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Received: 14 December 2025 Abstract: UiO-66, a zirconium-based metal-organic framework (MOF) membrane
Revised: 19 January 2026 material characterized by exceptional chemical stability and adjustable pore size, has
Accepted: 26 January 2026 garnered significant interest in the separation domain owing to the synergistic effect of
Published: 27 February 2026 its intrinsic separation properties and the high efficacy of membrane technology.
Currently, several methods for producing UiO-66 polycrystalline membranes have been
established. Controlling reaction parameters, enhancing the seed layer, and developing
composite structures can accurately optimize the membrane’s crystallinity, defect
density, and interfacial bonding strength, laying a solid structural foundation for its
practical uses. UiO-66-based polycrystalline membranes offer superior gas separation
performance for mixed gas systems like CO»/N,, with higher permeability and
selectivity compared to standard membranes. In the realm of nanofiltration, it can
accurately retain dyes and tiny organic molecules, indicating a high application potential
in wastewater treatment. Pervaporation efficiently dehydrates organic materials,
satisfying the purifying needs of the fine chemical sector. In ion separation, ligand
functionalization enables the selective removal of various ions, allowing for the
enrichment of specific ions. However, UiO-66 polycrystalline membranes have
numerous obstacles, including expensive costs for large-scale preparation and poor
stability in complex systems. Future study should concentrate on functional
modification and innovation in preparation techniques to broaden their industrial uses.
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1. Introduction

In the chemical industry, separation refers to the process of purifying a mixture via physical or chemical
methods by leveraging differences in the intrinsic properties of its components [1]. Conventional separation
technologies, such as distillation, adsorption, and crystallization, are typically energy-intensive [2,3]. Statistical
data show that 10-15% of global industrial energy consumption is consumed by separation operations, and this
proportion can reach up to 40% in certain sectors (e.g., chemical and petrochemical industries) [1,4].
Consequently, the development of efficient, energy-saving, and environmentally benign separation technologies
has become a core focus of scientific research and industrial practice [5]. Compared with conventional separation
technologies, membrane separation technology exhibits inherent advantages including lower capital costs, low
energy consumption, a compact footprint, and reduced environmental impact, and has been successfully applied
in a wide range of industrial fields [6]. The key to achieving excellent separation performance with membrane
technology lies in the development of high-performance membrane materials [7-12].
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Polymers are currently the most widely used membrane materials in industrial applications, owing to their
superior permeability and favorable mechanical properties. However, polymeric membranes suffer from inherent
limitations, including a relatively short service life, poor hydrothermal and chemical stability, and low separation
selectivity [13—15]. In contrast, zeolitic membranes exhibit distinct advantages such as high selectivity and
excellent thermal/chemical stability, laying a solid foundation for their application in separation processes under
high-temperature and harsh chemical conditions [16]. Nevertheless, the industrial adoption of zeolitic membranes
is constrained by their narrow pore size distribution, high fabrication costs, and inherent difficulty in chemical
modification. Metal-organic frameworks (MOFs) represent an emerging class of porous crystalline materials
constructed from metal ions or clusters (serving as nodes) and organic ligands linked through coordination
interactions [17,18]. Endowed with ultrahigh Brunauer-Emmett-Teller (BET) specific surface area, versatile
chemical functionalities, tailorable pore architectures, and superior thermal stability, MOFs exhibit considerable
potential as high-performance membrane materials, thereby garnering significant attention in academic and
industrial research [19-22]. Beyond separation, MOFs have demonstrated significant potential in gas storage [23],
catalysis [24], sensing [25], and drug delivery [26]. However, most MOFs are synthesized in powder form, which
renders them unsuitable for direct application in practical separation processes. To realize their industrial utility, MOFs
must be processed into continuous, defect-free membranes with robust adhesion to the supporting substrate [27]. The
pioneering work on MOF membrane fabrication dates back to 2005, when Fischer et al. fabricated the first MOF
thin film by depositing the archetypal MOF-5 onto a functionalized substrate (a self-assembled monolayer (SAM)
on a gold surface) [28]. In 2007, Caro et al. reported the in situ crystallization of [Mn(HCOs)] on various porous
substrates, elucidating that the surface properties of the substrate modulate crystal growth density [29]. Following
this, Bein et al. demonstrated the directed growth of multiple MOFs (e.g., HKUST-1, MIL-53, and MIL-88) on
SAM-modified metal substrates [30,31], whereas Gascon et al. developed a denser HKUST-1 membrane on a
porous Al,Os substrate via a seed-mediated growth strategy [32]. Notably, none of these early thin films exhibited
separation performance [33,34]. A pivotal breakthrough was achieved in 2009, when Lai et al. respective research
groups independently reported the fabrication of the first gas separation-compatible MOF membrane by coating
MOF-5 onto porous Al,Os substrates [35,36], thereby validating the superior separation potential of MOF-based
membranes. Despite this progress, the low chemical stability of many MOFs-particularly under aqueous or acidic
conditions-remains a critical barrier to their practical application [37]. Thus, developing MOF materials with
enhanced stability is imperative for the fabrication of robust separation membranes.

Ui0-66 is a class of MOF materials constructed by the coordination of zirconium clusters with terephthalic acid
or its derivatives. It exhibits exceptional hydrothermal and chemical stability, enabling tolerance to strongly polar
solvents [38-40]. Based on the Lewis acid/base theory, the robust coordination interactions between Zr** (hard acids)
and terephthalic acid (H,BDC) ligands (hard bases) confer superior thermodynamic stability upon the UiO-66
framework [41]. Furthermore, the inherent charge imbalance of Zr*' necessitates additional ligand coordination,
which facilitates the formation of a densely crosslinked framework and further enhances structural stability [42].

Since its initial report, UiO-66 and its topological analogs have garnered considerable research attention [43,44].
However, the unique growth characteristics and stringent preparation conditions of UiO-66 pose significant
challenges to membrane synthesis. Liu et al. [45] successfully fabricated a continuous, defect-free UiO-66
membrane by in-situ growth, which was subsequently applied for water softening. This work sparked widespread
interest in UiO-66 membranes, and subsequent advancements have been achieved through ligand optimization-
enabling precise regulation of pore size and surface functionality [46—48], thereby promoting the development of
UiO-66 membranes for diverse separation applications [49-52]. Existing reviews on UiO-66-based membranes
are typically characterized by extensive yet superficial coverage, disjointed enumeration of findings, and a
predominant focus on fundamental research, which fail to fully exploit the structural advantages and application
potential of such membranes. In contrast, the present review, through its core framework featuring precise
anchoring to the intrinsic characteristics of UiO-66, establishment of a closed-loop system integrating preparation,
mechanism, and application, integration of fundamental and industrial perspectives, systematic clarification of
functional modification regulation rules, and construction of a multi-dimensional comparative system, achieves a
paradigm shift from mere information compilation to logical integration and value orientation. This review not
only provides clear guidance for fundamental research but also offers feasible technical references for industrial-
scale applications, thereby filling the gaps of existing reviews in terms of depth, relevance, and application-
oriented insights. A systematic overview of the preparation strategies for UiO-66-based membranes/films,
discusses their performance in key applications (e.g., gas separation, liquid separation, and ion sieving), and
forecasts future advancements in fabrication technologies and industrial applications. The objective is to offer
theoretical guidance and technical references for advancing UiO-66-based MOF membranes from fundamental
research to practical industrial deployment.
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2. The Fabrication of UiO-66-Based Membrane

