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Abstract
Although lithium-ion batteries are emerging as one of the leading energy storage technologies due to their high 
energy density, high specific capacity, and fast charging speed, major challenges remain regarding the use of liquid 
electrolytes. These electrolytes directly affect the safety and durability of the batteries. While alternative materials 
such as rigid solid-state electrolytes have been developed to improve safety, they often suffer from poor ionic 
conductivity and inadequate interfacial contact with the electrodes. These issues hinder the production and 
widespread application of lithium-ion batteries. To overcome these disadvantages, quasi-solid-state electrolytes, 
which include both liquid and solid components, have been extensively researched. Among these, metal-organic 
frameworks (MOFs) with diverse morphological designs and porous structures are considered promising materials 
for the fabrication of high-performance quasi-solid-state electrolytes. This review summarizes recent research on 
MOF-based separators for lithium metal batteries, including native MOFs, MOF composites, and MOF derivatives. 
The fabrication processes and mechanisms for enhancing the electrochemical performance of each separator 
material are discussed. Furthermore, the prospects of this promising material for lithium metal batteries are 
provided.

Keywords: Quasi-solid-state electrolyte, metal-organic frameworks, Li-metal batteries, thermal stability, lithium-
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INTRODUCTION
The increasing demand for high-energy-density batteries in portable electronics, electric vehicles, and grid-
scale energy storage has driven the development of advanced lithium-based energy storage systems. 
Lithium-ion batteries (LIBs), widely used for their high energy density and long cycle life, typically rely on 
liquid electrolytes (LEs) due to their excellent ionic conductivity (~10-3 S cm-1)[1-4]. However, LEs suffer from 
inherent limitations, including high reactivity with lithium metal and cathode materials, decomposition at 
high voltages, and the risk of dendrite formation leading to short-circuiting and safety hazards[5-10]. These 
challenges have prompted significant research into alternative electrolyte systems.

The research on fabrication and application of quasi-solid-state electrolytes (QSSEs) has emerged as a 
promising approach, integrating the mechanical stability of solid-state electrolytes (SSEs)[11], with the high 
ionic conductivity of LEs. QSSEs consist of a porous solid matrix infused with a small amount of LEs, 
offering improved thermal stability, enhanced mechanical properties, and effective lithium dendrite 
suppression[12,13]. Among the various solid matrices explored, metal-organic frameworks (MOFs) have 
attracted significant attention due to their high porosity, tunable pore structure, and chemical versatility, 
making them ideal hosts for LE confinement in quasi-solid-state lithium metal batteries (QSSLMBs)[14-17].

MOFs, composed of metal nodes and organic linkers[18], provide a well-defined porous structure that 
facilitates efficient ion transport while maintaining mechanical robustness[19]. By tailoring MOF structures 
and surface functionalities, researchers have achieved enhanced ionic conductivity, uniform lithium-ion 
distribution, and improved interfacial stability within QSSEs[5,20,21]. Recent studies have demonstrated that 
MOF-based separators not only suppress lithium dendrites but also improve electrolyte retention and 
electrochemical stability, addressing critical challenges in QSSLMBs[15,17,22-28].

This review systematically explores the design, fabrication, and electrochemical performance of MOF-based 
separators in QSSLMBs. We discuss various MOF synthesis strategies, their structural characteristics, and 
their impact on battery performance. The review also examines MOF-based separators in different 
configurations, including pristine MOFs, MOF composites, and MOF derivatives. Furthermore, we 
highlight theoretical and experimental insights into ion transport mechanisms within MOFs and their role 
in mitigating common battery failure modes. Finally, we discuss challenges and future directions for the 
commercialization of MOF-based separators, including cost considerations, scalability, and environmental 
impact. By providing a comprehensive analysis of recent advancements, this review aims to guide future 
research on MOF-based QSSEs, facilitating the development of next-generation high-performance lithium 
metal batteries (LMBs).

A BRIEF INTRODUCTION OF QSSLMBS
QSSLMBs combine the high energy density of lithium metal anodes with the improved safety of QSSEs[29,30]. 
Unlike traditional LE-based LIBs, QSSLMBs use QSSEs that reduce leakage, flammability, and dendrite 
formation risks[31,32]. These electrolytes, often polymers, gels, or composites, maintain structural integrity 
while facilitating lithium-ion transport[29,33]. This design enhances safety, enables high electrochemical 
performance, and extends cycle life[1,34], making QSSLMBs promising for next-generation energy storage in 
applications such as electric vehicles and portable electronics[2,35].
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Basic configuration
QSSLMBs consist of several key components that combine advantages of solid and LEs. The lithium metal 
anode provides a high theoretical capacity (3,860 mAh g-1) and low electrochemical potential (-3.04 V vs. 
standard hydrogen electrode)[36,37]. The cathode, typically lithium intercalation materials (e.g., 
LiNi1-x-yCoxMnyO2 (NCM), LiFePO4 (LFP), carbon/S)[3,38,39], enables reversible lithium-ion insertion and 
extraction. QSSEs, sandwiched between the anode and cathode, play a critical role in QSSLMBs, 
distinguishing them from all-solid-state batteries. QSSEs are typically hybrid materials, incorporating LEs 
within a solid framework, such as porous inorganic materials or solid organic matrices, ensuring high ionic 
conductivity while providing excellent thermal and mechanical stability[40,41]. The configurations of several 
typical QSSLMBs are illustrated in Figure 1.

The QSSE facilitates efficient ion transport while minimizing leakage, flammability, and dendrite growth 
risks[31,42]. The separator, usually a microporous membrane, prevents short-circuit between the anode and 
cathode[43]. MOF-based separators are particularly promising due to their thermal stability, tunable pore 
size, and high ionic conductivity[21,44-46]. Current collectors, typically copper for the anode and aluminum for 
the cathode, enable efficient electron transport[47].

