally constrain both extraction efficiency and
the elucidation of Li" transport mechanisms. The advent of
COF/MOF membranes, with their precise and programmable
architectures, presents a new frontier for this application.

Wu et al. created a negatively charged, N-rich 3D COF
membrane that enables strong electrostatic adsorption of
cations.'”® This membrane demonstrated significantly higher
permeance for monovalent ions compared to divalent ions,
achieving a Li*/Mg”" selectivity of 36 in mixed feed solutions.
The observed ion differentiation behavior is attributed to both
size sieving effects and ion-channel interactions. Their intrinsic
pore size of approximately 7.8 A lies between the hydrated
diameters of Li" and Mg”"* ions. This enables the free transport
of Li" ions while requiring divalent metal ions to undergo
a high-energy partial dehydration process for permeation.
Furthermore, the strong electrostatic affinity between the
nitrogen atoms and Mg”* ions contributes to the high selec-
tivity. The potential of COF membranes for practical lithium
extraction was highlighted by their exceptional physicochemical
stability, maintaining a separation factor higher than 12 across
10 operational cycles in high-Mg>'/Li" ratio simulated brines.

Biomimetic innovation in highly selective membranes is
predicated on intricate solvation and coordination interactions
between target substances and membrane channels.*® Meng
et al. exemplified this by using reticular chemistry to create
a series of structurally similar COF membranes with varying
side chains.?”” By precisely controlling the length of the oli-
goether chains, they successfully tuned the membrane solvation
capability, thereby affecting ion transport behaviors. The
mechanism relies on oxygen atoms in the oligoether chains
forming coordination bonds with ions, replacing their original
hydration shells to facilitate ion permeation. The pronounced
flexibility of the extended oligoether chains further enables
conformational adaptation to aid ion transport. However, it was
found that excessive chain length compromises ion selectivity
by occupying free volume and creating overly strong interac-
tions. The COF-EO, membrane, featuring two ethylene oxide
units, achieved optimal solvation capability. This maximized
the energy barrier difference between Li" and Mg**, leading to
an exceptional Li*/Mg?" separation factor of 1352 under electro-
driven conditions. This work establishes solvation capability as
a crucial design principle for membrane materials and high-
lights the importance of competitive binding in confined spaces
for ion transport. In parallel, Ren et al. developed an on-demand
nanochannel construction strategy by assembling COF nano-
sheets grafted with oligoethers (OEs).>*® The introduced OEs
tuned the COF pore size to lie between the hydrated radii of Li"
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and Mg>" ions, resulting in a higher dehydration energy barrier
for Mg”* than for Li*. Concurrently, the oxygen atoms of the OEs
formed dynamic Li-O bonds with partially dehydrated Li" ions,
facilitating rapid Li" transport through continuous bond
formation and dissociation within the pores. Furthermore, the
positively charged nanosheets exerted stronger electrostatic
repulsion toward the highly charged Mg>*, further enhancing
Li*/Mg®>* selectivity. The resulting COF membrane achieved
a Li"/Mg”* separation factor of 30.2 and a water permeability of
321Lm >h "' bar .

Azobenzene serves as a prototypical molecular photoswitch,
widely employed in the bio-inspired design of functional
materials.”** Expanding on this, Ren et al. introduced a biomi-
metic nanochannel modulation (BNM) strategy to construct an
intelligent COF membrane decorated with azobenzene deriva-
tives.>® This membrane demonstrated superior ion-sieving
performance, with ideal selectivities of 17.9 for K'/Li* and
24.9 for Li*/Mg®". In this case, the hydroxyl groups on the DHTP
linker served as grafting sites for the azobenzene moieties,
whose density was precisely tuned by varying the DHTP ratio.
The incorporation of azobenzene not only enabled precise pore
size control, reducing it from 2.73 nm to 1.58 nm, but also
conferred photoresponsiveness, allowing angstrom-level pore
switching (from 1.58 nm to 1.64 nm) upon light irradiation.
Furthermore, the study revealed the critical influence of the
azobenzene substituent on the nanochannel performance. The
results elucidated that the sulfonic acid group, with the stron-
gest dissociative ability, provided more water-binding sites,
forming the thickest hydration layer and resulting in an effec-
tive pore size of approximately 7.4 A.

5.4 Rare earth metal separation

Rare earth elements are critical strategic resources due to their
supply chain vulnerabilities and their essential role in digital
infrastructure.”*® Membrane-based rare earth extraction repre-
sents a promising green technology for both primary ore
extraction and secondary resource recovery.””” As an emerging
material platform, COF membranes represent a transformative
solution due to their ability to construct precise sub-
nanochannels. This positions COF membranes as an ideal
platform for the high-precision extraction of rare earth
elements, a task crucial for maximizing resource efficiency.”