UiO-66-based membranes are primarily categorized into polycrystalline UiO-66 membranes and UiO-66
nanoparticle-based composite membranes. Polycrystalline UiO-66 membranes can be further divided into
supported and unsupported types, depending on the presence of a supporting substrate. Currently, supported
polycrystalline UiO-66 membranes account for the majority of reported cases. Porous supports are commonly
employed to minimize substrate-induced permeation resistance during separation processes, and the most widely
used porous supports include metal oxide substrates (e.g., Al,O3, TiO,), metal substrates (e.g., Cu mesh, stainless
steel mesh), alloy substrates (e.g., brass), and polymer substrates (e.g., polysulfone, polyacrylonitrile). The
substrate serves as the core supporting framework of UiO-66-based membranes, and its surface chemical
properties, pore structural parameters, physicochemical stability, and morphological structure directly determine
the nucleation efficiency of UiO-66 crystal nuclei, the compactness and defect density of the membrane layer, and
further modulate the separation performance and long-term operational stability of the resultant membranes.
Current research on substrate selection mostly relies on empirical trials, lacking systematic correlation analysis of
the carrier properties-membrane structure-separation performance paradigm. Specifically, the substrate properties
indirectly govern the separation performance by regulating the key structural parameters of the UiO-66 membrane
layer, including defect density, pore size, and interfacial adhesion between the membrane and substrate. Based on
the geometry of the supporting substrate, polycrystalline UiO-66 membranes are classified as planar, tubular, or
hollow fiber membranes [45,49,53—56]. A core challenge in fabricating high-performance polycrystalline UiO-66
membranes lies in regulating the heterogeneous nucleation, crystallization, and intergrowth of UiO-66 on the
support surface to minimize non-selective intercrystalline defects. To address this, various synthetic strategies
have been explored for preparing defect-free polycrystalline UiO-66 membranes (Table 1), including in-situ
growth [45,49], secondary growth [57], vapor deposition [58,59], counter-diffusion growth [60] and
electrochemical synthesis [61,62].

Table 1. Comparison of the advantages and disadvantages of the preparation methods of UiO-66 membrane.

Preparation Methods Advantages Disadvantages
in-situ growth simplicity of operation, low cost High defect, uneven membrane thickness
secondary growth High density, excellen.t S clectivity and The process is cumbersome and difficult to scale.
controllability
vapor deposition Solvent-free, uniform membrane The equipment is expensive and the speed is slow

The membrane thickness is controllable, dense
and defect-free
Mild low consumption, strong adhesion, can
be functionalized

counter-diffusion growth The device is complex and it is difficult to enlarge

electrochemical synthesis Low yield, limited support

The in-situ growth method entails immersing a porous support (either unmodified or surface-functionalized)
in a precursor solution, followed by solvothermal treatment to induce the formation of a continuous UiO-66
membrane on the support surface. Liu et al. [45] successfully fabricated a defect-free UiO-66 membrane on an
a-Al,Oj3 substrate via in-situ solvothermal synthesis by optimizing key preparation parameters and introducing
trace amounts of H,O into the precursor solution (Figure 1a). Notably, the addition of trace water facilitates the
formation of Zr-cluster, a critical prerequisite for constructing high-quality UiO-66 membranes with minimal
defects. Subsequently, Liu et al. [45] modified the support substrate to reduce the membrane fabrication cycle: a
continuous UiO-66 membrane was grown on the outer surface of an yttria-stabilized zirconia (YSZ) hollow fiber
support via in-situ growth. They systematically investigated the temporal structural evolution of the UiO-66
membrane, as well as the underlying nucleation and growth mechanisms (Figure 1b,c). Specifically, a thin
amorphous gel-like layer formed on the YSZ support surface after 2 h of solvothermal treatment, this phenomenon
is attributed to the agglomeration of gel-like particles in the precursor solution, which deposit on the support
surface via specific chemical interactions between organic ligands and the support interface, coupled with
Brownian motion. UiO-66 nuclei then heterogeneously nucleate at the interface of the gel-like layer and precursor
solution, strongly adhering to the support surface. With prolonged solvothermal treatment, the gel-like layer on
the support uptakes precursor species from the solution and crystallizes into UiO-66 grains. After 48 h of
continuous solvothermal growth, a dense, defect-free UiO-66 membrane layer was achieved (Figure 1c). In a
related study, Wei et al. [63] synthesized ultrathin UiO-66-NH, membranes in just 1 h via ultrasonication-assisted
in-situ growth. Sodium formate was added as a modulator during the reaction to promote the generation of a high
density of small UiO-66-NH; nuclei, which provide abundant heterogeneous nucleation sites and enable the rapid
formation of a continuous membrane with uniform thickness.
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Figure 1. (a) Surface (1) and cross-sectional (2) SEM of the UiO-66 membrane fabricated via in-situ growth on an
a-Al20s support. Cross-sectional energy-dispersive X-ray spectroscopy (EDXS) mapping (Zr signal, red, Al signal,
blue) [45]. Copyright 2016, American Chemical Society. (b) Schematic of the in-situ growth of the UiO-66
membrane on an yttria-stabilized zirconia (YSZ) substrate. (¢) Surface SEM of UiO-66 membranes grown on YSZ
supports with different growth durations [49]. Copyright 2017, Wiley-VCH (d) Schematic of patterned YSZ
ceramic substrates and as-prepared UiO-66 membranes [53]. Copyright 2018, Wiley-VCH (e) Fabrication process
of asymmetric MOF nanocomposite membranes (Asy-MOFSNC) via a facilitated interfacial growth [64].
Copyright 2020, Springer Nature. (f) The fabrication process of UiO-66-NH2 membrane on a ZrO2> modified
a-ALO;3 support [65]. Copyright 2018, Elsevier.

To expand the practical applicability of UiO-66 membranes under diverse operating conditions, researchers
have explored supports with varied materials and geometries. Huang et al. [53] fabricated UiO-66 membranes with
different microstructures via in-situ growth (Figure 1d): porous YSZ substrates with tailored microstructures were
first prepared via a phase transformation method, then immersed in the precursor solution with the patterned
surface facing downward, resulting in continuous, defect-free, ultrathin UiO-66 membranes on the patterned YSZ
substrates. Furthermore, Zhang et al. [64] used polyethylene terephthalate (PET) as the support substrate and
successfully grown UiO-66 membranes within the nanoscale channels of PET via in-situ growth (Figure 1e).
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Modifying the support surface to enhance UiO-66 crystal nucleation and growth is a widely adopted strategy
for fabricating high-quality UiO-66 membranes. Wu et al. [65] deposited a ZrO, transition layer on a porous
a-ALOs support via sol-gel technology, which not only provided critical nucleation sites but also a local zirconium
source for UiO-66-NH, crystal growth. The well-grown UiO-66-NH, membrane was subsequently obtained on
the modified a-AlO; support via in-situ solvothermal growth (Figure 1f). Huang et al. [66] functionalized a-Al,Os
tubes with 3-aminopropyltriethoxysilane (APTES) and fabricated defect-free NH,-UiO-66 membranes. Similarly,
Ghalei et al. [48] prepared UiO-66 membranes on APTES-modified y-Al,Os supports via in-situ growth; surface
functionalization of porous supports with APTES is known to enhance UiO-66 nucleation and intergrowth,
facilitating the formation of continuous, defect-free membranes [67]. In another study, Zhang et al. [68] grown
acid-base bifunctional UiO-66 membranes on polydopamine-modified polyurethane foam via in-situ solvothermal
synthesis. By simply adjusting the molar ratio of 2-sulfobenzoic acid to 2-aminobenzoic acid in the UiO-66
framework, they successfully fabricated functionalized UiO-66 membranes with tunable acidity and basicity.
Additionally, other substrates have been explored for in-situ UiO-66 membrane growth, including ZrO, fiber mats [69],
fluorine-doped tin oxide (FTO) glass [70], polyacrylonitrile (PAN) fibers [71] and oxidised silicon carbide
(ob-SiC) foam [72]. These supports with diverse materials and geometries further broaden the application scope
of UiO-66 membranes across various industrial fields.

The secondary growth method for preparing UiO-66 membranes comprises two core steps: seed layer
deposition and subsequent UiO-66 membrane growth. This strategy decouples the nucleation and growth stages
of crystals, thereby eliminating substrate-imposed constraints on membrane formation. The microstructure of the
resulting UiO-66 membranes (e.g., grain density, membrane thickness, crystal orientation) can be precisely tailored
by adjusting the size, thickness, and orientation of the seed layer [73,74]. Seed particles used for two-step growth
typically meet three key criteria: (1) consistent chemical composition and crystal structure with the target
membrane material; (2) narrow particle size distribution to facilitate microstructure control; (3) good dispersibility
in a suitable solvent to avoid aggregation during drying.