Key design considerations for QSSLMBs include optimizing electrolyte composition for conductivity and 
stability[48], treating the anode surface to reduce dendrites[41], and using advanced cathode materials to 
enhance energy density and cycle life[1,49,50]. This integration of materials science and electrochemical 
engineering aims to overcome the limitations of conventional lithium-ion and solid-state batteries[51,52].

Working principle
In QSSLMBs, the QSSE is typically a solid matrix (e.g., polymers, inorganic particles, MOFs) infused with a 
LE, thus facilitating ion transport[13,53,54], suppressing dendrite growth[55,56], enhancing electrode contact for 
improved ionic conductivity[57,58], and stabilizing the solid electrolyte interface (SEI) to prevent continuous 
electrolyte decomposition[59,60].

During discharge, lithium ions move from the lithium metal anode through the QSSE to the cathode, while 
electrons flow through the external circuit[61]. During charging, lithium ions return to the anode and deposit 
as lithium metal[62-64]. Ion transport occurs through the liquid-filled QSSE pores, enabling electrochemical 
reactions and delivering power to devices[65].

The solid matrix reduces electrolyte leakage and dendrite-induced short circuits, improving battery safety, 
cycling stability, and lifespan[66-68]. Overall, QSSLMBs function similarly to conventional LIBs, as depicted in 
Figure 2, offering a balance of electrochemical efficiency and mechanical stability.

Ionic transport mechanism
Ion transport in QSSLMBs is crucial for their performance and efficiency. QSSEs typically consist of a solid 
matrix infused with LEs, facilitating continuous ionic pathways, reducing interfacial resistance, and 
promoting uniform ion distribution[31,48,69-71].

Lithium ions (Li+) migrate through the QSSE by hopping between available sites in the solid matrix, 
influenced by the structural and chemical characteristics of the electrolyte material[72-76] [Figure 3A]. 
Incorporating MOFs into the QSSE enhances ion transport due to their high porosity, large surface area, 
and tunable pore structures. Functionalized MOFs lower the activation energy for ion hopping, improving 
mobility[77-82].
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Figure 1. Schematic illustration of QSSLMBs assembled with: (A) Quasi-solid polymer electrolyte (QSPE) and NCM/LFP cathode; (B) 
QSPE and S cathode; (C) MOF-based QSSE and NCM/LFP cathode. (A) is quoted with permission from Fang et al.[49]; (B) from Wang 
et al.[50]; and (C) from Chang et al.[13]. QSSLMBs: Quasi-solid-state lithium metal batterie; NCM: LiNi1-x-yCoxMnyO2; LFP: LiFePO4; MOF: 
metal-organic frameworks; QSSEs: quasi-solid-state electrolytes.

LEs in the QSSE further improve ionic conductivity by ensuring continuous ion flow and reducing 
interfacial resistance. This liquid phase also mitigates dendrite formation and electrolyte degradation, 
enhancing cycling stability [Figure 3B][13,83-86].

Ion transport in MOF-based QSSEs depends on the morphology and crystallinity of MOFs. High 
crystallinity and well-defined pores create continuous conduction pathways, boosting ionic conductivity[87-90] 
[Figure 3C]. The tunable MOF structures allow for incorporating dopants or secondary phases, improving 
conductivity and stability[91-93].

Electrode-electrolyte interfaces also play a critical role in ion transport. Engineering these interfaces reduces 
charge transfer resistance and enhances performance. In MOF-based QSSEs, modifying MOF surface 
chemistry or adding interfacial layers improves adhesion and ionic contact, minimizing impedance 
[Figure 3D][75,94-98].

Both experimental and theoretical studies provide insights into Li+ transport in MOF-based QSSEs. 
Solid-state nuclear magnetic resonance (NMR) reveals complex interactions between Li+, anions, and the 
MOF framework[99]. Molecular dynamics (MD) and grand canonical Monte Carlo simulations identify 
solvent-assisted hopping as the primary conduction mechanism in MOF-688[100,101]. MOF-688(Mn) was 
developed based on X-ray crystal structures, with MOF-688(Al) synthesized by substituting Mn3+ with Al3+ 
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Figure 2. Schematic of the working mechanism of a gel-polymer-based lithium battery. This figure is quoted with permission from Liang 
et al.[65].

to study metal ion effects on conduction[102,103]. MD analysis identified three Li+ motions: intra-cluster 
hopping, inter-cluster hopping, and bulk diffusion in propylene carbonate [Figure 3E]. Three models, 
Green-Kubo (GK), Nernst-Einstein (NE), and single-mechanism hopping, were used to evaluate ion 
conduction [Figure 3F][103]. GK measurements aligned with experimental results, confirming Li+ hopping 
between polyoxometalate clusters as the dominant conduction mechanism, with minimal contribution from 
bulk diffusion.

In summary, ion transport in QSSLMBs involves a complex interaction of material properties, structural 
design, and interfacial engineering, offering enhanced ion transport through their unique structural and 
chemical features. The combination of experimental and theoretical approaches has advanced the 
understanding of ionic conduction in MOF-based QSSEs, facilitating the optimization of QSSLMBs for 
high-energy-density applications.

Current challenges
QSSLMBs offer a promising path to high-energy-density and safer energy storage. However, several 
challenges remain. A major issue is achieving high ionic conductivity in QSSEs. While LEs typically show 
conductivities of 10-3 to 10-2 S/cm[104,105], maintaining comparable conductivity when integrated into a solid 
matrix is difficult. The rigid solid matrix, often polymers, inorganic particles, or MOFs, limits ion 
mobility[106-108]. Ensuring uniform distribution and retention of the liquid component is also vital to prevent 
phase separation and leakage, which can cause performance degradation and safety risks.

