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Received: 24 November 2025 Abstract: The global plastic waste crisis urgently calls for innovative strategies that

Revised: 6 January 2026 move beyond conventional disposal methods. Against this backdrop, establishing a
Accepted: 27 January 2026 circular pathway for plastic waste—effectively converting end-of-life products into
Published: 6 March 2026 valuable resources—has become a critical objective for sustainable development.

Metal-organic frameworks (MOFs) have emerged as a revolutionary catalytic
platform, offering unique advantages such as structural tunability, ultrahigh surface
area, and precisely designable active sites, thereby opening new possibilities for
achieving this goal. This review highlights the great potential of MOF-based
catalysts in addressing key challenges during plastic valorization and explores their
role as ideal drivers for such a circular plastic pathway. It systematically summarizes
synthesis strategies for MOFs and recent advances in their catalytic applications,
covering pathways for converting plastics into high-value monomers or chemicals, as
well as efficient microplastic degradation. The core objective is to demonstrate how
MOF-enabled catalysis can bridge waste plastics and renewable resources, thereby
providing strategic support for building a circular plastic economy.
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1. Introduction

Plastics have seen widespread use since their inception, with their fossil fuel origins tracing back to the
Industrial Revolution [1-4]. Plastics are high molecular polymers fabricated from small molecule monomers and
are well-known for their chemical stability, durability, and ease of processing [5,6]. However, the long lifespan of
plastics has also led to a global environmental crisis, as they are solid polymers connected by covalent bonds and
cannot usually be depolymerized by biological or non-biological means in landfills or natural environments [7].
Plastics Europe estimates 413.8 million tons of plastic were produced globally in 2023, with the stark reality that
under 10% is recycled, leaving a staggering 79% to be landfilled or released into the environment [8]. By 2050,
global plastic production will exceed 34 billion tons [9]. Developing effective plastic recycling strategies and
reintegrating waste plastic into industrial systems is crucial for the sustainable use of plastic [10].

Plastics recycling can be categorized into three levels: physical recycling, chemical recycling, and energy
recovery (incineration) [11,12]. To date, the main commercial plastic products worldwide are polyethylene (PE),
polystyrene (PS), polypropylene (PP), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and so on
(Figure 1) [13]. These plastics differ significantly in their chemical structure and physical properties. Physical
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recycling exhibits limitations in terms of the number of recycling cycles, as most recycling and reprocessing
systems require single-component plastics to ensure the quality of recycled products [14]. However, mechanical
recycling is susceptible to impurities and polymer chain degradation in downstream products due to its thermal-
mechanical processing [15]. While incineration can recover some plastics, it also produces large amounts of CO,,
which is contrary to environmental protection efforts [16—18]. Chemical recycling converts plastic waste into
monomers or small molecules for the production of new plastics or other industrial feedstocks [19]. For complex
multi-material plastics, chemical recycling is promising in breaking the boundaries of plastic production and can
handle low-value waste plastics [20-22].

Chemicals

Figure 1. Schematic diagram of chemical recycling of plastic waste catalyzed by MOF.

In chemical recycling processes like catalytic cracking, and hydrogenolysis, catalysts are key to enhancing
reaction efficiency and product selectivity [23,24]. Zeolites, metal oxides, or loaded noble metal catalysts offer
high stability and easy separation [25-27]. Among these, zeolites exhibit outstanding thermal stability and
Brensted acidity, enabling effective plastic cracking [28]. As a result, zeolites are the traditional choice in high
temperature pyrolysis and glycolysis reactions [29]. In spite of the challenges, achieving high product selectivity,
narrow distribution control, and expanding product diversity using limited raw materials have become key
objectives [30]. It requires new catalysts to possess specific capabilities while maintaining sufficient thermal
stability for easy recovery and reuse. In turn, it drives the demand for highly designable catalysts whose structures
can be precisely customized for different reactions [31-33].

This trend is driving the emergence of metal-organic frameworks (MOFs) as porous materials that differ
significantly from zeolite structures [34]. The unique structural designability of MOF renders them a promising
new catalytic platform for polymer degradation [35,36]. As a typical representative of reticular chemistry, the key
to MOF design is based on the concept that “a network is composed of vertices and edges” [37—-39]. By systematically
adjusting the porosity of MOF (specific surface area, specific pore volume, porosity, and pore size) through secondary
building units (SBUs) and charged ligands, their catalytic performance can be influenced [40-42]. In contrast,
altering the pore size of zeolites is relatively challenging, and the chemical properties of their tetrahedral structural
units to some extent limit their development [43]. Over the past few decades, the enormous structural diversity
and modular tailoring capabilities of MOF have led to rapid development in research [44,45]. However, most
reported MOFs are predominantly microporous, thus constraining their utility in processing bulky molecules.

Herein, we showcase the latest design strategies for microporous/mesoporous MOF and their application in
plastic catalysis. We also discuss in detail how MOF can be used in degradation reactions (alcoholysis, hydrolysis,
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pyrolysis, and photocatalysis) of various types of plastics and in the adsorption of microplastics. Last but not least,
we will focus on the key breakthrough areas in the future development of MOF catalysts.

2. Design Rationale and Synthesis Strategy

The origin of MOFs in the mid-1990s marked a milestone in porous materials science [46]. The highly
ordered, crystalline 3D network structure endows MOFs with a large number of regularly arranged cavities and
channels [47,48]. This property provides a new type of material with great potential for various applications based
on its unique pore characteristics [49].

The synthesis of MOFs typically comprises the following critical stages: coordination bonding, crystal
nucleation, and crystal growth [50]. In suitable reaction systems, metal ions or SBUs first coordinate with organic
ligands, constructing the primary structural frameworks [51]. This step directly determines the basic connectivity
and geometric shape of MOFs. The initial nucleation event is triggered by coordination bond formation, which
subsequently yields stable microcrystalline nuclei [52]. The nucleation kinetics of this stage (controlled by
concentration, temperature and solvent) are critical for the size distribution and density of crystal nuclei, thereby
pre-determining the final microstructure of MOFs [53]. Following nucleation, crystal growth occurs as the
subsequent stage, with its rate having a key influence on the grain size and defect density of the product [54,55].
The macro-scale characteristics of the material, including its porosity and structural stability, are dictated by the
entirety of this journey [56,57].

The domain of MOF remains a highly dynamic area of research [58—60]. Scholars are endeavoring to advance
future scientific and industrial pursuits through the design of novel frameworks, the resolution of paramount
stability issues, and the creation of innovative synthetic routes [61,62].

2.1. Direct Synthesis Method

The direct synthesis approach represents a foundational and versatile strategy for constructing MOFs in a
single step [63,64]. Unlike post-synthetic modifications, which often involve complex treatments that can
compromise crystallinity, direct methods aim to program the porosity directly into the crystalline framework
during its self-assembly [65—67]. This is primarily achieved by ingeniously introducing structural-directing agents
or by employing sophisticated ligand design to create inherent imbalances and defects [68,69]. The paramount
advantage of these bottom-up techniques is the precise control over the hierarchy, often yielding well-defined,
interconnected pore systems with maintained crystallinity and enhanced stability [70]. The following sections will
delve into four principal pillars of this approach: the use of templating agents, the rational design of organic linkers,
defect engineering, and strategies for inducing assembly, discussing their mechanisms, design principles, and the
remarkable structural diversity they enable.

2.1.1. Template Method

The templating approach represents one of the most potent and direct methodologies for engineering ordered
mesoporous and macroporous architectures into MOFs [71,72]. The core concept relies on utilizing a sacrificial
agent—a “template” possessing a predefined pore structure—to guide the confined nucleation and oriented growth
of MOFs [73]. Subsequent removal of the template via physical or chemical methods results in the replication of
its porous network within the MOF matrix [74].

Depending on their intrinsic properties, templates are mainly divided into two distinct categories: soft templates
and hard templates. In particular, the hard template method is the most powerful tool for constructing long-range
ordered multi-level porous MOFs [75]. Its core principle involves using a pre-synthesized rigid material with a
specific nanostructure as a sacrificial template to guide the targeted MOF to grow and crystallize in a directed manner
on its surface or within its pores [76]. The template is then selectively removed via chemical or physical methods,
resulting in MOF materials that replicate the template’s morphology or possess special pore structures [77]. Typical
hard template materials include SiO,, polymer microspheres, hydroxides, and other MOFs [78-83].

The topological properties of porous materials—particularly the pore size in each dimension and their size
uniformity—are critical determinants of their performance in specific applications [84]. The development of highly
ordered mesoporous and macroporous crystalline frameworks remains a major research objective, particularly
with respect to achieving larger pore sizes in MOFs [85,86]. Employing a combined strategy of polystyrene
nanosphere templating and dual-solvent-induced nucleation, Li’s team enabled the creation of MOF structures
with highly oriented and ordered macropores [78]. This synthesis strategy can be broadly divided into four steps
(Figure 2a). First, monodisperse PS microspheres are assembled into highly ordered 3D bulk structures; then the
interstices are filled with ZIF-8 precursors; next, the bulk material is immersed in a methanol/ammonia water dual
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solvent for controlled crystallization of the MOF; finally, the template is removed to obtain ordered macro-
microporous MOF single-crystal materials, which the researchers named SOM-ZIF-8 (SOM stands for single-crystal
ordered macropore). The scanning electron microscopy (SEM) characterization revealed that SOM-ZIF-8 adopts a
regular tetrahedral structure, with macropores exhibiting clear 3D ordered oriented arrangements (Figure 2b,c). This
work pioneered the development of 3D ordered macro—microporous materials, systems simultaneously featuring
macropores and micropores. The synergistic process allows MOFs to grow within the ordered voids, forming
single crystals with a well-aligned macro—microporous architecture. These hierarchical frameworks demonstrate
significantly superior catalytic activity and recyclability in macromolecular reactions compared to traditional
polycrystalline or disordered macroporous ZIF-8.
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Figure 2. (a—c) Schematic diagram of ZIF-8 design and representative SEM images [78]. Copyright 2018, AAAS.
(d,e) SOM-MIL-88A synthesis scheme diagram and representative SEM images [82]. Copyright 2024, American
Chemical Society. (f) Schematic diagram of the preparation of ZIF-67 single crystal by template coordination-
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driven self-assembly reaction [83]. Copyright 2025, American Chemical Society. (g) Schematic diagram of the
transformation from insulating 3D MOF to 2D ¢-MOF [87]. Copyright 2024, Wiley.

Based on the PS template, Du’s research group used non-protonic solvents to stabilize the precursor solution
and control the crystallization process, successfully synthesizing SOM-MIL-88A with stability in water and acid
solutions [82]. By adjusting the DMSO content, the crystal attachment and Ostwald ripening processes can be
balanced to obtain the desired SOM-MIL-88A morphology (Figure 2d). This solves the two major challenges of
precursor stabilization and crystallization modulation. The SEM image shows that SOM-MIL-88A has a spindle-
shaped morphology, and the individual crystals in different directions reveal a clear 3D ordered macroporous
structure (Figure 2e). Ho et al. fabricated periodic 3D nanostructured materials by infiltrating suitable precursors
into nanoporous templates, curing them into a rigid framework, and then removing the templates [83]. Using a PS
template etched from polystyrene-b-polydimethylsiloxane (PS-b-PDMS), mesoporous ZIF-67 with a nano-
network structure was obtained (Figure 2f). This structure enhances the accessibility of active sites in mesoporous
MOFs, enabling the transition from brittle to ductile MOFs, thereby offering promising catalytic applications.
Additionally, Dong and colleagues utilized insulating 3D MOFs as precursors and employed conjugated ligand-
induced conversion to synthesize 2D conjugated metal-organic frameworks (2D C-MOFSs) with hierarchical porous
nanostructures [87]. This process occurs spontaneously at room temperature, involving a two-step reaction
between the precursor, an amorphous intermediate, and the product, enabling precise replication of the precursor
morphology while enhancing crystallinity and porosity (Figure 2g).