Wau et al. [75] introduced acetic acid into the growth solution to promote UiO-66 crystal formation and added
trace water to assist in the co-assembly of UiO-66 crystals, successfully fabricating a continuous, defect-free UiO-66
membrane on an alumina tube via secondary growth. Mechanistically, zirconium ions can form complexes with
various monocarboxylic acids, which mimic the secondary building units (SBUs) of UiO-66. These complexes act
as intermediates, facilitating framework construction through ligand exchange at zirconium coordination sites [76—78].
The modifier (acetic acid) reduces the tendency of carboxylic acid ligands to bind directly to SBUs, suppressing
undesirable homogeneous nucleation and favoring oriented growth of UiO-66 crystals. Yan et al. [79] deposited a
UiO-66 nanoparticle seed layer via spin-coating and employed ZrsO4(OH)4(OAc)i» clusters as the zirconium
precursor, followed by room-temperature secondary growth to fabricate a continuous, dense, and defect-free UiO-66
membrane (Figure 2a). The use of pre-formed Zre clusters overcomes the high activation energy required for
zirconium ion oligomerization. Additionally, adjusting the molar ratio of terephthalic acid ligands to Zrs clusters
enables precise control of defect site density in the UiO-66 framework, forming a well-interconnected membrane
structure. Notably, the UiO-66 membrane fabricated at room temperature exhibits a higher intrinsic defect density,
which creates additional gas transport channels and enhances separation performance. Building on this work, Yan
et al. [80] constructed an oriented seed layer at the dynamic gas-liquid interface and used pre-synthesized
Zrs04(OH)4(OAC); clusters to grow UiO-66 membranes at room temperature (Figure 2b). Intercrystalline defects
were effectively eliminated through rational structural design, engineered defect management, and controlled
crystal growth orientation. In another study, Yan et al. [81] introduced a ZrO, buffer layer on a porous a-Al,O3
support, followed by spin-coating an oriented UiO-66 seed layer, and fabricated UiO-66 membranes via secondary
growth using Zr(n-OPr), as the zirconium precursor (Figure 2c).

Friebe et al. [82] prepared (002)-oriented UiO-66 membranes by UiO-66 crystals initially grew on a randomly
oriented seed layer and preferentially propagated along the fastest growth direction (i.e., the (002) plane) over
time, forming an oriented membrane. SEM images of the membrane surface showed octahedral crystal vertices,
consistent with the van der Waals epitaxial growth mechanism [83]. Sun et al. [84] exploited the dynamic gas-liquid
interface to assemble and deposit an oriented seed layer, forming a densely packed monolayer of uniform octahedral
NH,-UiO-66 nanocrystals with (111) orientation. Using ZrS, as the zirconium precursor, they fabricated a
(111)-oriented NH,-UiO-66 membrane via two-step hydrothermal epitaxial growth (Figure 2d). Yan et al. [85]
adopted a similar strategy, using a dynamic gas-liquid interface for oriented seed layer deposition and ZrS; as the
zirconium source to prepare (111)-oriented UiO-66 membranes via two-step growth. Rong et al. [86] used layered
ZrS; (a typical two-dimensional transition metal dichalcogenide, TMDC) as the metal source to fabricate a
continuous, defect-free UiO-66 membrane on a porous o-Al,Os3 substrate via two-step hydrothermal growth.
Compared to other zirconium precursors (e.g., ZrCls), ZrS, exhibits superior water and hydrothermal stability,
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which suppresses unwanted side reactions, regulates UiO-66 nucleation and growth, and reduces intercrystalline
defects. However, the low reactivity of ZrS; leads to residual defects in the membrane after two-step growth,
necessitating a three-step hydrothermal process to further minimize intercrystalline flaws.

Liet al. [87] developed a hybrid strategy: an in-situ grown nanocrystalline seed layer was subjected to further
secondary growth to produce a high-quality, stable UiO-66 membrane. To address the challenges of membrane
fabrication on coarse mullite substrates, a TiO, nanolayer was introduced as an interlayer to support the formation
of the UiO-66 nanocrystalline seed layer. A UiO-66 membrane was successfully fabricated on this seed layer via
secondary growth (Figure 2e). Subsequently, Wang et al. [88] proposed a strategy combining molecular-level
defect engineering and interlayer thinning to design a stable ultrathin UiO-66 membrane with missing linkers
(ML-UiO-66). A nanoporous y-ALOs interlayer was deposited on a pristine substrate, providing abundant
heterogeneous nucleation sites and reducing surface roughness (Figure 2f). The linker defects in the UiO-66 framework
created defect-assisted transport pathways, resulting in a membrane with enhanced separation performance.
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Figure 2. (a) Schematic of UiO-66 membrane fabrication by using ZrsO4(OH)4(OAc)12 clusters [79]. Copyright
2022, Elsevier. (b) Schematic of a highly (111)-oriented, defect-engineered UiO-66 membrane [80]. Copyright
2022, Elsevier. (¢) Schematic of the preparation process for defect-engineered (111)-oriented UiO-66 membranes [81].
Copyright 2023, American Chemical Society. (d) Schematic illustration of the preparation process for an
NH2-UiO-66 membrane with (111) out-of-plane orientation [84]. Copyright 2020, American Chemical Society. (e)
The preparation process for a UiO-66 membrane [87]. Copyright 2021, American Chemical Society. (f) Schematic
illustration of the preparation process for a missing-linker UiO-66 (ML-UiO-66) membrane with y-Al2O3 as the
intermediate layer [88]. Copyright 2022, Springer Nature.

By fabricating a crystalline interlayer via in-situ growth followed by secondary growth of the UiO-66
membrane, interfacial defects can be effectively mitigated, and the interfacial adhesion between the UiO-66
separation layer and the substrate can be significantly enhanced [89,90]. Zhao et al. [91] developed an in-situ
solvothermal synthesis strategy to fabricate a polycrystalline UiO-66-NH, membrane on a low-cost, flexible
carbon fiber fabric. Hydrolysis of the carbon substrate generates abundant carboxyl groups, which serve as
heterogeneous nucleation sites for UiO-66-NH, growth and reinforce the interfacial adhesion between UiO-66-NH»
and the substrate (Figure 3a). The resulting UiO-66(Zr)-NH, membrane has a thickness of less than 1 um, exhibits
excellent mechanical flexibility, and can withstand a bending angle of up to 10°. Xu et al. [92] proposed a method
for the in-situ fabrication of crown ether@UiO-66 membranes under mild conditions: anodic aluminum oxide
(AAO) substrates were first pre-treated with terephthalic acid to form a crystalline interlayer, followed by a
secondary growth step where dibenzo-18-crown-6 (DB18C6) or dibenzo-15-crown-5 molecules were precisely
incorporated into the pores of the UiO-66 framework (Figure 3b). Using a similar strategy, Xu et al. [93] introduced
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1,5-naphthalene disulfonic acid tetrahydrate (NTDS) molecules (bearing sulfonic acid groups) into the UiO-66
framework, fabricating a UiO-66@NTDS composite membrane by synergistically combining the ion affinity of
NTDS with the tailored pore structure of UiO-66 (Figure 3c). Sun et al. [94] reported a heterogeneous nucleation-
assisted growth approach for fabricating thin, defect-free UiO-66 membranes: the addition of trace water to the
precursor solution induced the heterogeneous nucleation of UiO-66 crystals on the substrate surface (Figure 3d).
Furthermore, a smooth polydimethylsiloxane (PDMS) interlayer not only ensured robust interfacial adhesion
between the crystals and the substrate but also provided a hydrophobic microenvironment. This work presents a
novel strategy for constructing high-quality MOF membranes, expanding their applicability in practical gas
separation processes. In addition, the secondary growth method can be used to combine UiO-66 with other MOFs
to fabricate polycrystalline composite membranes, which feature a hierarchical porous structure with multi-level
molecular sieving capabilities, thereby synergistically enhancing separation performance [95-97].