Lithium dendrite formation during cycling is another key challenge, as dendrites can penetrate the 
separator, leading to short circuits and thermal runaway. While the solid matrix of a QSSE can inhibit 
dendrite growth, its effectiveness depends on the mechanical properties and material uniformity[109-111]. The 
QSSE must endure the mechanical stress of lithium plating and stripping while maintaining flexibility to 
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Figure 3. Schematic illustration of: (A) Li-ion transport via hopping effect in the solid-matrix channels of QSSLMBs; (B) The importance 
of liquid components in surface engineering of QSSE; (C) The effect of Li-MOF on lithium-ion conduction and the crystallinity of the 
polyethylene oxide (PEO) matrix; (D) Improvement of the adhesion and ionic contact for better Li-ion transport by modifying the surface 
chemistry of the MOFs; (E) Three proposed Li conduction mechanisms in MOF-based QSSEs; (F) Ionic conductivities of MOF-688(Mn) 
and MOF-688(Al) obtained from experimental measurements, and theoretical calculations using Green-Kubo relations (GK), Nernst-
Einstein equation (NE), and simple hopping model (hopping). (A) is quoted with permission from Chang et al.[13]; (B) from Zheng 
et al.[86]; (C) from Zhang et al.[90]; (D) from Zhang et al.[97]; (E and F) from Hou et al.[103]. QSSLMBs: Quasi-solid-state lithium metal 
batterie; QSSEs: quasi-solid-state electrolytes; MOF: metal-organic frameworks.

accommodate volume changes during cycling. Additionally, developing QSSEs capable of forming a stable 
and uniform SEI is crucial for preventing electrolyte decomposition and ensuring long-term cycling 
stability[112,113].

Interfacial stability between the QSSE and the electrodes is another area of concern. The interfaces must 
facilitate efficient ion transport and prevent detrimental side reactions. While much attention has been 
devoted to the challenges posed by lithium metal anodes due to their high reactivity and propensity for 
unstable interfaces[108,114,115], the QSSE-cathode interface also presents significant challenges. Poor contact, 
interfacial side reactions, and the structural instability of cathode materials during cycling can lead to 
increased interfacial resistance and capacity degradation[116-118]. Strategies such as surface coatings, functional 
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interlayers, and MOF modifications can improve interfacial compatibility and reduce resistance at both 
electrode interfaces. However, these approaches introduce complexities and potential new failure modes 
that must be carefully addressed.

The fabrication and scalability of QSSEs with consistent and reproducible properties also present significant 
challenges. The synthesis of MOFs with desired porosity and chemical functionality requires precise control 
over the conditions, and scaling up these processes for industrial production can be complex and 
costly[33,110,119-121] [Figure 4]. While Ni-based MOFs have been widely explored, other metal precursors, such 
as Zn, Zr, and Cu, offer alternative design possibilities, each with distinct cost implications. For instance, 
Zr-based MOFs tend to have higher raw material costs due to the expense of zirconium precursors, whereas 
Zn and Cu-based MOFs may provide cost advantages in large-scale production[122,123]. Furthermore, the 
choice of organic ligands, such as terephthalic acid, imidazolates, and carboxylates, can significantly 
influence the overall material cost and process efficiency[123,124]. Additionally, integrating MOFs into 
composite electrolytes must ensure uniform dispersion of the liquid component to maintain high ionic 
conductivity and mechanical stability. The cost and environmental impact of these advanced materials are 
further considerations, as MOFs and other solid matrix components often involve expensive and 
energy-intensive synthesis methods[33,40].

Thermal stability and chemical compatibility of QSSEs with the lithium metal anode and high-voltage 
cathodes are crucial for safe battery operation. The QSSE must endure high temperatures and reactive 
environments without degrading. While MOFs offer good thermal stability, they must be carefully selected 
and modified to prevent degradation under operational conditions[108,113]. Additionally, the QSSE must 
prevent side reactions with high-voltage cathodes to maintain performance and safety over extended 
cycles[51].

The long-term cycling stability and reliability of QSSLMBs also require extensive validation under 
real-world conditions. While laboratory tests show promise, practical applications demand rigorous testing 
for capacity retention, rate capability, and safety under various abuse conditions. QSSEs must sustain 
performance and safety over thousands of cycles to enable commercialization[114,125-127].

In conclusion, while QSSLMBs offer a promising route to safer and more efficient energy storage, 
addressing challenges in optimizing ionic conductivity, preventing dendrite formation, ensuring interfacial 
stability, achieving scalable fabrication, and maintaining thermal and chemical stability is essential. 
Continued research, particularly leveraging unique properties of MOFs, will be key to advancing QSSLMBs 
for practical use.

General strategies for designing QSSEs
Designing QSSEs for LMBs involves integrating innovative strategies to enhance ionic conductivity, 
mechanical stability, and electrochemical performance. One approach is incorporating a LE or ionic liquid 
into a solid inorganic electrolyte matrix, combining high ionic conductivity of the LE with structural 
stability of the solid matrix [Figure 5A][128]. For instance, Zhang et al. improved ion transport and 
suppressed dendrite formation by integrating a TFSI [bis(trifluoromethanesulfonyl)imide]-based ionic 
liquid into a garnet-like Li7La3Zr2O12 (LLZO) framework, achieving a stable and conductive QSSE[129].

MOF-based QSSEs leverage the high surface area, tunable porosity, and chemical versatility of MOFs 
[Figure 5B][130]. For example, Subramani et al.[131] incorporated Fe-MIL-101 into a poly(vinylidene fluoride-
co-hexafluoro propylene) (PVdF-HFP) quasi-solid polymer electrolyte (QSPE), enhancing ionic 
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Figure 4. (A) Raw material cost and utility cost required for Ni-based MOF’s synthesis; (B) Material cost contributions (linker, metal 
salts, and solvents) of four MOFs manufactured at 2.5 million kg/year by solvothermal synthesis methods. (A) is quoted with 
permission from Ong et al.[120]; (B) from DeSantis et al.[121]. MOF: Metal-organic frameworks.

conductivity and mechanical stability. The porous structure of MIL-101 facilitates continuous ion pathways, 
improving battery efficiency.