In contrast, the soft template method utilizes amphiphilic molecules (such as surfactants, block copolymers,
or emulsions) that spontaneously organize into specific ordered structures in solution as “templates” to guide the
crystallization of MOF precursors at their interfaces or surroundings, thereby creating mesoporous or macroporous
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structures. The soft template method shows great potential in terms of simplifying synthesis and flexibility, but its
successful application strongly depends on the development of new template molecules that can remain stable in
the MOF synthesis environment. Zhao’s team successfully constructed a three-dimensional (3D) core-satellite-
like superstructure on the SiO» interface using extremely small polymeric micelles (approximately 18 nm) as basic
“Lego-like” building blocks, by precisely controlling electrostatic interactions [88]. The researchers utilized a
triblock copolymer polymeric polystyrene-block-poly(4-vinylpyridine)-block-poly(ethylene oxide) (PS-PVP-
PEO) to form uniform, stable micelles in water as the basic building blocks (Figure 3a). These micelles exhibit a
core-shell structure, with the PVP and PEO segments in the shell layer providing abundant interaction sites. To
assemble the superstructure, the negatively charged single micelles were introduced to a dispersion of positively
charged colloidal SiO, spheres. The surface charge density of the SiO- spheres was precisely controlled by varying
the concentration of ammonia water. This regulation enabled fine-tuning of the electrostatic attractive forces between
the micelles and the SiO; substrates, while simultaneously modulating the repulsive forces between adjacent micelles.
The number of micelles in this structure can be quantitatively controlled, providing new insights for designing multi-
scale, multi-level functional materials and devices. Building upon their previous research on micelles, Zhao’s team
recently integrated a hard-templating approach to synthesize a class of single-crystalline mesoporous MOFs (meso-
MOFs) with hollow and multilevel pore structure [89]. By adjusting HCI/CH3COOH ratio, the pH of the reaction
system was precisely controlled, allowing regulation of the dissolution kinetics of acid-sensitive seeds that served as
hard templates for the hollow structures (Figure 3b). Simultaneously, the concentrations of the two acids modulated
the growth kinetics of the mesoporous MOF shell. This dual control strategy successfully balanced the crystallization
integrity and the precise manipulation of the hierarchical architecture.
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Figure 3. (a) The single micellar interface super-assembly pathway enables the modularization of single micelles [88].
Copyright 2022, AAAS. (b) The single micellar interface super-assembly pathway enables the modularization of single
micelles [89]. Copyright 2025, American Chemical Society. (¢) Schematic diagram illustrating the influence of water
volume on the micelle assembly and micelle structure mediated by MOF kinetics [90]. Copyright 2025, Wiley. (d)
Schematic diagram of the formation of layered porous nanoparticles [91]. Copyright 2023, American Chemical Society.

Currently, the soft template method based on micelle assembly is widely recognized for its highly tunable
mesoscopic structure. The Chao and Luo team proposed a dynamics-mediated micelle assembly strategy,
achieving the universal preparation of various zeolite imidazolate framework (ZIF) single-crystal mesoporous
materials such as ZIF-90, ZIF-8, and ZIF-67 [90]. The strategic use of water accelerates MOF kinetic-mediated
micelle assembly by promoting ligand deprotonation, thereby inhibiting MOF self-growth and achieving
synergistic assembly between micelles and MOFs. Furthermore, by regulating the Flory-Huggins interaction
parameters between the solvent and micelles through water content control, multi-level pore structures ranging
from spherical, cylindrical to vesicular shapes can be precisely constructed (Figure 3c). Guan et al. reached the
controlled synthesis of various novel UiO-66 nanostructures with rich geometric shapes and asymmetric
hierarchical porous structures by adjusting the concentration of the amphiphilic triblock copolymer template
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Pluronic P123 (Figure 3d) [91]. The enhanced catalytic activity of these nanoparticles in CO, cycloaddition,
compared to microporous UiO-66 nanocrystals, is attributed to their tunable structural symmetry and integrated
macro-meso-microporous networks.

2.1.2. Ligand Design Method

Ligands serve as the molecular blueprint for MOFs, and their design is central to research, precisely defining
the material’s microstructure, pore characteristics, stability mechanisms, and functional applications. The core
strategy for constructing the target topological network is to select ligands with specific symmetry and
coordination point numbers (functional groups). The geometric shape of the ligand “guides” the formation of
specific SBUs by metal clusters, which ultimately assemble into the target topological structure with specific pore
sizes and pore shapes (such as cage-like or tubular).

Ultra-microporous materials (pore size < 7 A) exhibit highly sensitive molecular-size-selective screening
properties, making them crucial in catalysis, gas separation, batteries, and so on. Unfortunately, traditional ultra-
microporous materials like carbon materials, oxides, and zeolites inherently lack uniform pore size and structural
tunability. In contrast, Zr-MOFs, which combine high stability and scalability, have emerged as a research hotspot
in recent years. The Wang team proposed a structural control strategy based on high coordination density
multidentate carboxylate ligands and successfully constructed 10 new types of ultra-microporous Zr-MOFs [92].
By controlling the geometric configuration and connectivity of the ligands, the authors achieved precise control of
pore size (4.5-6.8 A). The length of the ligands (defined as the distance between the two farthest carboxylate
carbons) shows weak correlation with MOF pore size, and simply elongating the ligands does not yield smaller
pore sizes. Figure 4a shows the crystal structures and topologies of four octadentate ligand-based Zr-MOFs
(HIAM-801-804). HIAM-801-804 are all low-connectivity (4-c or 8-c) Zrs nodes with a scu topology. Despite
their low node connectivity, these structures form stable ultramicroporous frameworks due to the high ligand
coordination density. The representative material HIAM-802 can achieve precise separation of Cs alkane isomers.
This work goes beyond expanding MOF structural diversity to offer a universal design strategy for the future
development of separation technologies.

Later, based on the concept of high-connectivity ligands, the team successfully synthesized a series of porous
alkali metal organic frameworks (AMOFs) encompassing Li, Na, K, Rb, and Cs (Hiam-112-Li/Na/K/Rb/Cs) using
octacarboxylic acid ligands (HsTDBPB) as the key component [93]. By inhibiting the coordination of alkali metals
with solvents and promoting their connection with organic ligands, a stable 3D porous structure was formed.
HIAM-112-Li/Na/K/Rb/Cs all belong to the monoclinic crystal system and have similar space groups, but their
coordination patterns, structural units, and connectivity exhibit significant differences (Figure 4b). Notably,
HIAM-112-Na/K/Rb exhibits a stable framework structure and high porosity, along with excellent adsorption-
desorption stability. The current work validates the effectiveness of the proposed strategy in constructing AMOFs
with permanent porosity and high stability.

The construction of highly connected MOFs poses a major synthetic challenge in reticular chemistry.
Focusing on the study of highly connected organic ligands, Chen’s research group designed a dodecacarboxylic
acid ligand (H;;HDTB) with carboxyl groups precisely distributed at the 12 vertices of a hexagonal prism,
encoding the geometric information of the target network [94]. In topology, assembling 12-connected nodes with
4-connected and 6-connected nodes yields (4,12)-connected square and hexagonal prism (shp) and (6,12)-
connected trigonal prism and hexagonal prism (alb) networks. In this configuration, the 12 carboxyl groups of the
ligand H;;HDTB are positioned at the 12 vertices of a hexagonal prism, with the entire ligand adopting a hexagonal
prism geometric structure (Figure 4c). Additionally, when the ligand H;;HDTB is assembled with metal clusters
of different geometric configurations, a series of shp and alb-derived topological networks are obtained. As early
as 2024, they utilized the hetero-supermolecular-building-block (Hetero-SBBs) strategy to simultaneously
introduce two types of metal-organic polyhedra as building blocks in the network structure, synthesizing a new
MOF (uru-MOF) with three distinct node types [95]. Topologically, the uru network structure is generated by
replacing the 8-connected nodes in the beu-b network with the 12-connected node and 3-connected node (Figure 4d).
Therefore, the uru network can be deconstructed into 3-connected nodes, 12-connected nodes, and 24-connected
nodes, which correspond to triangular, cuboctahedral, and rhombohedral polyhedra, respectively. The authors
propose a concept of Hetero-SBBs that transcends traditional approaches, and apply it to the preparation of high-
connectivity MOFs based on multi-metal organic cages. This not only expands the theoretical framework of grid
chemistry and supramolecular building block strategies but also provides a pioneering platform for the controlled
synthesis of next-generation high-porosity metal-organic frameworks.
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Figure 4. (a) Crystallographic structure of HTAM-801 through HIAM-804 built on octacarboxylates [92]. Copyright
2025, Nature. (b) Crystal structures of HTAM-112-Li/Na/K/Rb/Cs [93]. Copyright 2025, American Chemical Society.
(¢) Net-coded organic building blocks for the assembly of shp-, alb-, and their derived networks [94]. Copyright 2025,
American Chemical Society. (d) A hetero-SBB strategy for the synthesis of uru-MOF [95]. Copyright 2024, Nature.

2.1.3. Defective Engineering

Traditionally, crystal defects have been regarded as detrimental factors that compromise material
performance. However, for MOFs, research has revealed that moderate, ordered defects can create novel
functionalities unattainable in perfect crystals—akin to a “transmutation of base metal into gold”. Through
intentional and controlled introduction of structural defects into MOF crystal lattices, their physicochemical
properties—such as pore environment, electronic structure, stability, and catalytic active sites—can be precisely
engineered. Defect engineering has transformed MOFs from materials pursuing “perfection” into customizable
“functional platforms”.

Defects in MOFs primarily occur in the ligands. The absence of linkers generates larger mesopores (2-50 nm),
overcoming the inherent limitation of MOFs being dominated by micropores (<2 nm). This facilitates the transport
and diffusion of macromolecules. Yet constructing MOF materials with precisely tailored pore sizes for specific
applications remains challenging. In 2017, the Zhou team reported a method termed “linker labilization” which
builds upon linker installation and solvent-assisted ligand doping [96,97]. Linker labilization represents the reverse
of linker installation. In this process, MOF is first synthesized using the pro-labile linker and coordinatively
saturated clusters. Under acidic conditions, these pro-labile organic linkers undergo cleavage, breaking apart into two
monocarboxylate fragments that can be removed, thereby generating defects within the framework (Figure Sa).
Researchers constructed MOF materials containing varying proportions of pre-deactivated linking groups. By
rationally controlling the content of pre-stabilized linkers and acid concentration, the maximum pore size was
adjusted from 1.5 nm to 18 nm. It is demonstrated that this method can generate layered porous MOF's under stable
conditions. Similarly drawing on linker labilization principles, Huang’s team employed the pre-unstable linker
4,4’-oxalyldibenzoate (ODB), which fractures under acidic conditions to decompose into two removable
monocarboxylic acid molecules [98]. This precisely creates defect sites within the framework, representing a more
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sophisticated defect-building approach compared to traditional decarboxylation or chemical etching (Figure 5b).
To conclusively validate these engineered defect structures, the researchers employed aberration-corrected
scanning transmission electron microscopy combined with low-dose high-angle annular dark-field STEM imaging
technique. By visualizing defects such as vacancies and distortions caused by missing linkers or metal nodes within
the crystal structure, they clearly distinguished between pristine crystals and defect-bearing structures. The use of
defect-rich d-Zr-ODB-hz as a support for Pd furnished the fully hydrogenated alkanes with complete selectivity.
Merely altering the defect structure within the MOF carrier enabled switching of the catalytic reaction pathway.
The introduction of defects fundamentally altered the catalyst’s electronic properties and reaction
microenvironment, ultimately enabling precise “switching” control over catalytic selectivity.