A key advance was demonstrated by Shi et al., who con-
structed a TFPM-EB selective layer on a cross-linked polyimide
(CPI) substrate to create a COF membrane for rare earth sepa-
ration.”® The resulting membrane displayed exceptional ion
selectivity in single-component tests, with a water flux of 23.2
LMH bar ' and remarkable rejection values of 91.4% for La*",
53.4% for Sr**, and only 2.4% for Cs". It was concluded that the
differential ion transport behavior was primarily governed by
size exclusion due to the almost neutral membrane surface.
Specifically, the membrane—with a pore diameter of approxi-
mately 0.70-0.86 nm-—exhibited moderate rejection toward
hydrated Sr** ions (0.82 nm), high rejection of the larger
hydrated La** ions (0.90 nm), and permitted permeation of the
smaller hydrated Cs* ions (0.66 nm).
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However, the difference in ionic radii of rare earth elements
is merely 0.18 A, significantly smaller than that observed for
other transition metal ions.?® This minimal variance renders
them particularly challenging to separate via conventional size-
sieving methods. Previous investigations have demonstrated
that incorporating high-affinity REE-binding ligands within
COFs enables effective sequestration of these strategic
metals.”** Expanding on this, Deng et al. innovated a Janus 2D
COF membrane that leverages precise positioning of functional
groups to boost coordination for efficient rare earth metal
separation.®®' The ortho-hydroxyl configured COF membrane
proved to be exceptionally selective for Sr(u) (99.7%) and
maintained over 95.8% selectivity across 5 reuse cycles. This
performance was in stark contrast to the para-hydroxyl variant,
which achieved only 66.4% selectivity. A deeper understanding
of the mechanism was provided by DFT calculations, which
showed a substantially stronger Y(u) binding energy for the
ortho-configuration (—63.6 kcal mol™") compared to the para-
configuration (—24.4 kcal mol ). This performance difference
highlights how enhanced coordination between Y(ur) ions and
strategically positioned O/N atoms in the ortho-hydroxyl
framework drives superior Sr/Y separation.

6 Conclusion and outlook

The urgent global challenges in ecological security and resource
sustainability underscore the critical need for green and efficient
ion separation technologies. This review addresses this imperative
by focusing on fundamental ion transport mechanisms within
sub-nanometer channels, the key design strategies for crystalline
covalent organic frameworks (COFs) and metal-organic frame-
works (MOFs), and advanced methodologies for fabricating high-
performance membranes. We further explore the diverse appli-
cations of these ion-selective COF/MOF membranes, offering
a comprehensive theoretical and practical framework to guide
future material development and process optimization. While
significant progress has been made in creating ultrathin, contin-
uous, and defect-free membranes, persistent challenges highlight
promising new directions for research.

(1) The intricate behavior of ion transport within MOF/COF
membranes stems from the synergistic interplay of steric
hindrance, dehydration effects, and specific ion-pore interac-
tions. This complexity necessitates precise control over pore
architecture, the local chemical environment, and pore wall
hydrophilicity/hydrophobicity. Specifically, the remarkable
flexibility of COF/MOF materials inspires innovative design
strategies such as engineering heterogeneous channels, asym-
metric architectures, and amphiphilic nanochannels. Concur-
rently, insights from biomimetic ion channels reveal the
profound influence of ion-ion and ion-pore interactions at the
sub-nanometer scale. In this context, a critical future research
direction lies in integrating multiscale characterization with
computational modeling to comprehensively unravel the intri-
cate interactions among active sites, target ions, and competing
species—an approach that will pave the way for the rational
design of next-generation, highly selective framework-based
membranes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(2) While COF/MOF materials offer a novel pathway to
transcend the traditional permeability-selectivity trade-off of
conventional membranes, significant obstacles in their
synthesis persist. Current synthesis strategies suffer from crit-
ical limitations: continuous COF membrane growth generally
requires elevated temperatures or specific catalytic systems,
while MOF fabrication approaches—such as surface modifica-
tion to suppress heterogeneous nucleation—are often complex,
lack broad applicability, and are restricted to a narrow range of
substrates and MOF types. Moreover, universal scalability
barriers, including the high cost of molecular building blocks,
weak interfacial adhesion, and harsh reaction conditions,
further exacerbate these challenges. Addressing these issues
urgently calls for the development of novel, versatile, and low-
cost methods for fabricating ultrathin COF/MOF membranes.
Establishing a more mature theoretical framework is equally
essential, requiring research that quantitatively elucidates the
influence of process parameters on physicochemical properties
and, crucially, defines clear structure-performance relation-
ships for COF/MOF-based separations.

(3) To enhance the separation efficiency and broaden
applicability, the future design of ion-selective COF/MOF
membranes should incorporate multifunctionality—such as
intrinsic antimicrobial properties to mitigate biofouling, or
catalytic sites for surface-level decontamination. Furthermore,
the engineering of stimuli-responsive frameworks offers
a sophisticated route for precision separation, enabling
reversible modulation of pore size or chemical properties to
achieve high-precision separation of multi-component systems.

(4) The selection of building blocks and optimization of
synthesis conditions for COF/MOF membranes often rely on
experimental intuition or trial-and-error methods, which limits
development efficiency. Machine learning emerges as a power-
ful tool to accelerate the rational design of materials, signifi-
cantly reducing time-consuming empirical approaches. In
addition, adopting green synthesis methodologies—such as
using deep eutectic solvents, bio-derived building blocks,
aqueous two-phase systems, and microwave-assisted
synthesis—is crucial to address the environmental and
economic sustainability challenges in production. These
represent urgent and essential directions for the future devel-
opment of COF/MOF membranes.
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