QSPEs are a specific subclass of QSSEs that utilize a polymer matrix, such as polyethylene oxide (PEO) or 
polyvinylidene fluoride (PVDF), swollen with a LE to enhance ion mobility while maintaining mechanical 
support. Unlike MOF-based or inorganic-supported QSSEs, QSPEs primarily rely on the polymer structure 
for mechanical integrity. Homann et al.[132] developed QSPE using LiTFSI incorporating PEO polymer 
matrix, achieving high ionic conductivity and excellent electrochemical stability [Figure 5C]. The 
interconnected network of the polymer matrix facilitates ion transport, maintains flexibility, and enhances 
compatibility with lithium metal electrodes.

Inorganic-polymer composite electrolytes combine the high ionic conductivity of inorganic materials with 
the mechanical flexibility of polymers [Figure 5D]. Wang et al. developed a composite electrolyte using 
lithium aluminum titanium phosphate (LATP) embedded in a polytetrafluoroethylene (PTFE) matrix, 
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Figure 5. (A) Integrating TFSI-based ionic liquid into a garnet-like Li6.75Al0.25La3Zr2O12 (LALZO) framework for better ion transport and 
suppression of lithium dendrite formation; (B) The development of MOF-based QSSEs; (C) PEO-based QSSE for high-performance 
NMC622//Li batteries; (D) Constructing PTFE@LATP composite solid electrolytes with three-dimensional network for high-
performance lithium batteries; (E) Schematic illustration of the porous LATP-PVDF-HFP membrane preparation process and the in-situ 
polymerization; (F) Isostructural Li-MOF expansion for high ionic conductive QSSE. (A) is quoted with permission from Kaur et al.[128]; 
(B) from Lin et al.[130]; (C) from Homann et al.[132]; (D) from Wang et al.[133]; (E) from Liu et al.[134]; and (F) from Butreddy et al.[136]. MOF: 
Metal-organic frameworks; QSSEs: quasi-solid-state electrolytes; PEO: polyethylene oxide; PTFE: polytetrafluoroethylene; LATP: lithium 
aluminum titanium phosphate; TFSI: trifluoromethylsulfonyl; PVDF: polyvinylidene fluoride; HFP: hexafluoro propylene.

enhancing both ion conduction and mechanical strength[133].

In situ polymerization is another advanced strategy where MOFs or inorganic particles are uniformly 
dispersed within the polymer matrix during polymerization [Figure 5E][134]. Xu et al. used Li+-containing 
liquid monomers with a MOF-incorporated fibrous membrane for in situ polymerization, achieving 
superior stability and enhanced ion transport[135].

Intrinsically, lithium-ion conductive MOFs represent another promising development. These MOFs 
integrate lithium ions directly within their framework, ensuring stable ion conductivity. Butreddy et al. 
demonstrated a lithium-based MOF with both structural stability and high ionic conductivity, improving 
QSSE performance in LMBs[136] [Figure 5F].
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Other strategies include cross-linking polymer networks to enhance dimensional stability during 
cycling[137-140], using nanocomposites with carbon-based materials like graphene or carbon nanotubes to 
improve mechanical and electrochemical properties[141], and employing electrospinning techniques to 
fabricate QSSEs with aligned nanofiber structures for better ion transport and mechanical performance[142].

In summary, QSSE design involves approaches such as integrating LEs into solid matrices, utilizing 
MOF-based materials, and developing polymer-inorganic composites. These strategies aim to optimize 
ionic conductivity, mechanical stability, and electrochemical performance, advancing toward safer and 
more efficient LMBs.

PREPARATION OF MOF-BASED QSSES
Different LMBs often encounter inherent problems including shuttle effect and dendrite growth during 
operation[143-145]. Shuttle effect results in decreased capacity and poor cycling stability[146], while heterogeneity 
in surface morphology, concentration gradient and uneven electrical field distribution on the anode can 
often cause deposition of metal protuberances that evolve into dendrites[147]. To address these issues, 
separator design is an effective strategy via regulating ion fluxes and electric field distribution[148]. MOFs 
have abundant micro/mesopores with tunable sizes, regular structures [Figure 6A], and ample active sites 
[Figure 6B][149]. Incorporating MOFs into separators is an effective strategy to promote the cycling stability 
of batteries via catalyzing polyanion conversion, inhibiting shuttle effect, and homogenizing electric/
concentration field distribution[150,151]. MOFs with abundant active sites can effectively promote cation 
transfer, prevent the diffusion of by-products, and ensure a uniform electrical field, thereby inhibiting the 
notorious shuttle effect and dendrite growth [Figure 6B-D][152-154]. In this section, the effect of MOF synthesis 
parameters, separator preparation methods, and MOF activation on the performance of MOF-based 
separators/QSSEs, will be thoroughly discussed.

Synthesis of MOFs
MOFs have intriguing properties for various applications, including gas storage and separation[155,156], 
chemical catalysis[157], sensing[158], ion exchange[159], drug delivery[160], and electrolyte fillers. MOFs are often 
categorized into MOFs (isoreticular MOFs), zeolite-imidazolate frameworks (ZIFs), materials of Institute 
Lavoisier (MILs), pocket-channel frameworks (PCNs) and other series based on the structure or named 
after the institution firstly reporting the synthesis. This section will discuss the application of MOFs in 
battery separators, mostly centered on Zr-, Zn-, Cu-, and other metal ion-based MOFs.