Beyond linker defects, ligand vacancies at metallic nodes can generate unsaturated metal sites. Yang’s team
introduced metal vacancies into the 12-connected {Tis} rings via a titanium-deficient source, accompanied by
uncoordinated carboxylate oxygen, resulting in the formation of MIL-125 defects [99,100]. These sites function as
inherent “structural defects”. MIL-125-X (X = Mn, Fe, Co, Ni, Cu, Zn), were synthesized by decorating the metal
vacancies in MIL-125-defect with single-atom metal centers such as Zn(II) (along with Mn, Fe, Co, Ni, Cu) (Figure 5c).
The focus of this work is on the most promising MIL-125-Zn. The introduction of defects does not merely create
additional adsorption sites but precisely modulates the chemical environment within the MOF’s pores. The
decorated single-atom Zn(II) sites act as open metal sites with strong Lewis acidity, enabling potent electrostatic
interactions with benzene’s w electron cloud and enhancing benzene capture efficiency. MIL-125-defect and MIL-
125-Zn were subjected to /n situ FTIR spectroscopy to probe their structural evolution upon incremental benzene
loading (Figure 5d,e). Following benzene adsorption, characteristic peaks associated with the Zn(II) sites exhibited
shifts, which provided the evidence of the interaction between benzene and these metal centers. Through sophisticated
defect engineering, conventional “structural defects” can be transformed into highly efficient adsorption sites. The
Xu group prepared a quasi-MOF, quasi-NigPBA, by controllably removing some ligands [101]. This material retains
the basic framework of the parent MOF while creating a large number of unsaturated metal coordination sites
(Figure 5f). Partial ligand removal exposes nickel sites previously occupied by ligands, transforming them into
highly reactive unsaturated coordination sites. This structure enabled highly efficient electrooxidation of 5-
hydroxymethylfurfural to 2,5-furandicarboxylic acid.
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Wiley; (¢) Schematic of a single atomic Zn(II) site modifying a defect in MIL-125; (d) In situ FTIR for MIL-125-
defect; (e) In situ FTIR for MIL-125-Zn [100]. Copyright 2024, Nature; (f) [llustration of the synthetic routes and
structures of quasi-NisPBA and NisBDP [101]. Copyright 2025, American Chemical Society.

2.2. Post-Synthesis Processing Method

The direct synthesis approach exhibits limitations in terms of functional group compatibility. Many
functional groups sensitive to temperature, acidity/alkalinity, or solvents cannot withstand the reaction conditions
required for one-pot synthesis. Consequently, when target functionality necessitates the introduction of such
sensitive groups, post-synthesis modification strategies demonstrate their unique value.

Many of the functional groups—such as unstable reactive groups or large chiral groups—cannot withstand
the high temperatures, strong acids/bases, or solvent conditions required for one-pot MOF synthesis [102,103].
Post-synthesis processing, which allows for the initial synthesis of a stable parent MOF bearing “reactive handles”
(e.g., -NHy, -OH, -CHO), enables the introduction of these sensitive groups under milder conditions.['* The core
concept of post-synthetic modification involves constructing the framework first, followed by the functionalization
of its interior [66]. Based on a pre-synthesized MOF (referred to as the parent MOF), further chemical or physical
treatments are applied to alter its chemical composition, pore environment, or surface properties without
completely destroying its core crystal framework.

2.2.1. Self-Assembly

Self-assembly differs from the traditional one-pot method in that it emphasizes a stepwise, dynamic assembly
process [105]. Rather than settling for the synthesis of a static framework, it focuses on developing a dynamic,
intelligent “processing” technology that actively guides MOF materials toward their intended structure and
function through stepwise operations or external stimuli [106]. Building higher-order macroscopic structures or
materials using porous MOF nanoparticles as assembly units is a cutting-edge area in current MOF research [107].
Assembly-induced synthesis combines the multiple advantages of nanomaterials and porous materials: precise
construction of multi-pore systems, high functional integration and tunability, flexibility in morphology and
macroscopic structure, significantly enhanced stability, and mechanical properties [108—112].

Metal micro/nano-structured arrays have important applications in sensing, catalysis, metamaterials, and
other fields [113,114]. Uniformly sized polystyrene or silica microspheres can self-assemble into structurally
ordered monolayers (colloidal crystal templates), and combined with electrochemical, wet chemical, thermal
evaporation, and other material growth methods, various micro/nano-structured arrays can be obtained. In this
process, colloidal crystal templates function as masks or molds (Figure 6a). While traditional micro/nano
fabrication methods can produce complex micro/nano structure arrays, they are time-consuming and costly. To
achieve more complex micro/nano structure arrays, new functions of colloidal crystal templates must be
developed. Yang et al. discovered a previously unidentified guided growth function of MOF templates, which can
direct the electrochemical growth of metals under MOF templates, thereby forming nano-patterns identical to the
metal surface (Figure 6b) [115]. They utilized gas/liquid interface self-assembly to prepare a single-layer film of
UiO-66 octahedral particles, which features a large area and uniform structure (Figure 6¢). The single-layer UiO-
66 octahedra floating on the water surface display vibrant rainbow colors, indicating their ordered arrangement.
This induced growth mode demonstrates strong universality, applicable to various MOF particle films and the
electroplating of multiple metals.

Monodisperse colloidal inorganic nanoparticles (NPs) can form ordered superstructures through self-
assembly. Compared with randomly stacked NPs, 2D superstructures can improve the exposure of reactants and
accelerate mass transfer. The proposed aqueous colloidal ice template strategy successfully self-assembles MOF
NPs into 2D quasi-ordered superstructures [116]. As shown in Figure 6d, the self-assembly process does not
require any external fields. Monolayer and bilayer structures of MOF nanoparticles can be readily obtained through
precise adjustment of their colloidal concentration. By rapidly freezing the MOF suspension in liquid N, and
forming self-assembled superstructures through freeze-drying, monodisperse truncated rhombic dodecahedral
ZIF-8 (TR-Z8) nanoparticles were synthesized. TR-Z8-1 NPs are stacked in an ordered manner within the self-
assembled monolayer (Figure 6¢). The prepared TR-Z8-2 exhibits a well-ordered bilayer structure (Figure 6f). The
ice-template method can be extended to the preparation of superstructures for various MOFs.

In the context of green chemistry and future industrial applications, traditional solvent-thermal methods are
energy-intensive, time-consuming, and difficult to scale up. The Jiang research group employed a low-energy
synthesis strategy induced by seed crystals, introducing the same crystal nuclei of the target product to trigger
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surface growth during synthesis, thereby avoiding the high-energy nucleation stage and achieving MOF synthesis
under mild conditions [117]. Taking Zr-based MOFs as an example, the researchers selected four representative
structures—Ui0-66, UiO-66-NH,, MOF-808, and DUT-67—and first obtained seeds under solvothermal
conditions at 100-120°C. These seeds were then introduced into the corresponding reaction systems at lower
temperatures to facilitate crystal growth. The MOFs continued to grow epitaxially on the seeds, exhibiting a
significantly higher growth rate compared to conventional low-temperature solvothermal synthesis (Figure 6g).
MOFs synthesized at 50°C or even room temperature exhibit crystallinity and porosity comparable to those of the
seeds, with porosity even exceeding that of MOFs synthesized under traditional solvothermal conditions.
Traditional synthesis methods often struggle to achieve the controlled preparation of complex nanostructured
single-crystal MOFs, particularly in terms of maintaining single-crystal properties while introducing multi-level
pore structures and complex topological morphologies. Li’s team proposed a new method called “site-specific
anisotropic assembly and etching co-mediation” [118]. This strategy breaks away from a conventional approach
of relying solely on growth or etching, instead finely tuning the balance between the two to successfully synthesize
a series of structurally intricate single-crystal MOF nanostructures, such as hexapods, nested nanocages, and
octopods. Starting with ZIF-8 nanocubes, the researchers selectively grew mesoporous silica (mSiO,) nanosheets
on the {100} crystal faces of the ZIF-8 nanocubes while selectively etching the {100} crystal faces, thereby
preliminarily constructing cube-shaped ZIF-8&mSiO, nanohybrids. By finely tuning the balance between growth
and etching, the researchers successfully transformed the cubic hybrids into more complex hexapod hybrid
structures. They then selectively removed the mSiO; layers via alkaline etching, yielding structurally complex and
aesthetically pleasing single-crystal MOF nanoparticles (Figure 6h). This method allows for secondary epitaxial
growth, enabling the construction of core-shell structures or multi-component heterojunctions. The resulting
complex nanostructures successfully incorporate a multi-level pore system while maintaining single-crystal
integrity. The single-crystal nature ensures the material’s excellent structural stability and ordered pores, while the
multi-level pore system facilitates material transport and diffusion.
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Figure 6. (a) Colloidal lithography mask and molding growth method. (b) Guided growth method of MOF
lithography. (¢) Assembly of UiO-66 octahedral particles at the gas/liquid interface [115]. Copyright 2023, Nature;
(d) Schematic diagram of ice template self-assembly strategy for constructing mono- and bilayer MOF
superstructures. (¢) SEM images of TR-Z8-1 monolayer. (f) SEM images of TR-Z8-2 bilayer [116]. Copyright
2022, American Chemical Society. (g) Schematic diagram of crystal seed-induced MOF synthesis [117]. Copyright
2025, Wiley. (h) Evolution diagram of MOF nanohybrids and single-crystal MOFs [118]. Copyright 2025, Wiley.
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2.2.2. Acid/Alkali Adjustment

The chemical action of acids or bases enables the controlled creation of defects, modification of pore
structures, and even morphological transformations within MOFs [119-121].

The core principle of acid/alkali adjustment lies in exploiting the differing stability of various chemical bonds
within the MOF framework toward acids or alkalis, selectively breaking specific bonds to achieve precise control
over transitions from localized defects to overall structural transformations [122].

Acid adjustment primarily targets the metal-oxygen bonds within the metal-oxygen clusters [123]. The H" in
acids compete with metal nodes in the MOF for coordination sites, protonating and coordinating with basic groups
(such as carboxylate ions) bound to the metal and causing the weakening and breaking of metal-ligand coordination
bonds [124]. The soft template method is an exciting candidate approach for constructing mesoporous MOFs
owing to its attractive features of tunable mesoscopic structure and adjustable pore size [125]. By regulating the
interfacial tension between surfactant micelles and MOF subunits through coordinate bonding, their controlled co-
assembly can be achieved, thereby enabling the precise embedding of micelles within the MOF framework [126].
However, excessively strong interactions increase tension, leading to mismatches between crystallization process
and the co-assembly of micelles with MOF framework building blocks [127].

In 2025, Li’s group reported the synthesis of uniform single-crystal mesoporous MOF nanoparticles.
Leveraging a synergistic acid-mediated assembly strategy, these nanoparticles feature well-ordered mesochannels
embedded within a microporous framework [128]. HCl and CH3;COOH served as structural tension modulators to
obtain the mesoporous UiO-66 (Figure 7a). This strategy operates by harmonizing structural forces across both
the microscopic (MOF crystallization) and mesoscopic (micelle/MOF co-assembly) scales. This process allows
precise control over MOF crystallization kinetics, synchronizing it with micelle assembly dynamics and MOF
growth. Field-emission scanning electron microscopy (FESEM) characterization shows that the resulting
nanoparticles exhibit uniform distribution and adopt a truncated octahedral crystal structure featuring eight
hexagonal faces and six square faces (Figure 7b). The mesoporous structure, characterized by an ordered hexagonal
arrangement, is clearly observable on the crystal faces. The HCI/CH3COOH ratio in the assembly system offers
precise control over the particle size of single-crystal mesoporous UiO-66. As HCI/CH3COOH ratio increased
from 4:6 to 8:2, the particle size exhibited a significant decrease trend from 1 pm to 45 nm (Figure7c). Powder X-
ray diffraction (PXRD) patterns confirm the crystallinity and phase purity of the mesoporous MOFs, matching the
simulated fcu-type UiO-66 structure. Diffraction peaks broadened with increasing HCI/CH3;COOH ratio, further
indicating reduced particle size. Small-angle X-ray scattering (SAXS) patterns of meso-UiO-66 reveal that the
two-dimensional hexagonal microstructure (p6mm) is also preserved.