Post-synthetic modification (PSM) is another effective strategy to eliminate intercrystalline defects and
optimize the separation performance of UiO-66 membranes [98]. For instance, Huang et al. [99] added salicylic acid
during the synthesis of UiO-66-NH,, which significantly improved its gas separation efficiency. Liu et al. [100]
modified UiO-66-NH, membranes with various small-molecule acids, greatly expanding their applicability in
membrane-based permeation separation. Asadnia et al. [101] constructed an ion channel network with abundant
carboxyl functional groups via PSM of zirconium-based MOFs, achieving tunable ion permeability and selectivity.
The ion selectivity of this novel MOF membrane is regulated by the surrounding ionic environment and can be
switched via selective ion activation, leading to enhanced separation performance. Wang et al. [102] described a
method for fabricating a ZrO,-supported UiO-66-NH, membrane, which was subsequently modified with
salicylaldehyde. The pore size of the resulting post-modified UiO-66-NH, (P-UiO-66-NH,) membrane was
tailored to 0.37 nm, significantly boosting its molecular separation performance.
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Figure 3. (a) Preparation process of flexible carbon cloth supported polycrystalline UiO-66-NH2 membrane [91].
Copyright 2020, Elsevier. (b) Schematic diagram of CE@UiO-66 membrane preparation process [92]. Copyright
2024, American Association for the Advancement of Science. (¢) Schematic diagram of UiO-66@NTDS membrane
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preparation process [93]. Copyright 2024, Elsevier. (d) Schematic diagram of UiO-66 membrane preparation process
using heterogeneous nucleation-assisted growth strategy [103]. Copyright 2024, Elsevier. (e) Schematic diagram of
UiO-66-NH2@SA membrane synthesis process by post-synthesis modification [99]. Copyright 2021, Elsevier. (f)
Schematic for the preparation of UiO-66-(COONa). membranes [101]. Copyright 2023, Elsevier. (g) Schematic of the
preparation process for hollow fiber supported UiO-66-NH2 membranes [102]. Copyright 2023, Elsevier.
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Gas-phase deposition is a versatile thin-film deposition technique that involves depositing a thin solid film,
formed via chemical reactions, onto a substrate surface [104,105]. The deposited film is typically composed of
atoms, molecules, or their composites. In this process, two or more gas-phase precursors are separately introduced
into a reaction chamber, where they undergo heterogeneous reactions at the substrate surface, saturate the interface,
and subsequently deposit as a thin layer that crystallizes to form a membrane with tailored morphology and crystal
structure. Unlike solvent-mediated nucleation/growth-based fabrication methods (e.g., solvothermal synthesis),
gas-phase deposition offers inherent advantages including scalability, solvent-free operation, seedlessness, and
precise thickness control, making it compatible with non-planar (irregular) substrates.

Notably, several studies have demonstrated the feasibility of gas-phase deposition for fabricating UiO-66-
based membranes. Lausund et al. [106,107] first coated a substrate with an amorphous organic-inorganic hybrid
powder, synthesized via the reaction between zirconium chloride and terephthalic acid, followed by acetic acid
vapor treatment to induce crystallization, thereby fabricating UiO-66 polycrystalline membranes via gas-phase
deposition (Figure 4a). In another work, Virmani et al. [108] utilized gas-phase deposition to synthesize highly
oriented UiO-66-NH, membranes on self-assembled monolayer (SAM)-modified gold surfaces. The resulting
UiO-66-NH, membranes exhibited excellent crystallinity; by systematically varying process parameters (e.g.,
acetic acid dosage, precursor concentration, temperature, and reaction time), the authors elucidated the correlation
between crystallization kinetics and the formation of oriented MOF membranes (Figure 4b).
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Figure 4. (a) (1) The device for acetic acid vapor post-treatment of thin membranes; (2) XRD patterns of the resultant
UiO-66 membrane; (3) cross-sectional SEM of UiO-66 membranes [106]. Copyright 2016, Springer Nature. (b) Steam-
assisted fabrication of (111)-oriented UiO-66-NH2 membranes [108]. Copyright 2018, American Chemical Society.

The counter-diffusion interfacial growth method for UiO-66 membrane fabrication utilizes a porous support
as a “barrier” to separate metal ion and organic ligand solutions on opposite sides. Following counter-directional
diffusion, metal ions and organic ligands meet at the support interface, where they undergo collision,
heterogeneous nucleation, crystallization, and intergrowth to form a continuous, dense UiO-66 membrane. This
technique enables precise regulation of crystal nucleation/growth kinetics and membrane growth rate by tuning
the diffusion rate of precursors across the support. Furthermore, homogeneous nucleation (competitive bulk-phase
nucleation) can be suppressed by accelerating precursor diffusion via conventional heating or microwave
irradiation [109,110]. A key advantage of the counter-diffusion interfacial growth method is its self-terminating
reaction behavior: once a dense membrane layer is formed, precursor diffusion is blocked, immediately halting
further nucleation and growth.

Metal-organic frameworks (MOFs) offer diverse structural functionalities and tunable pore topologies,
making them ideal for precise molecular separation. However, fabricating defect-free MOF membranes with high
water stability and interconnected porosity remains a critical challenge, primarily due to the difficulty in
controlling nucleation and growth rates during synthesis. To address this, Sun et al. [74] deposited etched UiO-66
nanosheets as a seed layer on the support via vacuum filtration, then employed the counter-diffusion interfacial
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growth method to heal defects between nanosheets, preserving nanosheet thickness while forming a continuous,
defect-free, and highly oriented UiO-66 membrane (Figure 5a). Subsequently, Sun et al. [111] combined hollow-
structured UiO-66 seeds with epitaxial growth under single-mode microwave heating to fabricate a hierarchical defect-
rich UiO-66 membrane (Figure 5b). This membrane integrated three key structural features: an ultra-thin directionally
selective top layer, a hollow-structured bottom layer, and a high density of missing linkers in the framework.

A major bottleneck limiting the performance of MOF membranes for molecular separation is the elimination of
atomic-scale lattice defects. Defects enlarge effective pore sizes, compromising separation efficiency, while structural
instability restricts their practical application in liquid-phase separation. To overcome this, Jin et al. [112] proposed
a highly efficient theoretical coordination strategy: during the interfacial diffusion process for UiO-66 membrane
fabrication, they enhanced the chemical interactions between metal clusters and ligands to eliminate lattice defects.
This high-probability coordination approach formed a robust framework barrier by enabling complete ligand
coordination to metal clusters, overcoming steric hindrance. Building on this, Jin et al. [113] developed a confined
coordination-induced co-growth strategy to fabricate defect-free zirconium-based MOF membranes for precise
molecular separation (Figure 5c). By controlling precursor counter-diffusion, modulating confined coordination
space, and adjusting the reaction environment (e.g., solvents), the coordination reaction rate was slowed, allowing
MOF crystals to co-grow into a continuous membrane structure. The resulting zirconium-based MOF membranes
featured sub-nanometer pore sizes and exhibited excellent performance in gas separation and seawater desalination.
Additionally, Jin et al. [114] successfully fabricated dense, polycrystalline UiO-66 membranes on polymer substrates
via interfacial diffusion growth under mild conditions (low temperature and short synthesis time), which
demonstrated rapid and selective water transport with outstanding separation performance (Figure 5d).
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Figure 5. (a) Schematic of epitaxial growth of well-intergrown ultrathin UiO-66 membranes [74]. Copyright 2023,
Wiley-VCH. (b) Schematic of the preparation of hierarchical defect-rich UiO-66 membranes [111]. Copyright
2024, Elsevier. (¢) Fabrication of a defect-free UiO-66 membrane with intrinsic lattice pores on the substrate [113].
Copyright 2024, Wiley-VCH. (d) Illustration of polycrystalline UiO-66 membranes for water/organic solvent
separation [114]. Copyright 2023, The Royal Society of Chemistry.
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Electrochemical deposition is a thin-film fabrication technique that utilizes an external electric field to drive
the migration of cations and anions in a growth solution, facilitating electron transfer and membrane deposition
on an electrode surface [115]. It is regarded as a promising strategy for in-sifu deposition on conductive substrates
and is classified into anodic and cathodic deposition based on distinct reaction mechanisms. In anodic deposition,
dissolution of the metal anode releases a critical concentration of metal ions, which react with ligands to form a
MOF layer on the metal surface [116]. In cathodic deposition, contact between a solution containing metal ions
and ligands and the cathode surface induces a local pH increase, promoting MOF nucleation and growth on the
cathode [117,118].