Zr-based MOF
UIO-66 {[Zr6O4(OH)4][1,4-benzene dicarboxylate (BDC)]6} is a typical Zirconium-based MOF and one of 
the most representative MOFs[161], which can be used as a nano-filler in QSSEs and can be obtained via 
various synthesis methods[162], yet solution-process are more commonly used to obtain different Zr-based 
MOFs by changing the organic linkers. Lei[144] et al. prepared UIO-66 through hydrothermal method with 
ZrCl4 and BDC in N, N-dimethylformamide (DMF) [Figure 6E]. The as-obtained UIO-66 was added to the 
QSSE of Al-Se batteries to improve battery performance. Notably, tuning metal ions to ligands ratio greatly 
affects the structure and properties of the obtained MOFs. For example, the total N2 absorption of UIO-66 
synthesized using metal ions to ligand ratios of 6:6, 6:4, and 6:3 were 12.9 mmol g-1, 12.2 mmol g-1, and 
13.3 mmol g-1, respectively, at 0.97 P/P0

[163]. MOFs having more pores with wider size distribution will have 
more contact and interaction with the electrolyte, increasing the proton concentration inside the pores, 
thereby strengthening the Coulomb interaction between the charge carrier and the pore surface and 
improving conductivity[164]. In addition, the presence of water in the raw material can also affect the 
crystallinity of the as-obtained MOFs. Crystalline UIO-66 can only be obtained with appropriate amount of 
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Figure 6. (A) A typical MOF structure, where metal ions and organic ligands form a regular two-dimensional framework; (B) Rich active 
sites on MOFs; (C) MOF modified separators regulate the electric field and guide the ion flux; (D) MOF modified separator guides the 
uniform metal deposition and avoids dendrite formation; Representative synthesis process of (E) UIO-66; (F) MIP-202 and (G) MIL-
125 (Ti). (A and G) are quoted with permission from Liu et al.[149]; (B) from Lu et al.[152]; (C) from Fu et al.[153]; (D) from Wang et al.[154]; 
(E) from Lei et al.[144]; and (F) from Zhou et al.[166]. MOF: Metal-organic frameworks.

water, insufficient or excess water will render amorphous UIO-66 or other by-products. Aside from 
UIO-66, other Zr-based MOFs are also available. UIO-67 can be obtained by gradually adding solution A 
[biphenyl-4,4’-dicarboxylicacid (BPDC) and triethylamine in DMF] to solution B (ZrCl4 and acetic acid in 
DMF) for subsequent hydrothermal reaction[165]. MIP-202(Zr) can be obtained by refluxing ZrCl4 and 
L-aspartic acid in aqueous solution [Figure 6F][166]. Nonetheless, there are some Zr-based MOFs that have 
not yet been applied to QSSEs, such as PCN[167] series and MOF-808. PCN-221 can be obtained by heating 
ZrCl4 mixed with [Tetrakis (4-carboxyphenyl)porphyrin] (TCPP), acetic acid, and N, N-diethylformamide 
(DEF). PCN-222 is synthesized by mixing ZrOCl2·8H2O, TCPP, DEF, 4-tert-butylbenzoic acid and heating. 
PCN-223 can be synthesized by heating a mixture of ZrOCl28H2O, TCPP, 4-chlorobenzoic acid, formic acid, 
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and DMF. PCN-224 is synthesized by heating a mixture of ZrCl4, TCPP, benzoic acid, and DMF. Among 
them, the formation of PCN-224 takes a longer holding time of 24 h at 120 °C, while the other three require 
12 h under the same temperature. Furukawa[168] et al. synthesized MOF-808 with a structure similar to UIO-
66 by hydrothermal treatment of H3BTC (1,3,5-Benzenetricarboxylic acid) and ZrOCl2·8H2O in a mixed 
solvent of formic acid and DMF. Other MOF-80-series, for example MOF-802, MOF-805, and MOF-806 
can also be obtained by just replacing H3BTC with 1H-pyrazole-3,5-dicarboxylic acid (H2PZDC), 1,5-
Dihydroxynaphthalene-2,6-dicarboxylic  acid [H2NDC-(OH) 2 ] ,  and 3,3’-dihydroxy-4,4’-
biphenyldicarboxylic acid [H2BPDC-(OH)2], respectively.

Zn-based MOF
The majority of MOFs in the ZIF series are Zn-based MOFs, with a small portion being Co-based MOFs. 
Zn-based MOFs commonly used in separators/QSSEs include ZIF-8, ZIF-69, and ZIF-90. ZIF-8 and ZIF-69 
can be prepared at room temperature. For example, ZIF-8 is obtained by a simple one-step 
copolymerization of Zn (II) and 2-methylimidazole in methanol[169], and ZIF-69 can be fabricated via mixing 
aqueous solutions of zinc nitrate hexahydrate, 2-nitroimidazole (HNIM) and 5-chlorobenzimidazole 
(H-ClBIM)[170]. ZIF-90 can be synthesized in both DMF or deionized water[171], but room temperature 
synthesis in aqueous/alcohol solvent is more favorable because the particle size of ZIF-90 synthesized by 
solvothermal in DMF is often too large. Mixing solutions of zinc nitrate in water/alcohol (ethanol, 
2-propanol, iso-butanol, and tert-butanol) and iminazole-2-carboxaldehide (ICA) and polyvinylpyrrolidone 
(PVP) in water can obtain ZIF-90. Aside from temperature/solvent, molar ratios of raw materials also affect 
the particle size of ZIF-8/ZIF-90[172]. When the Hmim/Zn molar ratio is 40 and 100, the average crystal sizes 
of ZIF-8 are 2 mm and 250 nm, respectively. Similarly, when the ratio of ICA/Zn changed from 4:1 to 60:1, 
the particle size of the synthesized ZIF-90 decreased from approximately 2,500 nm to 450 nm. Obviously, 
increasing the ratio of Zn/ligand ratio renders ZIF-90 with larger sizes and ZIF-8 with smaller sizes. Using 
Zn(NO3)2 as the metal ion source while changing the organic ligand and solvent, other Zn-MOFs can be 
synthesized. For example, heating Zn(NO3)2 mixed with imidazole in DMF can yield ZIF-6 and ZIF-10[173]. 
Mixing Zn(NO3)2 with purine and DEF can synthesize ZIF-20[174]. In addition to the ZIF series, other Zn-
based MOFs including MOF-2 and MOF-5 also deserve attention. The synthesis of both MOF-2 and 
MOF-5 involves Zn(NO3)2, DMF, and 1,4-benzenedicarboxylic acid (H2BDC), while heating at 95 °C 
renders MOF-2 with a square lattice and heating at 120 °C renders MOF-5 with a cubic lattice[175].