They employed Avrami—Erofe’ev model to study the crystallization kinetics of single-crystal meso-UiO-66
nanoparticles (Figure 7d,e). When CH3COOH was used alone, the MOF crystal precursor underwent a short 8-
min induction period followed by extremely rapid crystallization (Figure 7f). Under these conditions, mesopores
were not observable in the resulting MOF nanoparticles. Conversely, when HCl was used alone, the MOF
crystallization process was nearly halted. The crystallization rate of single-crystal mesoporous UiO-66 decreased
from 0.068 min ! to 0.047 min ! as the HCI/CH3COOH ratio increased from 4:6 to 6:4. This was accompanied by
a reduction in crystal diameter from ~1 pm to ~325 nm, while well-preserving the ordered mesophase. Further
increasing the HCI/CH3COOH ratio to 7:3 led to a shorter induction time (6 min), a slower crystallization rate
(0.041 min"), and finer grains of ~105 nm. This indicates that both HC1 and CH;COOH are essential for the
formation of mesoscopic UiO-66 in single crystals. Therefore, strong and weak acids jointly mediate a synergistic
assembly mechanism for mesoscopic MOF formation in single crystals. CH;COOH serves to control the
framework crystallization rate, while HCI promotes the micelle-MOF co-assembly, thereby achieving a synergistic
balance. (Figure 7g—i). Without HC1 and CH3COOH, the samples exhibit an amorphous state lacking ordered
mesoscopic structures. Strong inorganic acids inhibit MOF subunit crystallization while promoting surfactant
micelle assembly, whereas weak organic acids exert the opposite effect.

The primary targets of base adjustment are organic ligands, particularly those containing chemical bonds
unstable toward bases. OH™ can attack and cleave ester bonds, amide bonds, and other functional groups within
ligands, initiating nucleophilic substitution reactions. MOFs featuring open metal sites have emerged as promising
catalysts due to their well-defined and protected active centers, yet the integration of highly polarized components
like sulfide bridges or metal-sulfur clusters remains scarcely explored [129—131]. By utilizing the stable topology,
extensive structural databases, and mild synthesis of pre-formed MOFs, post-synthetic modification enables
precise alteration of bridging groups (Figure 8a) [132]. Xie et al. employed post-synthesis modification techniques
to convert chlorine ligands into hydroxides, which were transformed into sulfide groups, thereby embedding metal-
sulfur active sites within MOFs [133]. They selected a class of MOFs (M>CIL,BBTA, M = Co, Ni) featuring one-
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dimensional (1D) metal-chloride chain structures, where chlorides serve as bridging ligands, forming well-defined
and easily replaceable bridging structures (Figure 8b). The conversion of chlorides to SH groups with hydrogen
sulfide was slow and incomplete, hindered by the reversible equilibrium driven by the HCI byproduct.
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Figure 7. (a) Diagram of the synergistic assembly strategy using strong and weak acids for synthesizing single-
crystal meso-MOFs. (b) FESEM characterization of meso-UiO-66 fabricated via cooperative strong/weak acid-
mediated assembly. (¢) Characterization of meso-UiO-66 synthesized with different ratio of HCI/CH3COOH. (d)
Crystallinity (a) as a function of reaction time for meso-UiO-66 nanoparticles synthesized at different
HCI/CH3COOH ratios. (e) The linear fitting of the crystallization kinetics curves. (f) Rate constant & at different
HCI/CH3COOH ratios. (g—i) Diagram of the microscopic (black, a) and mesoscopic (red, f) kinetic profiles for
different HCI/CH3COOH systems: (g) CH3COOH only; (h) HCI only; and (i) their mixture, with « and § denoting
crystallinity and mesoscopic orderliness, respectively [125]. Copyright 2025, Nature.

To overcome this limitation, the authors treated the chlorine-containing MOF with potassium hydroxide,
converting bridging chloride anions into bridging hydroxyl groups. This yielded the resulting MOF product, named
M,(OH),BBTA (Figure 8c). By employing /n situ pair distribution function (PDF) data acquisition, the authors
successfully achieved direct observation of the temporal evolution of the framework’s local ordered structure.
Local changes occurred almost immediately upon contact with high-concentration KOH solution (Figure 8d). The
approximately 15-s delay observed after experiment initiation was attributed to dead volume in the sample
environment upstream of the sample. The rapid conversion from Co,ClL,BBTA to Co,(OH),BBTA was further
confirmed by ex situ PDF studies conducted using more dilute media. After five cycles of exposure to trace KOH,
ligand exchange in the local ordering of metal nodes was observed through changes in peak intensity in the PDF
data: the intensity of the Co—ClI bond peak diminished, while that of the Co—O bond peak increased (Figure 8e).
The sulfidation process of Co,(OH),BBTA was initiated by /n situ generation of H,S using NaSH and acidified
water as precursors, with the gas delivered to the sample via nitrogen carrier. Similar to the transition from Co—Cl
to Co—OH species, local rearrangement at the metal center also occurred rapidly within minutes after gas flow
reached the sample (Figure 8f). In the present study, the synthesis challenge of metal-sulfur MOFs was resolved,
and the sulfur ligand-regulated electronic effects demonstrate universal applicability for developing highly
efficient hydrogenation catalysts.

2.2.3. Thermal Solid-State Conversion

MOFs themselves are highly ordered porous crystals composed of metal nodes and organic linkers. When
heated, their components and structures undergo a series of transformations [35,64,134,135]. Thermal solid-state
conversion employs pre-engineered MOFs as “sacrificial templates” or “precursors”. By precisely controlling
heating temperature and duration, this post-synthesis modification strategy induces chemical conversion of the
MOF precursor in the solid state, yielding new phase materials. This approach ingeniously leverages the structural
and compositional design flexibility of MOFs to achieve precise “top-down” control over material morphology,
composition, pore structure, and functionality. It enables the synthesis of novel functional materials that are
difficult to produce via conventional solution-based methods.

Titanium metal-organic frameworks (Ti-MOFs) exhibit high stability and excellent optoelectronic properties,
but their applications remain limited due to insufficient titanium content and a scarcity of accessible pores [136—138].
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Since the discovery of the first Ti-MOF—MIL-91—in 2006, research in this area has been scarce, primarily
because titanium chemistry in solution is difficult to control [139]. The reported Ti-MOFs all exhibit low
condensation degrees (oxo/Ti < 1), a key parameter in titanium chemistry for evaluating the properties of Ti—O
compounds [140]. Higher ratios indicate that the Ti—~O compound’s properties approach those of TiO,. Up to now,
only a limited number of Ti—O cluster structures have been stably incorporated into MOF frameworks. Exploring
new structural assembly strategies, particularly expanding the range of stable Ti cluster building blocks, has
become crucial for advancing Ti-MOF development.
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Figure 8. (a) Post-synthetic modification for attaching polarizable sulfur groups to MOFs. (b) M2C1.BBTA with

1D metal chains. (¢) Stepwise post-synthesis route for embedding metal-sulfur active sites in M2(SH)2BBTA. (d)

Time-dependent PDF data of Co2C1. BBTA under KOH flow. (e) PDF data of Co.C1.BBTA before and after cycling

with 0.1 M KOH. (f) In situ PDF data of Co2(OH):BBTA under HzS flow [133]. Copyright 2025, Nature.

In 2018, Takashi Uemura et al. synthesized the 3D porous Ti-MOF (MIL-177-LT) via simple refluxing [141].
It exhibits exceptional stability under strongly acidic conditions. Moreover, MIL-177-LT undergoes a phase
transition to the high-temperature form MIL-177-HT upon thermal induction, forming 1D infinite Ti—O subunits
(TigO9)n with an unprecedented maximum condensation degree of 1.5 while retaining a highly crystalline porous
structure (Figure 9a). MIL-177-LT irreversibly transforms into MIL-177-HT upon calcination at 280°C for 12 h
(Figure 9b). MIL-177-LT comprises Ti;20;5 cluster SBUs with a high condensation degree of 1.25, while MIL-
177-HT achieves an unprecedented maximum condensation degree of 1.5 (Figure 9¢,d). Following the irreversible
thermal phase transition, all formic acid groups in the original structure are eliminated, and the Ti—O bond
connections undergo an unusual rearrangement while retaining large hexagonal channels (Figure 9e).
Subsequently, preliminary photoconductivity tests demonstrate that the one-dimensional infinite Ti-O nanowire
SBUs in MIL-177-HT can produce photoconductivity comparable to that of bulk TiO,.

MIL-125 stands as one of the most extensively studied representative structures among titanium-based MOFs
due to its outstanding stability and photocatalytic performance. Constructed from TigOs(OH)4(OOC),; clusters and
terephthalic acid (BDC) ligands, MIL-125 exhibits a highly ordered crystalline topological structure [142,143].
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However, the structural diversity of Ti-MOFs remains limited [144,145]. To date, only a small number of Ti-
oxygen clusters have been stably incorporated into MOF frameworks, primarily due to the incompatibility between
conventional solvothermal conditions and the stable coexistence of multiple Ti clusters [146,147]. Yuan team
demonstrated a thermally solid-state synthesis strategy, utilizing the crystal-to-crystal transformation of MIL-125
and its functionalized derivatives to synthesize novel Ti-MOFs, named the MIL-125-R-HT (R = Naph, Br,, Me,,
Anph, COOH, NH; or NO,) series [148]. The phase transition temperature and crystallinity of MIL-125-R-HT are
controlled by functional groups on the linkers, which influence the rotational flexibility required for cluster
rearrangement and the thermal stability needed to prevent framework collapse (Figure 9f). Within the MIL-125-
R-HT series, the naphthalene-functionalized variant (MIL-125-Naph-HT) exhibits the highest crystallinity. SEM
images reveal that the pancake morphology of MIL-125-Naph (~1 pum) is well preserved after thermal treatment,
indicating a crystal-to-crystal transition (Figure 9g). The high crystallinity maintained in MIL-125-Naph-HT
enabled three-dimensional electron diffraction (3DED) data collection, yielding a crystal structure with a
resolution of approximately 1.0 A. The reconstructed 3D reciprocal lattice originates from two distinct crystals
(Figure 9h). A key structural difference between the MIL-125-Naph and MIL-125-Naph-HT phases is the
transformation of TigOg(OH)4(OOC);; clusters into TigO1o(OOC);, clusters. In the high-temperature phase, each
Ti3019(O0C);, cluster comprises four pairs of edge-shared TiOs octahedra connected via p,-O and ps-O bridges,
forming a 12-fold connection node (Figure 9i). In MIL-125-Naph-HT, each TizO core is bridged by 12 Naph
linkers, forming a framework with an fcu topology (Figure 9j,k). The structural evolution of MIL-125-Naph during
heating was monitored by in situ variable-temperature powder X-ray diffraction (VT-PXRD). Above 330°C, the
diffraction pattern rapidly transformed into that characteristic of MIL-125-Naph-HT (Figure 91). Between 290—
330°C, broad, weak diffraction peaks were observed, attributed to the coexistence of different cluster types resulting
from incomplete phase transformation and disruption of long-range order. After the transformation was completed
above 330°C, the diffraction peaks re-sharpened, indicating the restoration of an ordered lattice (Figure 9m). The
authors propose that this phase transition is driven by dehydration of hydroxyl groups within the
TisO3(OH)4(OO0C);, clusters of MIL-125-Naph. To validate this hypothesis, thermogravimetric analysis coupled
with mass spectrometry (TG-MS) was performed (Figure 9n). The MIL-125-Naph sample exhibited three distinct
weight loss steps. A gradual 7.0% weight loss occurred between 200 and 400°C, accompanied by H,O release.
The mass spectrum revealed immediate CO, generation following H>O release, indicating partial decarboxylation
after dehydration. Consequently, the heat treatment temperature for synthesizing MIL-125-Naph-HT was
controlled at 330°C to ensure complete phase transformation while avoiding linker degradation. This strategy
successfully transformed the TisO3(OH)4(OOC);; cluster into the TigO19(OOC);; cluster, previously reported only
in discrete molecular clusters, achieving the first stable incorporation of this cluster structure into a MOF crystal.
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Figure 9. (a) Thermally induced structural transformation of MIL-177 MOFs; (b) PXRD comparison between
MIL-177-LT and MIL-177-HT; (¢) Adjacent Tii2O15 cluster SBUs with terminal and bridging formates (red)
connected by ligands (gray); (d) Adjacent infinite ultrathin (TicO9)n nanowires with a thickness of 1 nm connected
by ligands (gray); (e) Channels between the (TicO9)n nanowires array running along the c-axis with a diameter of
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0.9 nm [141]. Copyright 2018, Nature; (f) PXRD patterns of relevant MIL-125 materials; (g) SEM images of MIL-
125-Naph before and after thermal phase transition; (h) 3D reciprocal lattice of reflections in panel reconstructed
from the 3DED data set of MIL-125-Naph-HT from two individual crystals; (i) Structural description of MIL-125-
HT; (j) pores of MIL-125 and MIL-125-HT; (k) The fcu topological network of MIL-125-HT; (I) VT-PXRD
patterns of MIL-125-Naph; (m) Stacked diffraction patterns and contour plot for MIL-125-Naph and MIL-125; (n)
TG-MS curves of MIL-125-Naph [148]. Copyright 2025, American Chemical Society.