Notably, several studies have applied electrochemical deposition for UiO-66 membrane fabrication. Xie etal. [118]
(Figure 6). reported a rapid, facile, and controllable method for direct fabrication of UiO-66 thin films via cathodic
electrodeposition (Figure 6): lithium nitrate was used to accelerate the deprotonation of terephthalic acid ligands,
enabling the preparation of a continuous polycrystalline UiO-66 membrane in just 1 h. Stassen et al. [119]
fabricated UiO-66 thin membranes on zirconium substrates via electrochemical deposition: anodic deposition
yielded excellent adhesion of the UiO-66 seed layer to the zirconium substrate (attributed to the formation of an
oxide interlayer), while cathodic deposition offered broader substrate compatibility. Hod et al. [120] prepared UiO-66
thin coatings on conductive glass via electrochemical deposition: a direct current electric field was applied to a
suspension of charged particles in a non-polar solvent, facilitating particle migration and deposition onto the
conductive substrate. During UiO-66 synthesis, metal node defects in the framework imparted a net negative
charge to the membrane surface, which drove particle attraction to the positively charged electrode and subsequent
membrane formation. Zhou et al. [61] fabricated continuous, defect-free UiO-66 coatings on porous anodic
aluminum oxide (AAQO) via electrochemical deposition, successfully preparing face-centered cubic UiO-66
membranes based on 12-coordinated Zrs clusters using an electrochemical self-assembly strategy, demonstrating
the compatibility of electrochemical synthesis with supramolecular chemistry.
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Figure 6. (a) Schematic of the electrochemical cell used for the fabrication of zirconium-based metal-organic
framework (Zr-MOF) membranes [121]. Copyright 2025, Elsevier. (b) Schematic of nitrate-assisted cathodic
electrodeposition of UiO-66 membranes [118]. Copyright 2023, Elsevier. (¢) Schematic of the anodic and cathodic
electrodeposition mechanisms proposed [119]. Copyright 2015, American Chemical Society. (d) Schematic
illustration of the growth principle of MOF electrophoretic deposition (EPD) films, depicting the attraction of charged
MOF particles to an oppositely charged electrode under an applied electric field [120]. Copyright 2014, Wiley-VCH.

3. UiO-66 Membranes for Advanced Separation

UiO-66-based membranes feature a versatile and tunable structure, with readily modifiable functional groups
and pore diameters. The phenyl rings and substituents of the ligands, as well as the -OH groups on the secondary
building units (SBUs), provide abundant adsorption sites, rendering these membranes well-suited for various
separation processes. Below is a systematic summary of the applications of UiO-66-based membranes in gas
separation, nanofiltration, pervaporation, and ion separation, with a focus on gas separation performance [61].

3.1. Gas Separation

Gas separation membranes achieve gas fractionation based on differences in gas permeation rates through
the membrane matrix. Gas permeation occurs when gas molecules contact the membrane surface and diffuse across
the membrane under a pressure or partial pressure gradient. The separation mechanism relies on variations in
adsorption capacity and diffusion rate of different gas components within the membrane: gases with higher
permeability are enriched on the permeate side, while less permeable gases remain on the feed side [122].
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Compared to conventional gas separation technologies, membrane-based separation offers inherent advantages,
including low energy consumption, facile operation, simple equipment configuration, and high operational stability.
While the intrinsic pore size of UiO-66 (~6.0 A) exceeds the kinetic diameters of most gas molecules (e.g., Ha: 2.89 A,
Na: 3.64 A, COy: 3.3 A), thus constraining the efficacy of diffusion-governed separation, its abundant surface
adsorption sites enable selective gas fractionation via adsorption-dominated mechanisms. Liu et al. [45] developed
in-situ grown UiO-66 membranes for gas separation, which delivered an optimal H»/N> selectivity of 22.4 and an
H» permeance of ~2150 GPU (Gas Permeation Unit, 1 GPU =3.35 x 10! mol-m %:s !-Pa™!). Notably, the membrane
achieved a CO, permeance of 2880 GPU with an ideal CO,/N; selectivity of 29.7, a performance attributed to the
preferential adsorption of CO» by the hydroxyl (-OH) groups within the UiO-66 framework. Wu et al. [123] further
corroborated a consistent gas permeation sequence for UiO-66 membranes, providing additional validation for its
adsorption-driven separation mechanism. Defect engineering has emerged as a pivotal strategy to augment the gas
separation performance of UiO-66 membranes. Yan et al. [79] constructed a well-interconnected UiO-66
membrane using zirconium clusters under ambient temperature conditions (Figure 7): the membrane’s elevated
intrinsic defect density facilitated CO, mass transport, while interactions between defect sites enhanced CO,»/N»
selectivity, yielding a separation factor of 37.8 via a three-step room-temperature synthesis protocol. Expanding
on this approach, Yan et al. [80] engineered a highly (111)-oriented UiO-66 membrane with precisely tuned defect
density for CO,/N; separation. By employing Zr¢O4(OH)4(OAc)> clusters as the zirconium precursor for epitaxial
growth, the team achieved an optimal CO,/N, selectivity of up to 46.2 (Figure 7d, Table 2). In a follow-up investigation,
Yan et al. [81] introduced microscale structural defects into the UiO-66 lattice by adopting ZrS; as the metal source
during solvothermal synthesis, which augmented ligand vacancies in the framework and promoted preferential CO,
adsorption; the resultant membrane demonstrated a CO,/N; selectivity of up to 35.6 (Figure 7e, Table 2).

Oriented growth control represents another effective avenue to mitigate mesoscale grain boundary
imperfections and enhance MOF membrane performance, though regulating microscale structural defects to boost
separation efficiency remains a persistent challenge. Yan et al. [85] pioneered a three-step directed growth
methodology to fabricate (111)-oriented UiO-66 membranes: the use of ZrS, as the metal source during
solvothermal synthesis increased the population of undercoordinated metal sites in the framework, thereby
enhancing CO; adsorption capacity. In comparison to the two-step growth process, the three-step strategy yielded
a UiO-66 membrane with substantially improved CO»/N; selectivity and CO, permeance (Figure 7f).

Sun et al. [84] integrated directed deposition with solvothermal co-crystallization to develop an ordered NH»-
UiO-66 membrane featuring (111) out-of-plane orientation and partial in-plane alignment. A dynamic gas-liquid
interface-assisted self-assembly technique was utilized to construct a densely packed monolayer of uniform
octahedral NH,-UiO-66 nanocrystals, achieving the targeted crystalline orientation. Furthermore, the adoption of
ZrS; as the zirconium precursor during solvothermal co-crystallization proved critical for sealing intergrain voids
and retaining the crystalline alignment inherited from the nanocrystal layer. Microwave heating resulted in inferior
intercrystalline co-crystallization compared to solvothermal heating, which was attributed to the lower dielectric
loss of the reaction medium, an effect that compromised uniform energy propagation for crystal intergrowth. Gas
separation performance revealed that, under identical operating conditions, the as-prepared NH,-UiO-66
membrane exhibited a 5.5-fold higher H»/CO, selectivity and a 14.5-fold higher H, permeance than randomly
oriented or exclusively out-of-plane oriented counterparts (Figure 7g).

Table 2. Summary of the gas separation performance and the preparation methods of UiO-66 membrane.