Cu-based MOF
Cu-based MOF is another type of commonly used MOF for battery separators. Cu-TCPP nanosheets can be 
obtained by solvothermal reaction of Cu(NO3)2·3H2O and 5, 10, 15, 20-tetrakis (4-carboxyphenyl) porphyrin 
(H2TCPP) in a mixture of DEF and ethanol[176,177], whereby HKUST-1 can be obtained via room temperature 
mixing of Cu(NO3)2·3H2O/PVP-K30 and H3BTC in anhydrous methanol. Reducing PVP molecular weight 
can transform HKUST-1 from microparticles into nanoparticles. Likewise, monitoring the feeding rate of 
raw materials can also control the nucleation process, preparing HKUST-1 with a size distribution in the 
range of 89~503 nm[178]. Additionally, adjusting the amount of template reagent cetyltrimethylammonium 
bromide (CTAB) during microwave-assisted synthesis resulted in HKUST-1 with graded porous defects, 
and thus size gradient micropores[179].

Aside from Cu-TCPP and HKUST-1, other Cu-based MOFs [e.g., coordination pillared-layer (CPL) series 
and Dresden University of Technology (DUT) series] are also available but not yet used as nanofillers for 
batteries. CPL-1 can be obtained by adding NaOH dropwise to a mixed solution of Cu(NO3)2·3H2O, pyz 
(Pyrazine), H2PZDC, and H2O under stirring, and then heating for 12 h[180]. CPL-2 can be synthesized by 
uniformly mixing H2PZDC with NaOH aqueous solution and ethanol, and slowly adding it to 
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Cu(ClO4)26H2O aqueous solution with stirring[181]. As reported by Garai et al.[182], the Cu ions within 
DUT-49 can be replaced with other metal ions via ion exchange. The diversity of its types and inherent 
flexibility render the DUT series as potential electrolyte fillers. DUT-49 can be obtained by mixing 
Cu(NO3)23H2O with DMF and heating for 13 days, and subsequent addition of acetic acid. Similarly, by 
changing the ratio of raw materials, DUT-46, DUT48, and DUT-50 can be synthesized using the same 
method[183].

MOFs based on other metals
Aside from Zr-, Zn- and Cu-based MOFs, other metal-based MOFs, including Cr-, Mg, Ti- and Al-, also 
deserve attention. MIL-100(Cr) can be synthesized by heating the grinded CrCl3·6H2O and H3BTC 
precursor with deionized water vapor in a layered hydrothermal reactor using steam assisted method[184]. 
MIL-101(Cr) was synthesized by hydrothermal synthesis by mixing H2BDC with CrCl3·6H2O in deionized 
water[185]. Dissolving Mg(CH3COO)2 and 2,5-dihydroxytryphthalic acid (H4dhtp) in a mixed solvent of 
DMF/ethanol/water can render Mg-MOF-74. Notably, Hu et al.[186] found that increasing the reaction time 
can cause the aggregation of Mg-MOF-74 nanorod seeds into well-crystallized bulk crystals with decreased 
grain size. The synthesis of MIL-125(Ti) is dependent on a solvothermal method[187], which can be done by 
quickly adding tetrabutyl titanate Ti(OC4H9)4 to H2BDC in DMF/anhydrous methanol, stirring and 
subsequent solvothermal reactions [Figure 6G]. Al-based MOF-303 can be prepared by slowly dissolving 
AlCl3·6H2O in a mixed aqueous solution of NaOH and 3,5-pyrazolecarbolic acid under ultrasonic treatment, 
and subsequent heating[188].

Clearly, the porosity and grain size of MOFs can be regulated by many factors, such as tuning the ratio of 
metal ion to organic ligand[189], reaction temperature, nucleation process, etc., influence the proton 
conductivity, electronic conductivity, and Lewis acid sites of the as-obtained MOFs. However, the effect of 
synthesis factors on different MOFs might vary, as has been discussed for the effect of metal/ligand ratio on 
the grain sizes of ZIF-8 and ZIF-90. Therefore, attention should be paid to the influence of various 
parameters when synthesizing MOFs, so as to prepare MOFs with desirable properties. In Table 1, the raw 
materials, topological structure, pore size, and other parameters of MOFs mentioned in this section are 
summarized.

Fabrication of MOF-based separators
MOF-based separators are often obtained by grafting MOFs onto different substrates (e.g., commercial 
polypropylene (PP) and electrospun separators) or dispersing MOFs into different matrices. In the 
meantime, different surface modification strategies of MOFs are also employed to improve the 
electrochemical performance of MOF-based separators in different batteries. In this section, several 
preparation methods for MOF-based separators (including QSSEs) will be introduced.