3. Catalytic Degradation of Waste Plastics by MOFs

The selective conversion of waste plastics into high-value organic compounds using catalytic technology to
achieve resource utilization has become a research hotspot in recent years [149—151]. MOFs possess highly tunable
crystalline structures, enabling precise design of pore dimensions, shapes, and surface chemistry. This facilitates
selective adsorption and confinement of reactants, intermediates, and products, thereby providing an ideal
microenvironment for specific catalytic reactions. Furthermore, MOFs interact with plastic polymer chains via their
highly dispersed active sites, including Lewis acid sites, Bronsted acid sites, and metal-oxygen clusters [152-154].
Under mild reaction conditions, MOFs effectively activate C—C or C-O bonds [155,156]. Leveraging their
structured pore confinement effects, they guide oriented cleavage of plastic molecules, converting them into high-
value monomers, liquid fuels, or other chemicals [157,158].

However, when employing MOFs for catalytic reactions, their tolerance under various reaction media and
conditions must be thoroughly evaluated—particularly their resistance to degradation behaviors like
depolymerization. Enhancing the thermal stability, chemical stability, and hydrolytic stability of MOFs represents
the current frontier and core challenge in this field [159,160]. Systematically evaluating MOF stability in catalytic
environments not only aids in identifying the true catalytic active species but also determines whether the catalyst
can achieve multiple cycles of reuse [120,161,162]. Should MOFs undergo ligand detachment, metal ion leaching,
or framework disintegration during reactions, it becomes not only challenging to distinguish genuine active species
but also impedes accurate comprehension of their catalytic mechanisms. This is crucial for advancing MOFs from
fundamental research to practical applications.

3.1. Pyrolysis

Pyrolysis is a practical method for large-scale processing of mixed contaminated plastics, converting them
into petrochemical products with industrial value [163,164]. Pyrolysis technology utilizes thermochemical
reactions to degrade macromolecular plastic polymers into low-molecular-weight hydrocarbons under high-
temperature conditions (350-900°C) in an oxygen-free or oxygen-deficient environment [165]. While acidic
zeolites have long served as conventional catalysts for polyolefin pyrolysis, research on polymer catalysts—
represented by MOFs—for promoting polymer depolymerization is gaining increasing attention [166,167]. MOFs
exhibit higher porosity than zeolites and have been extensively studied as catalysts for forward polymerization
reactions, suggesting untapped potential in depolymerization applications [168,169]. Compared to fully inorganic
heterogeneous pyrolysis catalysts, the advantage of isoreticular synthesis strategies lies in their rational design
capabilities for precisely tailoring catalytic active sites and pore sizes, thereby efficiently achieving targeted
reaction activity [170].

In 2024, the Lim group demonstrated that UiO-66 with linker defects serves as an effective catalyst for
polyolefin pyrolysis, enhancing liquid and gas product yields while suppressing undesirable char formation [171].
It is known that UiO-66 remains stable at 450°C, though this is below typical pyrolysis temperatures [159]. Yet,
UiO-66 theoretically exhibits high reactivity, leading the research team to hypothesize that the reactivity of its
unsaturated Zr nodes could lower the required pyrolysis temperature. The decomposition reaction of polyolefins
occurs at the Lewis acidic Zr nodes without precious metal involvement (Figure 10a). The resulting products are
aliphatic hydrocarbons, differing from the distribution of aromatic-rich hydrocarbon products generated by
molecular sieve catalysis [172,173]. To evaluate the stability of the UiO-66 catalyst under pyrolysis conditions,
researchers characterized the post-pyrolysis metal-organic framework residue using X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD analysis revealed that despite the presence of partially amorphous
pyrolytic carbon residues, the characteristic diffraction peaks of UiO-66 remained clearly visible with only minor
shifts (Figure 10b). No new peaks were observed, indicating no phase transition occurred. It is expected that
polyethylene can enter the UiO-66 structure under similar conditions, given its larger pore window (67 A)
compared to the well-studied polyethylene pyrolysis catalyst HZSM-5 (5.5 A) (Figure 10c).
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Figure 10. (a) UiO-66 with linker defects for pyrolysis of polyolefins; (b) XRD patterns and TEM images of UiO-
66 before and after pyrolysis; (¢) Illustration of HDPE strand infiltration into UiO-66 pore; (d) DSC thermogram
of the UiO-66 mixture with HDPE; (e) 'H 2D spin-exchange NMR spectrum (1H SQ/1H SQ homonuclear
correlations) of UiO-66 and HDPE after heating to 350°C; (f) Modelled reaction profile illustrating the C—C bond
cleavage catalyzed by unsaturated sites on a Zr atom [171]. Copyright 2024, Wiley.

To this end, the researchers first employed differential scanning calorimetry (DSC) to investigate
polyethylene’s ability to permeate into UiO-66 material under elevated temperatures. Since polymers confined
within MOF pores do not contribute to the phase transition enthalpy of bulk polymers, the enthalpy measured per
cycle indicates the amount of bulk polymer outside the MOF pores, thereby indirectly reflecting the amount of
polymer entering the MOF pores. A physical mixture of activated UiO-66 and HDPE was heated to 200°C—
sufficient to melt the polymer but well below its pyrolysis temperature—and held for 15 min to allow polymer
penetration into the MOF (Figure 10d). Successive heating and cooling cycles of the UiO-66/HDPE system
revealed a progressive reduction in the enthalpy changes of melting and crystallization. This evidence confirms
the permeation of HDPE into the MOF framework upon melting. At temperatures closer to pyrolysis, the
anticipated greater fluidity of the polymer and the flexibility of the UiO-66 framework prompted the team to
employ a suite of solid-state NMR techniques to provide further evidence of polyolefin permeation into the MOF.
After annealing a mixture of HDPE and UiO-66 for 2 h at 350°C under a nitrogen atmosphere, the 'H 2D spin-
exchange NMR ('H SQ/'H SQ homonuclear correlations) spectrum of the mixture clearly displayed a cross-peak,
indicating intermolecular interactions between the polymer and MOF ligands (Figure 10e). DSC and solid-state
2D NMR studies indicate that polyolefins enter the pores of UiO-66 under pyrolysis conditions. This access allows
the coordination-unsaturated nodes to act as catalytic sites while efficiently leveraging the material’s extensive
internal surface area. To validate the feasibility of their proposed mechanism, they employed n-decane as a
polyethylene chain segment simulant and performed truncated cluster model calculations on the UiO-66. First, a
zirconium alkyl complex is formed via a cooperative metallization-deprotonation process at a quaternary ring
transition state (TS1). Subsequently, a low-energy bimetallic transition state (TS2) is reached, where adjacent Zr
atoms at the node provide an empty coordination site. This transition state represents the rate-limiting step, yet
remains slower than the rate of C—C bond cleavage. The reaction proceeds through TS3, restoring the zirconium
moiety to its initial state and efficiently cleaving the starting alkane into a terminal alkene and a shorter alkane.
Given that numerous MOFs exhibit thermal stability comparable to or exceeding that of UiO-66, coupled with
pore sizes sufficient for polymer permeation, bottom-up MOF design offers multiple avenues for regulating
pyrolytic reactivity and product selectivity. This study demonstrates the versatility of MOFs, which have been
extensively studied for both ortho-polymerization and now effectively for depolymerization, opening new avenues
for developing these multifunctional porous materials for waste plastic upgrading.

https://doi.org/10.53941/sen.2026.100004 16 of 36



Suetal. Sustain. Eng. Novit 2026, 2(1), 4

3.2. Hydrogenolysis

The technological approach of converting plastic waste into monomers or other high-value-added products
has garnered significant attention in recent years, with its core objective being the realization of full-cycle recycling
throughout the plastic lifecycle [174,175]. PET, serving as the primary raw material for manufacturing fibers,
beverage bottles, and food packaging, has seen its global annual production exceed 70 million tons, making it a
key focus for developing efficient recycling solutions [176]. Several common chemical processes for PET
degradation, such as hydrolysis and alcoholysis, require substantial amounts of solvents and degradation agents,
high reaction pressures, and the resulting oligomer byproducts are often difficult to separate [177-180]. The
emergence of hydrogenolysis has thus become a more attractive strategy for deconstructing PET.

For industrial-scale catalytic processes, the most important performance parameters are the high conversion
rate and high selectivity of the target product, as well as the high stability and reusability of the catalyst [181,182].
In catalyst development, amorphous catalysts often pose challenges for structural characterization due to their lack
of long-range ordered structures, thereby limiting in-depth analysis of catalytic mechanisms [183,184]. In contrast,
structurally defined crystalline catalysts typically feature uniformly distributed active sites. This not only facilitates
revealing the essence of catalytic processes but also offers new avenues for enhancing catalytic efficiency and
selectivity through structural design and active site regulation [185,186]. As star materials among coordination
polymers in recent years, MOFs have demonstrated catalytic capabilities for hydrolysis, oxidation, and
esterification reactions due to their Brensted and Lewis acid sites at metal nodes [36,187-189]. UiO-66 within the
Zr-MOFs family stands as one of the MOFs materials with the highest known thermochemical stability [190]. It
not only exhibits high synthesis yields and large-scale production capabilities but also demonstrates significant
potential for industrial applications, laying the foundation for its role as a potential industrial platform [191,192].