Membrane Preparation Methods Permeance (GPU) Seletivity Feed Condition Ref.
UiO-66 In-situ growth 2151 (COy) 22.4 (CO2/N,) 1 bar, 298 K [45]
UiO-66/PDA Secondary growth 1036 (CO,) 51.3 (COy/Ny) 1 bar, 298 K [123]
Ui0-66-CH; Secondary growth 5672 (CO,) 2.2 (COx/Ny) 1 bar, 298 K [55]
Ui0-66 (TG) Tertiary growth 1216 (CO») 27.6 (CO2/N,) 1 bar, 298 K [86]
UiO-66 Secondary growth 63 (COy) 33.5 (COy/Ny) 1 bar, 298 K 104
Ui0-66 Counter-diffusion growth 2%;)0(5%) o Eg%”;g 1 bar, 298 K [74]
UiO-66 Counter-diffusion growth ~1200 (H,) ~67 (Hy/CO,) 1 bar, 298 K [113]
Ui0-66 Tertiary growth 1126 (CO,) 35.6 (COy/Ny) 1 bar, 298 K [85]
COF@UiO-66 Secondary growth 903 (H,) 32.9 (Ho/COy) 1 bar, 298 K [124]
UiO-66 Secondary growth 530 (COy) 24.3 (COx/N,) 1 bar, 298 K [103]
Ui0-66 In-situ growth 336 (COy) 15.4 (COx/N,) 1 bar, 298 K [125]
Ui0-66 Secondary growth 1129 (CO») 36.5 (COx/Ny) 1 bar, 298 K [81]
Ui0-66 Counter-diffusion growth 2129 (COy) 35.4 (COy/Ny) 1 bar, 298 K [111]
Ui0-66 Secondary growth 1356 (H,) 5.1 (Hy/CO,) 1 bar, 298 K [82]
UiO-66-NH>@SA Secondary growth 347 (Hy) 7.3 (Ho/COy) 1 bar, 298 K [99]
UiO-66 Secondary growth 126 (CO») 37.8 (COy/Ny) 1 bar, 298 K [79]
P-UiO-66-NH, Secondary growth 817 (Hy) 21.7 (Ho/CHy) 1 bar, 298 K [102]
UiO-66-NH, Secondary growth 96 (COy) 40 (CO,/ CHy) 1 bar, 298 K [63]
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Figure 7. (a) Gas permeation results of the UiO-SGas/1.4 membrane. (b) Correlation between the number of missing
linkers per ZrsOs(OH)s node and CO2 separation performance of UiO-66 membranes. (¢) Schematic of CO2/N2
separation via coordination defects in UiO-66 membranes [79]. Copyright 2022, Elsevier. (d) SEM, XRD and
single-gas and mixed-gas separation performance of (111)-oriented UiO-66 membranes [80]. Copyright 2022,
Elsevier. () SEM and corresponding XRD patterns of oriented UiO-66 membranes; separation performance of
Ui0O-66 membranes [81]. Copyright 2023, American Chemical Society. (f) SEM and corresponding XRD patterns
of oriented UiO-66 membranes [85]. Copyright 2021, Elsevier. (g) Magnified top and cross-sectional views of the
as-prepared NH2-UiO-66 seed layer on an a-Al2Os substrate [84]. Copyright 2020, American Chemical Society.

3.2. Nanofiltration

Nanofiltration (NF) is a pressure-driven membrane separation technology, which has emerged as a research
hotspot in membrane science. NF achieves efficient separation via size sieving and electrostatic repulsion, with
pressure as the driving force. Currently, the primary applications of UiO-66-based membranes in NF include hard
water softening, desalination, and dye separation from organic solvents [45,124—127].

Liu et al. [45] fabricated an in-situ grown UiO-66 membrane for hard water softening, leveraging size-selective
filtration to effectively remove multivalent cations: the rejection rates for Ca?* (hydrated diameter: 8.2 A), Mg?* (8.6 A),
and APP* (9.5 A) reached 86.3%, 98.0%, and 99.3%, respectively (Figure 8a, Table 3). Notably, the membrane also
exhibited considerable rejection for monovalent ions (45.7% for K* and 47.0% for Na*), despite their smaller
hydrated diameters (Cl: 6.6 A, K*: 6.6 A, Na*: 7.2 A) compared to the intrinsic pore size of Ui0-66 (~6.0 A). This
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phenomenon is attributed to either ligand defects in the UiO-66 crystal structure [42] or dynamic ligand
coordination behavior (e.g., carboxylate groups switching from edge-bridging to monodentate coordination) [128],
which modulates the effective pore size and generates electrostatic interactions with ions. Cai et al. [91], optimized
the membrane fabrication process and fabricated a thin, chemically stable, defect-minimized NH,-UiO-66
membrane on carbon cloth via secondary growth. This membrane exhibited excellent separation performance in
both aqueous and organic solvent systems, successfully rejecting various dyes (Figure 8c). Wang et al. [129]
employed post-synthetic modification to repair ligand defects in UiO-66-(OH), membranes, resulting in a high
methyl blue rejection rate of 99.8% and an increased Na* rejection rate from 26% to 45% (Figure 8b, Table 3).
Additionally, the UiO-66-NH>@ZIF-8 composite membrane was reported to exhibit enhanced separation stability
and performance for ion separation (Figure 8d) [97].
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Figure 8. (a) Desalination performance of the UiO-66 membrane [45]. Copyright 2015, American Chemical Society.
(b) Separation performance of UiO-66-(OH) membranes before and after post-synthetic defect healing [129].
Copyright 2017, American Chemical Society. (¢) Separation performance of the UiO-66(Zr)-NH2 membrane [91].
Copyright 2020, Elsevier. (d) Separation mechanism and stability of the UiO-66-NH2@ZIF-8 membrane [97].
Copyright 2022, Elsevier.

Table 3. Summary of the nanofiltration separation performance and the preparation methods of UiO-66-based membrane.

Membrane Preparation Methods Permeability (L m™2 h™! bar™) Rejection Ref.
Ui0-66 In-situ growth 0.14 98.0% (MgCl2) [45]
UiO-66-NH2 Secondary growth 0.17 99.8% (CH2Cl2) [91]
UiO-66-NH2@ZIF-8 Secondary growth 36.7 >97% (dye) [97]
Ui0-66 Counter-diffusion growth ~8 95% (MgCl) [113]
Ui0-66-(OH):2 Secondary growth 0.8 74.9% (NaCl) [129]
Ui0-66-4F Secondary growth 249.6 99.7% (dye) [130]
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3.3. Pervaporation

Pervaporation (PV) is a membrane separation technology that achieves mixture fractionation by exploiting
differences in the solubility and diffusion coefficient of components within the membrane matrix. This low-
energy-consumption technique is particularly suitable for separating azeotropic mixtures, near-boiling-point
organic mixtures, trace water from organic solvents, trace organics from wastewater, and high-value organics from
aqueous solutions [94,125,131-133]. Furthermore, PV can be integrated with chemical or biological reactions to
enhance conversion efficiency by continuously removing reaction products. Recent studies have also explored the
combination of PV with other separation technologies for water/organic separation, expanding its application
potential in food processing, petrochemicals, pharmaceutical purification, and environmental protection.

Li et al. [87] utilized a high-quality, structurally stable UiO-66 membrane for PV desalination. Continuous
operation tests under varying salt concentrations, feed temperatures, and harsh conditions systematically evaluated
the membrane’s performance for hypersaline water treatment. Experimental results demonstrated that the UiO-66
membrane achieved a high water flux of 37.4 L-m 2-h™! with a salt rejection efficiency of up to 99.9%. Expanding
upon this finding, Wang et al. [88] proposed a molecular-scale defect engineering strategy, wherein ligand
vacancies were rationally tailored within the UiO-66 crystal lattice to construct a thin, robust, and high-
performance missing-linker UiO-66 (ML-UiO-66) membrane for hypersaline seawater desalination. Under high-
salinity conditions (35 g-L™! NaCl), the ML-UiO-66 membrane maintained a stable flux of 29.8 L-m2-h’!
alongside near-quantitative salt rejection. Mechanistically, the introduction of ligand defects modulated the
hydrophilicity of sub-nanometer pore channels, thereby enhancing water diffusivity and facilitating rapid
transmembrane water transport.