Scrape coating
One of the most straightforward way to graft MOFs onto different substrate is scrape-coating. Leng et al.[190] 
dispersed Ni-Co MOF, graphene and PVDF in n-methyl-2-pyrrolidone (NMP), and the slurry can be 
subsequently scrape-coated onto a commercial PP separator (PPS). Similarly, Razaq et al.[191] mixed ZIF-8, 
Super-P, and PVDF in NMP to prepare a slurry via ball milling, the obtained slurry was then scrape-coated 
onto Celgard 2400 to obtain ZIF-8 based separators. Wang et al.[154] prepared QSSEs using polydopamine 
(PDA)-modified ZIF-90 via scrape-coating assisted fabrication [Figure 7A]. ZIF-90 and PVDF-HFP were 
dispersed in NMP using a homogenizer; the slurry was then scrape-coated onto the electrode/glass plate. 
Finally, ZIF-90 modified QSSE can be obtained by injecting the ionic LE (ILE) into the scrape-coated 
support layer for subsequent heating, where the ILE contains 1M LiTFSI dissolved in 



Page 14 of Nguyen et al. Energy Mater. 2025, 5, 500093 https://dx.doi.org/10.20517/energymater.2024.26938

Table 1. Synthetic materials and characteristics of common MOFs

MOFs Metal 
ion source Organic ligand Solvent Structure Micro-pore

size (Å)

Surface 
area SBET 
(m2/g)

Reference

UIO-66 ZrCl4 BDC DMF Multi-level pore 
structure

Tetrahedral 
cages: 8 
Octahedral 
cages: 11

1,000-
1,500 

[162]

UIO-67 ZrCl4/ZrCl2
·8H2O

BPDC DMF+CH3COOH Multi-level pore 
structure

Tetrahedral 
cages: 12 
Octahedral 
cages: 16

1,500-
2,000 

[165]

MIP-
202(Zr)

ZrCl4 L-aspartic H2O Octahedral 
microporous 
structure

Octahedral 
cages: 6.3

49.62 [166]

PCN-221 ZrCl4 TCPP DEF+CH3COOH Directional 
disordered Zr6O4
(OH)4 clusters

Cube cage�19 463 [167]

PCN-222 ZrCl2·8H2O TCPP DEF+ 4- 
tert-butylbenzoic acid

Cube 3D porphyrin 
framework

11 2,169 [167]

PCN-223 ZrCl2·8H2O TCPP 4-chlorobenzoic 
acid+HCOOH

SHP-a topology 
structure

11 617 [167]

PCN-224 ZrCl4 TCPP DMF+ benzoic acid SHP topology 
structure

19 1,334 [167]

MOF-
808

ZrCl2·8H2O H3BTC DMF+HCOOH SPN topology 
structure

Tetrahedral 
cages:4.8

1,300-1,700 [168]

ZIF-6 Zn(NO3)2 Imidazole DMF GLS-type silicon 
aluminum molecular 
sieve network 

8.8 - [173]

ZIF-8 Zn(NO3)2 2-methylimidazole CH3OH SOD type silicon 
aluminum molecular 
sieve network

4.31 1,187-1,836 [169]

ZIF-20 Zn(NO3)2 purine DEF RHO-type silicon 
aluminum molecular 
sieve network

14.64 - [174]

ZIF-69 (CH3COO)2
Zn

2-nitroimidazole+ 5-
Chlorobenzimidazole

CH3OH GME topology 
structure

7.8 1,070 [170]

ZIF-90 Zn(NO3)2 ICA+PVP H2O+ mixed alcohols 
(ethanol, 2-propanol, 
iso-butanol, and tert-
butanol)

SOD-type silicon 
aluminum molecular 
sieve network

3.4 1,000-
1,500

[171]

MOF-2 Zn(NO3)2 H2BDC - 2D-Micro porous 
network  

- 310 [175]

MOF-5 Zn(NO3)2 H2BDC - Cubic lattice 
structure

15 2,900 [175]

CuTCPP Cu(NO3)2·3
H2O

H2TCPP DEF+CH3CH2OH 2D nanosheet 10 321.92 [176]

HKUST-1 Cu(NO3)2·3
H2O

H3BTC CH3OH TBO type topological 
structure

Cube cages:11 
Octahedral 
cages:5

1,200-1,500 [178]

CPL-1 Cu(NO3)2·3
H2O

Pyrazine+ H2PZDC NaOH aqueous solution Pillared-layer 
framework

10-13 330-490 [180]

CPL-2 Cu(ClO4)2.6
H2O

H2PZDC NaOH aqueous solution Pillared-layer 
framework

6 × 8 490-546 [181]

DUT-48 Cu(NO3)2·3
H2O

- DMF+ CH3COOH Cubic octahedral 
supramolecular 3D 
framework

Octahedral 
cages�18.7 
Tetrahedral 
cages�14.8 
Cuboctahedral 
cages�10.7

4,560 [183]

Octahedral 
cages�24.8 
Tetrahedral 
cages�17.6 

DUT-49 Cu(NO3)2·3
H2O

- DMF+ CH3COOH Cubic octahedral 
supramolecular 3D 
framework

5,476 [183]
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Cuboctahedral 
cages�10.5

DUT-50 Cu(NO3)2·3
H2O

- DMF+ CH3COOH Cubic octahedral 
supramolecular 3D 
framework

Octahedral 
cages�30.7 
Tetrahedral 
cages�21 
cuboctahedral 
cages�10.7

5,476 [183]

MIL-
100(Cr)

CrCl3·6H2O H3BTC - MTN zeolite topology 
structure

Smaller 
cages�5.5-8.8 
Larger 
cages�25-29

3,100 [184]

MIL-
101(Cr)

CrCl3·6H2O H2BDC H2O Enhanced MTN 
zeolite topology 
structure

Smaller 
cages�5.5-8.8 
Larger 
cages�29-34

3,549 [185]

Mg-
MOF-74

Mg(CH3
COO)2

H4dhtp DMF/ethanol/H2O HCB topology 
structure

7-13 > 1,000 [186]

MIL-
125(Ti)

Ti(OC4H9)4 H2BDC DMF/ CH3OH HCB topology 
structure

3.7-4.8 1,200-1,350 [187]

MOF-
303�Al�

AlCl3·6H2O H2PDC NaOH aqueous solution XHH topology 
structure

6 900-1,000 [188]

MOFs: Metal-organic frameworks; DMF: N, N-dimethylformamide; BDC: 1,4-benzene dicarboxylate; BPDC: biphenyl-4,4’-dicarboxylicacid; TCPP: 
tetrakis (4-carboxyphenyl)porphyrin; DEF: N, N-diethylformamide; ICA: iminazole-2-carboxaldehide; PVP: polyvinylpyrrolidone; SHP: square 
honeycomb paddlewheel; SPN: square planar network; GLS: generalized lattice structure; SOD: sodalite; RHO: rhombohedral; GME: gmelinite; 
TBO: tetrahedral bipyramid octahedron; MTN: multi-triangulated network; HCB: hexagonal close-packed; XHH: extended honeycomb hexagonal.