To thoroughly investigate whether Zr-MOFs can be used for deconstructing polyester plastics, the Farha team
employed UiO-66 to conduct degradation reactions on waste PET plastic [193]. They mixed PET waste fragments
(derived from plastic bottles) with 5 mol% UiO-66 powder in a vial and heated the mixture at 260°C under 1 atm
H, for 24 h (Figure 11a). The collected transparent and green PET waste was directly exposed to UiO-66 without
solvents. The products formed after the hydrogenolysis reaction sublimated and solidified at the top of the flask
(Figure 11b). The products were confirmed as terephthalic acid (TA) and mono-methyl terephthalate (MMT) via
"H and '3C NMR spectroscopy (Figure 11c). PXRD analysis of the post-catalysis UiO-66 revealed that while the
crystallinity of the sample was retained, significant changes occurred in peak positions and intensities. Two new
peaks appeared at 7.45° and 8.74°, indicating partial structural alteration of the catalyst (Figure 11d). Previous
studies by Guillerm et al. revealed that when zirconium salts react with TA, MIL-140A is the thermodynamic
product, while the UiO-66 phase is the kinetic product [194]. Peak fitting analysis of the post-catalytic UiO-66
sample’s PXRD pattern simultaneously identified characteristic peaks of both UiO-66 and MIL-140A. The
nitrogen adsorption-desorption isotherm clearly showed a decrease in the specific surface area of the catalyzed
UiO-66 (Figure 11¢). SEM images reveal an alternative possibility: these images indicate a morphological change
in the UiO-66 grains. Prior to the reaction, the grains exhibited an octahedral structure, which transformed into a
rod-like morphology after catalysis—a morphology similar to that of MIL-140A (Figure 11f-h). Generally, esters
and polyesters undergo thermal degradation via -scission at elevated temperatures (Figure 11i). The higher yield
observed under H, conditions suggests an alternative pathway, potentially involving hydrogenolysis, as reported
in other studies [195].

Considering that the main reaction product TA is also an organic linker of UiO-66, they speculate that linker
exchange may occur during degradation. To investigate this possibility, they performed PET degradation reactions
using Ui0-66-F and UiO-66-NH, (Figure 11j). These materials share the same zirconium-based node structure as
UiO-66 but employ 2-fluoroterephthalic acid (TA-F) and 2-aminoterephthalic acid (TA-NH,) as linking groups,
respectively. 'H NMR spectra revealed approximately 80% TA-F presence originating from UiO-66-F, indicating
that during catalysis, the TA-F linker in UiO-66-F could be replaced by the PET degradation product TA. This
process induces a phase transition in the MOF crystal, transforming it into MIL-140A. In contrast, UiO-66-NH,
does not permit linker exchange with TA under identical conditions, retaining its original morphology and structure
throughout the reaction. They speculate this linker transformation stems from differing acid dissociation constants
(pKa) among the linkers. Linkers with higher pKa values form stronger linker-metal bonds within the MOF,
making them more resistant to exchange [196]. TA, TA-F, and TA-NH; are 3.49, 2.86, and 3.95, respectively.
This indicates that TA-F can be exchanged by TA, whereas exchanging TA-NH, with TA is significantly more
challenging—particularly under conditions of extremely low substituent concentration.

Based on this, they propose a plausible reaction pathway for UiO-66-catalyzed degradation of PET (Figure 11k).
First, UiO-66 catalyzes [-scission to generate intermediates 1 and 2. Next, intermediate 2 can undergo
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hydrogenolysis with H, to yield 1 and ethylene, or undergo hydrolysis in the presence of water in the system to
yield 1 and acetaldehyde as the main products. Finally, intermediate 1 undergoes further decomposition via steps
1, i, and iii (main pathway) or via other side reactions during pyrolysis (minor pathway), ultimately forming TA
and MMT. These discoveries reveal the multifunctional application characteristics of Zr-MOFs while also
establishing the important position of MOFs as novel polymer degradation catalysts, thereby providing innovative
solutions to tackle persistent challenges in plastic waste treatment.
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Figure 11. (a) Schematic diagram of UiO-66 catalytic degradation of PET; (b) The degradation process of
discarded PET bottles; (¢) Reaction formula for MOFs-catalyzed PET degradation; (d) PXRD patterns; (e) N2
isotherms; (f) SEM image of UiO-66; (g) SEM image of UiO-66 post-catalysis under H> for 24 h; (h) SEM image
of MIL-140A; (i) Thermolysis of polyesters via p-scission; (j) [llustration of structural phase transitions and linker
exchange phenomenon in catalyst degradation processes; (k) Reaction mechanism of UiO-66 catalyzed degradation
of PET [193]. Copyright 2022, Wiley.

3.3. Glycolysis

Glycolysis of waste plastics constitutes a chemical recycling method, specifically denoting the process
whereby polyester plastics (such as PET) are decomposed into their monomers using ethylene glycol (EG) as both
solvent and reactant under catalytic conditions [197,198]. With the characteristics of low reaction temperatures,
mild conditions, stable yields, and scalability, the glycolytic method represents the most suitable process for
decomposing PET at commercial scale [199]. For heterogeneous catalysts, achieving high-quality
depolymerization into the bis(hydroxymethyl) terephthalate (BHET) remains challenging. This is primarily due to
the low specific surface area of existing heterogeneous catalysts, which hinders the access of catalytic sites to the
PET chains [200]. Consequently, this limitation restricts the overall activity of the glycolysis reaction. The
emergence of MOF materials with large specific surface areas and high porosity holds promise for achieving highly
efficient PET glycolysis reactions [201].

As early as 2017, Suo et al. pioneered the investigation of MOFs for PET degradation [202]. They synthesized
three MOFs (ZIF-8, ZIF-67, and MOF-5), and the ZIF-8 with the largest specific surface area exhibited the
strongest catalytic activity. Under ZIF-8 catalysis, PET pellets underwent complete depolymerization at 197°C
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within 1.5 h, yielding BHET monomers as the primary product alongside minor dimer formation (Figure 12a).
Thermal gravimetric analysis (TGA) of the three synthesized materials revealed excellent thermal stability across the
glycolysis temperature range (160-200°C), with ZIF-8 exhibiting the highest thermal stability, as demonstrated in
Figure 12b. Analysis of the NH3- temperature programmed desorption (NH3-TPD) curves revealed that ZIF-8
exhibited the strongest acidic sites, which facilitates the depolymerization of PET (Figure 12c). The high specific
surface area and acidity of ZIF-8 account for its superior catalytic performance compared to ZIF-67 and MOF-5.
Previous studies have investigated the catalytic activity of different metal ions during PET degradation. For instance,
Ghaemy and Mossaddegh established an activity order for their catalysts as Zn?* > Mn?" > Co?" > Pb*" [203].

However, owing to the relatively large size of the polymer chains compared to the micropores, PET polymer
chains cannot penetrate the internal structure of ZIF-8 nanoparticles. This prevents the interfacial MOF-polymer
active sites from catalyzing PET glycolysis. Consequently, the Lee team utilized triethylamine to synthesize dual-
pore ZIF-8 (DPZIF-8) nanoparticles with mesoporous and microporous structures, thereby forming highly
effective MOF-polymer catalytic reaction sites [204]. DPZIF-8 catalyzed PET glycolysis at 180°C for 4 h,
achieving a PET conversion rate of 91.7% and a BHET yield of 76.1%—substantially higher than conventional
ZIF-8 catalysts (Figure 12d). To address the PET conversion limitations of the large-pore MOF catalyst, Wu’s
team investigated metal azo salt framework-6 (MAF-6) in 2021 [205]. MAF-6 differs from ZIF-8 structurally by
merely one methylene group in the imidazole ligand, yet its pore diameter (16.7 A) is larger than that of ZIF-8
(11.6 A) [206]. Moreover, the minimized energy of the degradation process allows dimer molecules to diffuse into
MAF-6’s pore structure (Figure 12¢). The abundant active sites within this structure accelerate the reaction rate,
achieving a maximum PET conversion of 92.4% and a BHET yield of 81.7%. MAF-6’s larger pore size enables
selective diffusion of dimers into the pores, where they are converted into BHET monomers. The corresponding
degradation mechanism is subsequently proposed, as illustrated in Figure 12f. Zinc ions within MAF-6 act as
Lewis acids, catalyzing successive ester exchange reactions. EG, functioning as a nucleophile, attacks the carbonyl
carbon atom in PET via its hydroxyl oxygen, forming a transition state [207-209]. This further displaces the zinc
ion, disrupting the ester bond in PET. Through continuous repetition of these reaction steps, oligomers and dimers
are sequentially generated. Ultimately, the target monomer product BHET is formed.

To further overcome bottlenecks in the chemical recycling of polyester waste, Cao et al. proposed and
validated an innovative catalytic strategy based on ‘defect-engineered” MOF [210]. The research team ingeniously
designed and synthesized a zinc-based MOF nanotube catalyst (r-Zn-MOF74-NT) rich in active sites, exploiting
its ability to efficiently activate reaction mediators (EG and O,) under mild conditions. The »-Zn-MOF74-NT was
synthesized via a two-step process involving amorphous dissolution-recrystallisation-pyrolysis-reconstruction, as
depicted in Figure 12g. The formation of Zn-MOF74 nanotubes (Zn-MOF74-NT) resulted from the partial
dissolution of amorphous Zn-MOF74 in water. TEM characterization revealed the structural evolution of these
nanomaterials across synthesis stages. The average size of Zn-MOF74-NT was approximately 1-5 pm, with the
r-Zn-MOF74-NT structure comprising uniform nanoparticles (Figure 12h,i). The ESR spectrum in Figure 12j
further confirms the ESR signal (g = 1.950) arising from zinc defects [211]. Compared to Zn-MOF74-NT, the r-
Zn-MOF74-NT exhibits a significantly higher zinc defect concentration. /n situ synchrotron infrared spectroscopy
was employed to observe the temperature-dependent evolution of ethylene glycol’s characteristic functional
groups (Figure 12k). The catalyst and ethylene glycol were heated to 197°C for one hour within an infrared reaction
cell. Notably, the characteristic peaks of ethylene glycol hydroxyl groups adsorbed on the catalyst surface (v(C—
OH) at 1101 and 1051 cm™), S(C-O-H) at 1402 cm™' were markedly enhanced, indicating activation of the
ethylene glycol hydroxyl groups [212]. The hydroxyl signals at 3384 and 3159 cm ™! gradually diminished, indicating
that the primary hydroxyl groups in EG were activated by the r-Zn-MOF74-NT catalyst surface (Figure 121). This
peak intensity shift likely originates from the formation of O—H—Zn bonds, where hydroxyl groups directly interact
with zinc sites on the »-Zn-MOF74-NT surface. This bonding phenomenon reveals strong interactions between
EG and the catalyst, thereby effectively promoting EG activation in the glycolytic reaction. Combining In situ
characterization, they delineated the glycolytic reaction pathway of PET on r-Zn-MOF74-NT into the following
steps: (1) Ethylene glycol and oxygen molecules adsorb onto the r-Zn-MOF74-NT surface to form OOH* and
HOCH,CH,OH*; (2) Zinc vacancies within r-Zn-MOF74-NT activate the carbonyl oxygen of PET; (3)
HOCH,CH,OH* undergoes a nucleophilic attack on the carbonyl carbon of PET. Synergistic catalysis facilitates
the cleavage of PET’s C-O bond, progressively generating BHET (Figure 12m). This study demonstrates that the
r-Zn-MOF74-NT catalyst, rich in zinc defect sites, efficiently depolymerizes polyester waste into BHET. It is
also scalable to different types of PET waste and other polyester materials, exhibiting strong activity and stability.
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Figure 12. (a) Schematic illustration of ZIF-8-catalyzed glycolysis reaction of PET to BHET. (b) TGA curves. (¢)
NH;3-TPD curves [202]. Copyright 2017, Springer. (d) Schematic diagram of PET degradation by dual-porous ZIF-
8 [204]. Copyright 2024, Elsevier. (e) Size of MAF-6 and of the Dimer and Monomer (BHET). (f) Proposed
Reaction Mechanism for PET Glycolysis Catalyzed by MAF-6 [205]. Copyright 2021, American Chemical Society.
(g) Schematic diagram of the synthesis of »-Zn—-MOF74-NT. (h) TEM image of Zn-MOF74-NT. (i) TEM image
of »-Zn—-MOF74-NT. (j) ESR spectra. (k) Schematic illustration of /n situ high-temperature infrared spectrometry.
(1) In situ attenuated total reflectance (ATR) infrared spectra. (m) Schematic diagram of the atomic structure change
of Oz and EG on r-Zn—-MOF74-NT [210]. Copyright 2025, Wiley.