Liu et al. [49] validated the structural robustness of UiO-66 membranes for organic solvent dehydration: the
membrane retained its structural integrity after exposure to boiling benzene and water, and its separation
performance remained uncompromised even following the addition of sulfuric acid during a 200 h continuous
stability test for water/n-butanol and water/furfural separation systems (Figure 9a). At 80 °C, the membrane
delivered a water flux of up to 6.0 kg'm 2-h™! with a separation factor exceeding 45,000, an order of magnitude
(10-100) higher than commercial silica and polymer membranes with comparable flux, while exhibiting superior
robustness under harsh operating environments relative to commercial NaA zeolite membranes. Huang et al. [53]
prepared UiO-66 membranes through in-situ crystallization on micropatterned yttria-stabilized zirconia (YSZ)
substrates for pervaporation (PV) applications. The micropatterned substrate design doubled the water flux of the
UiO-66 membrane compared to conventional flat-substrate counterparts, while preserving a nearly constant
separation factor (Figure 9b). Wu et al. [65]. developed a UiO-66-NH, membrane for PV desulfurization: for a
thiophene/n-octane mixture at 40 °C, the membrane achieved a separation factor of 17.86 and a flux of
2.16 kg'rm 2-h™! (Table 4). Liu et al. [114] fine-tuned synthesis parameters to fabricate a well-intergrown UiO-66
membrane on a polymer substrate via interfacial diffusion growth, which was deployed for ethyl acetate
dehydration (Figure 9c). This membrane featured fast, selective water transport pathways and an ethyl
acetate/water separation factor of up to 7500 (Table 4).

Table 4. Summary of the pervaporation separation performance and the preparation methods of UiO-66-based membrane.

Membrane Pl;[l;?l:z:;:n (kg l::l_lzx h) Se;):z?‘:;on Feed Condition Temp. (K) Ref.

0.64 43 303

1.49 4.9 10% EtOH/water 323

. . 3.15 4.8 343
Uio-66 In-situ growth 1.58 5 10% MeOH/water 323 12

0.95 12.2 10% acetone/water 313

0.37 1.2 p-/m-xylene 313
UiO-66-NH,  Secondary growth 2.16 17.86 thiophene/n-octane 313 [65]
Ui0-66 In-situ growth 2.96 1102 EtOH/water 313 [53]
Ui0-66 Secondary growth 1.21 600 methanol/MTBE 313 [75]
Ui0-66 Secondary growth 6.1 7500 methanol/MTBE 330 [114]
Ui0-66 Secondary growth 37.4 >99.9% H,0O/Salt 313 [90]
UiO-66-NH,  Secondary growth 12.1 >99.7% H,0/Salt 363 [66]
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Figure 9. (a) Separation performance of UiO-66 membranes for n-butanol and furfural [49]. Copyright 2021,
American Chemical Society. (b) Pervaporation performance of micropatterned UiO-66 membranes [53]. Copyright
2021, American Chemical Society. (¢) Ethyl acetate/water separation performance of the UiO-66 membrane [114].
Copyright 2023, The Royal Society of Chemistry.

3.4. Ion Separation

Ion-selective separation is a critical application of membrane technology, with significant implications for
lithium extraction from salt lakes, seawater desalination, high-salinity wastewater treatment, and salinity gradient
energy generation [134-136]. UiO-66-based membranes achieve ion selectivity through the synergistic effect of
size sieving (pore window size vs. ion hydrated diameter) and electrostatic interactions (functional groups vs. ion
charge), enabling precise regulation of ion transport. The synergistic separation mechanism of “size sieving-
electrostatic interaction” for UiO-66-based membranes essentially achieves the selective transport and rejection of
target substances through the synergy between precise pore size matching (size sieving) and surface charge/affinity
regulation (electrostatic interaction). This core foundation stems from the intrinsic structural characteristics of
Ui0-66: its face-centered cubic topological framework is composed of ZrsO4(OH), clusters and organic ligands,
with an intrinsic pore size of approximately 6.0 A that can be tailored to the sub-nanometer (3—5 A) via functional
modification. Meanwhile, the functional groups of the ligands endow the membrane surface with controllable
charge and specific affinity. The synergy of these two mechanisms is manifested as follows: size sieving first
accomplishes preliminary separation and electrostatic interaction then enhances the transport or rejection of target
substances, ultimately overcoming the performance bottlenecks of traditional single mechanisms. For example,
when the -NH, modifies the UiO-66 framework via “ligand substitution”, it primarily regulates the synergistic
mechanism through two aspects-pore size reduction and polarity enhancement-with the core feature of stricter size
sieving and more selective electrostatic interaction. The sulfonic acid group (-SO3H) is a strongly acidic functional
group; after modification, it modulates the synergistic mechanism through complete ionization to generate negative
charges and slight pore size contraction, characterized by “electrostatic repulsion as the dominant effect and size
sieving as the auxiliary separation role.” Fluorine (-F) is the element with the highest electronegativity. After
modification, it regulates the synergistic mechanism through precise pore size contraction and high-
electronegativity dipole interactions, following the core logic that size sieving determines the upper limit of
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selectivity, and ion-dipole interactions enhance transport efficiency, thus exhibiting the strongest synergy between
the two mechanisms.

Zhang et al. [54] reported a UiO-66 membrane for rapid and selective transport of alkali metal ions: based
on size sieving, the ion transport rate followed the order Li* > Na" > K" > Rb", with Li" preferentially transported.
Luetal. [64] developed an asymmetric UiO-66-(COOH), membrane that mimics biological ion channels, featuring
an ion-selective layer on one side and a nanoscale polymer region for rapid ion conduction on the other. I-V
measurements showed that the currents of monovalent ions (K*, Na*, Li*) through the sub-nanometer to nanoscale
channels were three orders of magnitude higher than those of divalent ions (Ca?*, Mg?") (Figure 10a), with a
monovalent/divalent ion selectivity of 10°. Furthermore, increasing the pH from 3 to 8 enhanced the
monovalent/divalent ion selectivity by 10>-10* times (Figure 10b, Table 5), attributed to the
protonation/deprotonation of carboxyl groups regulating electrostatic repulsion.

Xu et al. [137] developed a lamellar UiO-66-NH, membrane on an anodized aluminum oxide (AAO) support
via in-situ crystallization for metal ion separation. The lamellar architecture features nanoscale interlamellar gaps
that enable efficient ion accessibility, while the intrinsic micropores of UiO-66-NH, crystals govern cation
separation selectivity. This membrane achieved remarkable cation separation performance (Na‘/Mg*" > 200,
Lit/Mg?* > 60) alongside excellent operational stability over five consecutive electrodialysis cycles (Figure 10c).
In a follow-up investigation, Xu et al. [138] constructed a lamellar UiO-66-SOsH membrane on an AAO substrate
through interfacial growth: the grafted sulfonic acid (-SOsH) groups imparted a threefold enhancement in cation
permeability compared to pristine UiO-66 membranes, while maintaining a Na"/Mg?* selectivity exceeding 140.
Separately, Li et al. [113] reported sulfonated UiO-66-X membranes (X = SAG, NH-SAG, (NH-SAG),;
SAG = sulfonic acid group) as biomimetic proton-conducting channels. Endowed with sub-1 nm pore windows
and a high density of sulfonic acid moieties, these membranes mimicked the structure and function of natural
proton channels, with ion conductivity following the order H* > K" > Na" > Li" (Figure 10d, Table 5). Notably,
the UiO-66-(NH-SAG), membrane exhibited ultrahigh proton selectivity (H*/Li* up to 100, H*/Na*" ~80,
H*/K* ~70, Table 5), a threefold improvement relative to pristine UiO-66 membranes.
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Figure 10. (a) I-V curves of UiO-66-(COOH). membranes for different ions, (b) Effect f pH on monovalent/divalent
ion selectivity of UiO-66-(COOH) membranes [64]. Copyright 2016, Wiley-VCH. (¢) Na*/Mg?* separation
performance of lamellar UiO-66-NH2 membranes over five electrodialysis cycles [137]. Copyright 2018, Wiley-VCH.
(d) Ion conductivity of sulfonated UiO-66-X membranes [59]. Copyright 2020, Wiley-VCH.
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Table 5. Summary of the ion separation performance and the preparation methods of UiO-66-based membrane.