3.4. Photocatalysis

Chemical upgrading recycling embraces the principle of “closed-loop recycling”, not only transforming
waste plastics into value-added raw materials but fundamentally providing a sustainable solution to plastic
pollution [213,214]. Photocatalytic upgrading recycling technology, which utilizes solar energy to convert plastic
waste into high-value products, has emerged as an attractive solution due to its operational simplicity and
environmentally friendly characteristics [215]. To date, numerous photocatalysts—including TiO,, g-C3N4, and
Nb,Os—have been reported to convert plastic waste into fine chemicals [216-219]. However, the high energy
barrier required for plastic chain scission remains a constraint on overall photocatalytic efficiency [22]. To enhance
thermodynamic processes and advance the upgrading of plastic waste, the design and development of novel
catalysts are imperative [220-222]. As a current star material, MOFs have drawn significant research attention.
The metal nodes and organic ligands within MOFs can be precisely engineered and modulated like building blocks,
thereby optimizing light absorption, band structure, and catalytic activity [60,223]. The regular and highly
developed pore network within MOFs also provides abundant adsorption sites and reaction spaces for plastic
molecules, facilitating thorough contact between reactants and active sites [224-226].

Inspired by hydrolytic PET enzymes yet overcoming their inherent limitations, the Dou research team
proposed a nanozyme design strategy featuring asymmetric metal sites [227]. This nanozyme combines
photocatalytic properties, enabling effective depolymerization of polyester plastics. Based on selected MOF
catalysts, an asymmetric ligand substitution strategy was developed to construct defective MOFs with asymmetric
sites (Figure 13a). Unlike MIL-101 synthesized solely from 2-aminoterephthalic acid, the defective D-MIL-101
incorporates both symmetric 2-aminoterephthalic acid and asymmetric benzoic acid in varying proportions during
synthesis (Figure 13b). The differing electronic configurations and coordination environments of adjacent
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Fe’™%/Fe’* sites confer excellent catalytic activity upon the material. From the SEM images, the defect-bearing D-
MIL-101 retains the pristine morphology of MIL-101, exhibiting a highly dispersed rhombohedral octahedral
structure (Figure 13c). As shown in Figure 13d, photocatalytic degradation of various PET wastes using D-MIL-
101 yields products comprising terephthalic acid (TPA) and ethylene glycol (EG). By adjusting the content of 2-
aminoterephthalic acid and benzoic acid ligands, D-MIL-101 (60%) was ultimately determined to exhibit the
optimal conversion rate. The yields of EG and TPA obtained using D-MIL-101 (60%) as a photocatalyst were
higher than those achieved with MIL-101 and enzymes (Figure 13e). Comparison with other photocatalysts
revealed that the optimized D-MIL-101 sample exhibited superior catalytic performance (Figure 13f). Adhering
to a structure-function integrated design philosophy, the research team synergistically coupled the biomimetic
catalysis of nanozymes with the photocatalytic properties of MOFs. This work not only pioneers a new direction
for MOF catalyst structural design but also offers novel insights for the chemical recycling of polyester plastics.
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Figure 13. (a) Substitution strategy for asymmetric ligands. (b) Schematic diagram of the synthesis process
incorporating 2-aminoterephthalic acid and benzoic acid to yield D-MIL-101. (¢) SEM images of MIL-101 and D-
MIL-101 (60%). (d) Recycling of discarded PET products. (e) Yields of TPA and EG in the enzyme, MIL-101 and
D-MIL-101 (60%) reaction system. (f) Comparison of photocatalytic performance for PET degradation between
D-MIL-101 (60%) and previously reported photocatalysts [227]. Copyright 2025, Wiley. (g) Calcination
conversion temperatures of UiO66-NHz, Zn-UiO66-NHz, and ZnO/UiO66-NHa, respectively. (h) TGA curves of
Ui066-NH2 and Zn-UiO66-NHa. (i) Structural models of of UiO66-NHz, Zn-UiO66-NHz, and ZnO/UiO66-NHa,
respectively. (j) Acetic acid yield. (k) Acetic acid yield measured in the absence of light, photocatalyst, and PLA
under various catalysts. (I) Transient photocurrent responses. (m) Transient photocurrent responses and electron

spin resonance spectra of DMPO-+O2" [228]. Copyright 2023, Wiley.

Additionally, Dou’s team had previously investigated the use of a partial calcination strategy to prepare
heterojunction structures for the photocatalytic degradation of plastics [228]. TGA curve was first employed to
study the calcination transformations of UiO66-NH, and Zn-UiO66-NH,. As depicted in Figures 13g,h, the
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structure of Zn-UiO66-NH, becomes unstable beyond 346°C, with zinc sites undergoing /n situ conversion to zinc
oxide at this temperature, thereby forming a ZnO/UiO66-NH, heterojunction structure. This strategy preserves the
framework structure of UiO66-NH>, forming ultramicroscopic ZnO particles distributed within the skeleton. It
altered the microporous structure of the MOF, generating mesopores within the ZnO/UiO66-NH, composite
(Figure 131). The prepared ZnO/UiO66-NH, simultaneously contains both micropores and mesopores (10-30 nm).
Afterwards, they evaluated the photocatalytic activity of the prepared photocatalyst using polylactic acid (PLA)
plastic as the target material. Compared to ZnO, Zn/ZrO,, and UiO66-NH,, the ZnO/UiO66-NH; heterojunction
exhibited the highest acetic acid yield (Figure 13j). This indicates that the high specific surface area obtained at an
appropriate calcination temperature is crucial for enhancing the catalytic activity of ZnO/UiO66-NH,. To highlight
the synergistic effects present in the ZnO/UiO66-NH, material during the upcycling of PLA, the research team
conducted a series of control experiments (Figure 13k). They tested both physically blended ZnO/UiO66-NH; and
the composite material ZnO/UiO66-NH,, yet the acetate yield remained significantly lower than that of the
heterojunction structure. This confirms that the strong bonding between zinc oxide and UiO66-NH, effectively
enhances the photocatalytic conversion performance for plastic degradation. Control conditions involving light
shielding and catalyst-free treatments confirmed that the photocatalytic degradation of PLA by ZnO/Ui066-NH,
is light-driven. To elucidate the mechanism underpinning the enhanced catalytic activity of ZnO/UiO66-NHo, they
further investigated electron and hole separation efficiencies via photoelectrochemical measurements (Figure 131).
Among these photocatalysts, ZnO/UiO66-NH, exhibited the highest current density, indicating that embedding
ultrafine ZnO particles within UiO66-NH; enhances electron-hole separation rates [229]. Electron spin resonance
(ESR) spectra revealed the strongest O, signal peak intensity for the ZnO/UiO66-NH, photocatalyst (Figure
13m), indicating that embedding ZnO within UiO66-NH, pores enhances plastic conversion activity. This work
provides a viable strategy for rationally designing heterojunction photocatalysts, while also offering insights into
understanding the photocatalytic valorization process of plastics.

4. Adsorption of Microplastics by MOFs

Waste plastics remain persistent in the environment. In 2004, the concept of “microplastics” was first
introduced in academic journals, specifically referring to plastic fragments smaller than 5 mm in diameter [230].
Within natural water bodies or soil environments, microplastics (MPs) are generated through natural processes
such as degradation by ultraviolet light, mechanical fragmentation, and hydrolysis, originating from the breakdown
of plastic products [231-234]. The presence of MPs in drinking water, foodstuffs and infant products has
heightened concerns regarding adverse impacts on human health [235-237]. The key to tackling microplastic
pollution lies in controlling its sources, a point that has gained global consensus [238,239]. However, source
control often constitutes a protracted relay race, demanding sustained commitment across generations [240].
Against this backdrop, developing novel removal technologies may offer a more operationally feasible approach
yielding short-term results [241].

Currently, MPs removal primarily relies on two technical approaches: adsorption and conversion [224].
Adsorption encompasses physical adsorption and filtration; conversion refers to transforming target pollutants into
high-value-added chemicals through chemical or biological processes [242,243]. In recent years, adsorption
techniques have gained recognition as an effective method for microplastic removal, owing to the development of
adsorbents exhibiting strong affinity and high selectivity [244,245]. Micro-mechanism studies indicate that
efficient removal is achieved through the combined action of multiple mechanisms between adsorbents and
microplastics, including electrostatic adsorption, hydrogen bonding, n-r stacking, hydrophobic interactions, and
complexation [246-249]. Against this backdrop, MOF materials demonstrate significant potential as ideal
adsorbents [250]. Their structurally tunable nature enables synergistic adsorption of diverse pollutants through
multiple mechanisms. These organo-inorganic hybrid materials possess controllable composition, structure, and
morphology, facilitating material modification.

As a proof of concept, Xu’s team innovatively evaluated ZIF-67, achieving adsorption and removal of
polystyrene microplastics (PS MPs, <10 um) from water samples [251]. Considering ZIF-67’s stability, optimal
adsorption conditions were established at pH 8.0 (Figure 14a). The results demonstrated that ZIF-67 exhibited
favorable adsorption activity towards PS MPs, with an adsorption capacity of 34.5 mg g !. Further analysis
indicated that hydrogen bonding interactions, n-n stacking, and electrostatic interactions played crucial roles in the
adsorption of PS MPs by ZIF-67 in aqueous solutions [226,252,253]. To better investigate the interactions between
functional groups and MP composition, Lan’s team selected melamine foam (MF) as an ideal substrate for loading
stable Zr-MOFs. This approach was extended to various functional MOF systems (UiO-66-X, where X = H, NHa,
OH, Br, and NO,) to study their microplastic removal performance [254]. MF, with its interpenetrating structure
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and numerous functional sites, provides an ideal platform for anchoring Zr-MOFs, ensuring rapid solvent passage
and enabling thorough contact between microplastics and the framework (Figure 14b). Furthermore, the highly
stable UiO-66-X is uniformly distributed across the MF framework, thereby demonstrating high contact potential
for interactions between microplastics and MOFs. As observed in Figure 14c, five stable MOFs can be constructed
by adjusting the ligand substituents of the Zr-MOF. To evaluate the potential of these foam materials for
microplastic removal, the research team investigated their potential interactions by measuring the zeta potentials
of different MOF's with microplastics. Measurements revealed that UiO-66-OH in Figure 14d exhibited a higher
zeta potential than other MOFs, demonstrating strong interactions with microplastics. The prepared UiO-66-
OH@MF material demonstrated higher removal efficiency for microplastics (Figure 14e). They confirmed that
functional groups within Zr-MOFs further facilitated hydrogen bonding or van der Waals interactions with
microplastics. The UiO-66-OH@MF material demonstrated the most effective microplastic removal, achieving an
efficiency of 95.5 = 1.2%.
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Figure 14. (a) Schematic diagram of ZIF-67 adsorption of PSMPs with increasing pH [251]. Copyright 2022,
Multidisciplinary Digital Publishing Institute. (b) Schematic diagram of foam materials based on MOF for the removal
of microplastics. (¢) The structure of UiO-66-X (X = H, NHz, OH, Br and NOz). (d) The { potentials for various Zr-
MOFs and microplastics. (e) The removal efficiency of UiO-66-X@MF [254]. Copyright 2020, Royal Society of
Chemistry. (f) The preparation process of nano-Fe@ZIF-8. (g) A schematic diagram of using nano-Fe@ZIF-8 for
magnetic extraction of microplastics. (h—j) The adsorption process of polystyrene microspheres as a model for
microplastics [255]. Copyright 2022, Elsevier. (k) Flowchart of PS adsorption by Fe;0s@CMC-MIL-101-NHa. (1)
Schematic illustration of the interaction between CMC, MIL-101-NHz and PS [256]. Copyright 2025, Elsevier.

Beyond pure MOFs, MOF-based composites have recently emerged as adsorbents for removing emerging
environmental pollutants. Maya’s team developed the first magnetic porous nanomaterial combining n-butylamine
with inorganic modifiers (Figure 14f), synthesizing Nano-Fe@ZIF-8 via a room-temperature aqueous method [255].
Researchers evaluated the performance of this magnetic porous nanocomposite for removing microplastics and
endocrine disrupting phenolic compounds from water samples (Figure 14g—j). The Nano-Fe@ZIF-8 nanoparticles
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achieved a removal efficiency of >98% for PS microspheres at a high concentration of 25 mg L-1 within 5 min.
Given the characteristics of this magnetic removal process, the prepared material can also be used to extract and
analyze MPs from environmental samples, thereby guiding future research directions. Chen et al. designed and
synthesized engineered magnetic metal-organic frameworks (Fe;Os@carboxymethyl cellulose, CMC-MOFs) for
adsorbing micro/nanoplastics, systematically investigating the structure-dependent adsorption behavior of the
composite material towards microplastics [256]. Among these, Fe;04@CMC-MIL-101-NH, demonstrated
outstanding removal efficiency (98.0% achieved within 240 min) and adsorption capacity (240.6 mg g!). This
magnetic structural design overcomes the limitations of conventional powdered MOFs, enabling rapid magnetic
separation within one minute (Figure 14k). The remarkable properties of this composite are attributed to the
combined action of its optimized framework and amino-functionalized surface. These dual characteristics act
synergistically to enhance van der Waals interactions and n-n stacking (Figure 141). By proposing a practical
strategy to improve recyclability, this work not only advances the use of metal-organic frameworks for
micro/nanoplastic remediation but also ensures their potential for high-value reuse in food purification processes.

5. Conclusions and Outlook

In summary, the unique structures, exceptional properties, and functional diversity of MOFs endow them
with remarkable application potential, positioning these materials at the forefront of contemporary materials
science research. Over the past decade, significant progress has been made in the design, synthesis, and
mechanistic characterization of novel MOFs [257-259]. Against this backdrop, this review focuses on synthesis
strategies, systematically analyzing the dominant roles of kinetic and thermodynamic parameters in MOF growth.
It further reveals how these parameters, through the regulation of nucleation and growth steps, ultimately dictate
key material characteristics such as pore size, structure, configuration, and crystallinity. The discussion
comprehensively covers a wide range of preparation methods, from traditional to cutting-edge. The combination
of porosity, high specific surface area, and easily accessible active sites makes MOFs promising catalysts, placing
them at the forefront of research in waste plastic valorization and microplastic degradation in recent years [260].

Numerous studies have confirmed the outstanding efficacy of MOF-based catalysts—including pristine
MOFs, composites, and their derivatives—across various catalytic processes such as thermal, photo-, and
electrocatalysis [261,262]. These materials efficiently catalyze the depolymerization of waste plastics into valuable
monomers, fine chemicals, or fuels, while also degrading microplastics into harmless products through the
generation of highly reactive oxygen species [263]. The structural tunability of MOFs enables precise pore
engineering and functionalization, allowing for the optimization of their catalytic activity, selectivity, and stability,
thereby offering vast potential for the targeted conversion of plastic waste [171]. Through interdisciplinary
innovation spanning chemistry, materials science, and engineering, MOF-based catalytic technology is poised to
play a pivotal role in advancing the circular economy for plastics and building a sustainable society [264,265].

In the coming years, waste plastic recycling technology is expected to achieve a qualitative leap, manifested
not only in enhanced processing efficiency but also through a fundamental innovation in the entire recycling model.
The following key areas will provide the core driving force for this transformation (Figure 15).
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Figure 15. Schematic diagram illustrating the challenges and future development directions of MOFs as catalysts
in waste plastic recycling.
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5.1. AI-Driven High-Throughput Design and Structural Optimization

Achieving a paradigm shift from empirical exploration to rational design is crucial for the future of this field.
The core pathway lies in the deep integration of artificial intelligence and high-throughput computational
simulations. By leveraging machine learning models to thoroughly uncover the structure-property relationships,
we can reversibly design novel MOF catalysts with tailored pore microenvironments, active sites, and stability.
The ultimate goal of this research is to precisely align MOF structures with their functions, enabling the full-
process optimization from selective adsorption to efficient catalytic cleavage of plastic macromolecules, thereby
fundamentally enhancing reaction conversion efficiency and product selectivity.

5.2. Reusability and Stability Enhancement of MOF Catalysts

The long-term stability and economic feasibility of catalysts are fundamental prerequisites for their scaled
application. Thermal stability is a critical prerequisite for the application of MOFs in various plastic thermal
conversion processes, such as pyrolysis and gasification. Design strategies to enhance stability primarily focus on
intrinsic structural reinforcement. The use of metal ions with high coordination bond strength serves as the
foundation, while increasing the rigidity, aromaticity, and denticity of organic linkers can significantly strengthen
the framework. Chemical stability, pertaining to the structural integrity of MOFs in aqueous, acidic, alkaline, and
organic solvent environments, demands precise design tailored to specific reaction conditions. Introducing
hydrophobic groups into the ligands or grafting hydrophobic molecules onto the pore surfaces through post-
synthetic modification can substantially reduce water affinity within the pores, effectively inhibiting framework
hydrolysis mediated by water. There is an urgent need to systematically investigate the deactivation mechanisms
of MOFs under complex reaction conditions—such as active site poisoning, framework collapse, or pore
blockage—and to develop efficient regeneration strategies based on mechanistic insights. Concurrently, it is
essential to explore dynamically responsive MOF materials that undergo controlled “reconstruction” during
catalysis to form more stable active structures. Alternatively, designing easily recoverable macroscopic
configurations, such as magnetic composites or monolithic catalysts, can significantly improve the practical
reusability of MOFs. These approaches represent critical pathways toward achieving sustainable operation of
MOF-based catalytic systems.

5.3. Novel Depolymerization Strategies for Mixed Plastic Waste

Plastic waste in real-world scenarios is inherently complex and heterogeneous, making the development of
robust catalytic systems capable of tolerating compositional diversity and impurity interference critically
important. Key directions include: (1) designing MOF catalysts with selectivity toward specific polymers to enable
the precise fractionation and sequential recovery of mixed plastics; and (2) developing novel coupled catalytic
approaches, such as photo-thermal and electro-thermal processes, which leverage synergistic effects between
different energy inputs to efficiently depolymerize mixed plastics under mild conditions. This will significantly
reduce energy consumption and minimize undesirable side reactions.

By advancing research in these cross-disciplinary frontiers, MOF-based catalysts are poised to become a
pivotal enabler of the closed-loop plastic economy, offering transformative solutions for the efficient valorization
of plastic waste.

The path to deploying MOF catalysts in real-world plastic waste valorization and microplastic mitigation is
paved with critical challenges.

5.4. Challenges in Elucidating the Mechanism of Action

A deep understanding of the interaction mechanisms between MOFs and microplastics is fundamental for
optimizing catalyst design and enhancing degradation efficiency. However, current research is constrained by
limitations in analytical techniques. Key microscopic processes remain unclear, including the adsorption behavior
of microplastics on MOF pore surfaces and the interfacial catalytic reaction pathways—particularly in
heterogeneous systems, such as the attack routes of reactive oxygen species and the chain-scission mechanisms of
microplastics. Among these, the pore structure and particle size of MOFs serve as two pivotal material parameters
that decisively influence catalytic performance, though the underlying mechanisms remain incompletely
elucidated. Pore size directly impacts the mass transfer efficiency, adsorption capacity, and confinement effect of
microplastic molecules or fragments within the channels, thereby regulating their contact probability with active
sites. Meanwhile, the particle size of MOFs governs their physical contact efficiency with microplastic particles,
dispersion properties, and the extent of active site exposure. To bridge this gap, a suite of advanced In situ
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characterization techniques must be developed and applied to monitor the dynamic MOF—microplastic interface
in real time under relevant reaction conditions. This approach will allow for the precise correlation of the catalyst’s
pore structure and particle morphology with its macroscopic degradation performance, establishing clear
structure—activity relationships to inform the rational design of high-performance catalysts. /n situ X-ray
absorption spectroscopy enables precise tracking of the evolution in electronic structure, coordination
environment, and local geometry of metallic active centers within metal-organic frameworks during reaction
processes. Neutron scattering and diffraction techniques, being highly sensitive to hydrogen atoms, are
exceptionally well-suited for investigating the restricted motion and diffusion behavior of microplastic polymer
segments within MOF channels, as well as the transport processes of reaction media such as water molecules. The
synergistic application of these techniques will enable us to track reaction intermediates in real time, elucidate the
dynamic evolution of active sites, and visualise interfacial processes.

5.5. Challenges in Scalability and Industrialization

The large-scale industrial application of MOF catalysts requires overcoming critical hurdles in reactor design
and process control. Reactor Design: Most high-performance MOF catalysts (e.g., »-Zn-MOF74-NT nanotube
catalysts for PET alcoholysis) have so far only been validated at the laboratory scale [210]. A major bottleneck
lies in developing industrial-scale reactors that fully leverage the catalytic efficiency of MOFs while ensuring
efficient mass/heat transfer and enabling continuous operation. This challenge is particularly pronounced for
catalytic processes involving external energy inputs, such as light (photocatalysis) or electricity (electrocatalysis).
Process Control and System Integration: The complexity of advanced catalytic systems demands precise control
over reaction conditions. Furthermore, the integration of MOF-catalyzed units with upstream plastic waste
pretreatment and downstream product separation/purification processes—coupled with the establishment of
intelligent control systems—is essential to achieving economic viability for the overall technology.

5.6. Bottlenecks in MOF Synthesis from Waste Plastics

The direct utilization of waste plastics (including microplastics) as feedstocks for MOF synthesis represents
an ideal pathway toward closed-loop plastic recycling. However, this approach faces challenges related to
feedstock complexity and process sustainability. Additive Interference and Feedstock Adaptability: Real-world
plastic waste contains complex additives—such as colorants, plasticizers, and stabilizers—that can occupy metal
coordination sites, block pores, or introduce impurities during MOF synthesis. These interactions significantly
compromise the crystallinity, porosity, and catalytic activity of the resulting MOFs. Carbon Emissions and
Process-Wide Evaluation: While using waste plastics to synthesize MOFs is inherently a carbon mitigation
strategy, the overall sustainability and economic feasibility of the process require systematic evaluation. It is
essential to conduct rigorous life cycle assessment (LCA) and techno-economic analysis (TEA) to quantify the
carbon emissions and environmental impacts across the entire value chain—from plastic waste collection to MOF
synthesis and catalytic application. Comparative analyses with conventional disposal methods or alternative
recycling technologies are needed to verify the genuine environmental and economic benefits of this route.

To conclude, the prospects for MOFs as depolymerization catalysts are broad. Their transition from
fundamental research to commercial adoption is imperative and relies on a strategic partnership between academia
and industry, a vital link for making scalable applications a reality.
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