Membrane Preparation Methods (LIi,f ll;ln(ljz:::llzlthy_l) (Sflf/cl\t/}‘g’lz?; Ref.
Ui0-66@4.6%NTDS Secondary growth 0.26 ~46 [93]
ZIF-8/Ui0-66-NH; Secondary growth 1.14 80 (Na*/Li") [95]
Ui0-66 Electrochemical synthesis 11.2 286 [118]
UiO-66-4F In-situ growth 0.19 134.8 [136]
Ui0-66-X Counter-diffusion growth ~10Sm!F- 240 (F~/CI") [137]
Ui0-66-SO;H (U-SM-0) 7.56 x 1072 19
Ui0-66-SO;3H (U-SM-10) Secondary growth 7.92 x 1072 4 [138]
UiO-66-SO;H (U-SM-25) 0.1 2
UiO-66-NH; (LLM-1) 4.5%x1072 25
UiO-66-NH; (LLM-1) . 432 %1072 38
Ui0-66-NH, (LLM-1) In-situ growth 6.84 x 1072 37 [139]
UiO-66-NH; (LLM-4) 7.2 %107 65
HSO03-UiO0-66@QPPO-20% In-situ growth 0.37 8.33 [140]
HSO0;-Ui0-66@PVC Secondary growth 8.84x 1073 4.78 [141]
Ui0-66-(SH), Counter-diffusion growth ~11.8 1518 [142]

4. Conclusions

UiO-66 polycrystalline membranes have the inherent properties of zirconium-based metal-organic
frameworks (MOFs), such as high chemical stability, tunable pore structure, and excellent adsorption and
separation performance, while also incorporating the high efficiency and low energy consumption benefits of
membrane separation technology, demonstrating outstanding separation potential in the field. In terms of
preparation, both in-situ and secondary growth processes have been constantly refined, resulting in perfect control
over membrane crystallinity and defect density. Seed-assisted secondary growth has become the most popular
preparation method because of its ability to balance membrane uniformity and separation performance. In terms
of applications, UiO-66 polycrystalline membranes have demonstrated a significant synergistic advantage in
permeate flux and selectivity over traditional separation membranes in gas separation, nanofiltration,
pervaporation, and ion separation, establishing a new paradigm for the separation of complex systems. However,
the transition of UiO-66 polycrystalline membranes from laboratory research to industrial applications still
confronts numerous hurdles, necessitating breakthroughs in critical restrictions such as large-scale preparation,
performance stability, and application adaptability.

UiO-66 base membrane, relying on its precisely controllable pore structure, the synergistic separation
mechanism of “size sieving-electrostatic interaction”, and the specific affinity brought by functional modification,
shows significant advantages and potential application value in the separation of complex systems. The pore size
and surface affinity of UiO-66 can be accurately modified using ligand modification (the introduction of functional
groups such as amino and carboxyl groups), mixed ligand methods, or metal node doping, resulting in bespoke
membrane materials for effective separation. Furthermore, UiO-66 polycrystalline membranes overcome the
limitations of traditional separation methods and are being expanded into emerging fields such as new energy (e.g.,
hydrogen purification, lithium-ion battery electrolyte purification), biomedicine (e.g., separation of
biomacromolecules, drug purification), and environmental remediation (e.g., volatile organic compound (VOCs)
recovery, seawater desalination) to fully explore their diverse application potential. Currently, research on UiO-66
polycrystalline membranes is primarily focused on laboratory-scale preparation. This approach is strongly reliant
on small-area supports (such as ceramic tubes and porous glass), and its efficacy varies significantly from batch
to batch. Uneven crystallization, increasing defect density, and high raw material prices (e.g., zirconium salts,
organic ligands) continue to limit the practical applicability of large-area (square meter scale) membranes.
Furthermore, imperfections in polycrystalline membranes, such as grain boundary gaps and pinholes, can easily
cause “short-circuit permeation”, which reduces separation selectivity. These flaws can develop, particularly under
extreme separation conditions (e.g., high pressure, high temperature), compromising the membrane’s long-term
operating stability. Another significant concern is the weak interfacial interaction between the UiO-66 membrane
and the support (e.g., polymers, inorganic substrates), which can cause the membrane layer to detach or peel off
with prolonged use. In complicated separation systems with contaminants, high viscosity, or strong acids/bases
(e.g., industrial organic wastewater, acidic gas separation), the UiO-66 membrane surface is prone to fouling and
functional group degradation, resulting in reduced separation performance. As a result, the antifouling performance
and chemical stability of UiO-66 membranes require further development.
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Despite the huge potential for UiO-66-based membranes in new fields. In the biomedical field, surface
biocompatibility must be enhanced in order to enable long-term in vivo membrane retention. To address industrial-
scale production needs in the new energy field, large-area and low-defect preparation procedures for UiO-66-based
membranes should be developed. Furthermore, a quantitative correlation model between membrane structure,
application scenario, and performance requirements is required to guide the precision design of membrane
materials. In the future, through the synergistic innovation of precision regulation of membrane properties via
functional modification, enhancement of membrane mechanical/biological performance using composite
substrates, and breakthroughs in large-scale preparation technologies, UiO-66-based membranes are expected to
achieve the leap from laboratory-scale research to industrial-scale applications in the high-efficiency separation
processes of the new energy industry chain.

To achieve large-scale fabrication of UiO-66 polycrystalline membranes, the following strategy is expected
to be employed. Developing low-cost alternative raw materials (e.g., industrial-grade zirconium salts, renewable
organic ligands); optimizing the concentration and temperature parameters of the reaction system to reduce energy
consumption during the fabrication process; designing continuous fabrication equipment to achieve uniform
fabrication of large-area membranes through online seed layer coating and continuous hydrothermal reaction. The
zirconium oxychloride octahydrate (ZrOCl,-8H>O) can be prioritized as the zirconium source, and its large-scale
application can significantly reduce the cost of the metal precursor. In contrast to high-cost modulators such as
benzoic acid and trifluoroacetic acid used in traditional synthesis, industrial-grade inorganic acids or organic acids
can serve as cost-effective alternatives. Additionally, terephthalic acid derived from polyethylene terephthalate
(PET) degradation is a viable ligand option for this process. Regarding the scale-up of the continuous
crystallization reactor, the “multi-channel parallelization” strategy is adopted instead of enlarging the inner
diameter of a single channel, which ensures uniform mass transfer during the large-scale production. Atomic layer
deposition (ALD) was used to create a dense seed layer with minimal grain boundary gaps. Crosslinking agents
(such as tetrabutyl titanate and silane coupling agents) were used to create a crosslinking network at the UiO-66
grain boundaries, which improved intergranular bonding and reduced defect development. Functional groups (such
as hydroxyl and amino groups) were placed onto the support surface to improve chemical interaction between the
membrane and the substrate. Intermediate transition layers (e.g., polydopamine coating, MOF-derived transition
layers) were designed to compensate for changes in physical/chemical properties between the membrane and the
support, decreasing the creation of dead-end layers at the interface. A hierarchical pore structure design was
employed to create an UiO-66 micro-mesoporous composite structure, in which mesoporous channels lower
permeation resistance while the microporous framework ensures separation selectivity. Targeted specific affinity
functional groups were introduced via ligand modification, and pore size was altered via metal node replacement
(e.g., partial substitution of Zr*" with Ti*" or Hf*"), enhancing both permeability and selectivity.
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