IL{1-ethyl-3-methylimidazolium bis[(tri-fluoromethyl)sulfonyl]imide [EMIM][TFSI]}/f luoroethylene 
carbonate (FEC) with poly(ethylene glycol) diacrylate, pentaerythritolte tetrakis (mercaptoacetate), and 
azobisisobutyronitrile (AIBN).

Vacuum filtration
Vacuum filtration is also applicable to grafting MOF particles onto different substrates. Liu et al.[192] 
prepared an asymmetric Cu-TCPP/MXene composite separator using vacuum filtration. Similarly, Huang 
et al.[143] used an electrospun separator to vacuum filtrate mixed UIO-66/carboxymethyl cellulose (CMC) 
aqueous dispersion, obtaining a UIO-66-based separator [Figure 7B]. Han et al.[193] also prepared 
MOFs@PVDF-based QSSEs using vacuum filtration method. Mg-MOF-74/polyethylene pyrrolidone 
dispersed in ethanol was filtered by a PVDF membrane; immersing the MOFs@PVDF membrane in the 
electrolyte solution can render MOFs@PVDF-based QSSEs.

In-situ gelation method
Lei et al.[144] prepared UIO-66-based QSSE by in-situ gelation. Firstly, AlCl3 and acrylamide were mixed in 
methylene chloride (MC) for the complexation between acrylamide and AlCl3, and then UIO-66 and AIBN 
(initiator) were added. Subsequently, the solution was poured onto aluminum foil and placed in a glove box 
for solidification and polymerization, obtaining MOF@GPE (gel polymer electrolyte). Similarly, Zhang 
et al.[145] introduced HKUST-1 to prepare QSSE [Figure 7C]. Benzophenone (BP) (photoinitiator), 
HKUST-1, and PEO were thoroughly mixed, and then polymerized under ultraviolet (UV) irradiation due 
to the insertion of free radicals generated by BP into PEO molecular chains. Finally, the gel is transferred to 
the glove box and soaked in the LE to obtain QSSE modified by HKUST-1. Liu et al.[165] also obtained 
UIO-67-based QSSEs by mixing PVDF-HFP/acetone and UIO-67/N,N-dimethylacetamide, followed by 
solvent evaporation and drying.
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Figure 7. (A) Scrape coating MOF onto a commercial separator; (B) Vacuum filtration of MOFs on an electrospun separator; (C) In situ 
gelation of MOF with polymer precursor solution to obtain MOF-based gel polymer electrolyte; (D) Preparation of MOF-based aerogel 
electrolyte; (E) Increasing the number of OMSs in Zr-based MOFs via thermal activation; (F) N2 isotherms (top) and corresponding 
pore size distribution (bottom) of chemically-activated UiO-66; (G) Increased ion conductivity and cation transference number of 
electrolytes containing chemically activated MOF. (A) is quoted with permission from Wang et al.[154]; (B) from Huang et al.[143]; (C) 
from Zhang et al.[145]; (D,F,G) from Fu et al.[153]; and (E) from Lu et al.[152]. MOF: Metal-organic frameworks.

Aside from hydrogels, MOF aerogels can also be adopted to prepare QSSEs. Due to the excellent liquid 
storage capacity and high tensile strength of aerogels, batteries using aerogel QSSE have excellent 
performance. Fu et al.[153] introduced NH2-UIO-66 into bacterial cellulose (BC)-modified aerogel electrolytes 
to optimize the performance of high-pressure LMBs [Figure 7D]. Aqueous MOF dispersion was added into 
BC dispersed in deionized water. After freeze-drying, hot press and immersing in an electrolyte containing 
lithium ions, NH2-UIO-66@BC composite aerogel electrolyte is obtained.

Incorporating MOFs into battery electrolytes can be realized by either grafting MOFs onto separators (e.g., 
coating and filtration) or dispersing them in gel electrolytes. However, uniform dispersion of MOFs on 
separators (or in QSSEs) should be guaranteed to fully harvest the merits of MOF-based separators for 
LMBs.

Activation of MOF-based separators
Aside from tunable structures, the numerous open metal sites (OMSs) of MOFs used in separators are also 
pivotal to improving electrochemical performance in batteries. OMSs of MOFs can anchor anions, catalyze 
and adsorb by-products, suppress shuttle effects, and improve ion mobility. Increasing the number of OMSs 
can significantly increase the electrochemical performance of MOF-based separators. Activating MOFs, 
therefore, should be considered to create more OMSs. The common methods (e.g., thermal activation and 
chemical activation) to activate MOFs for separators/QSSEs will be narrated in this section.
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Thermal activation
Lu et al.[152] obtained UIO-66 with more Lewis acid sites and high activation area through thermal activation 
[Figure 7E]. UIO-66 can be thermally activated without collapsing the initial structure, and the thermal 
activation condition of UIO-66 was optimized to 300 °C for 24 h. The thermally activated UIO-66 has an 
increased number of active sites, enabling GPE with higher ion conductivity and cation transference 
numbers for QSSLMB. Férey et al.[194] utilized thermal activation to increase the specific surface area and 
volume of MIL-101 (Cr) micropores, resulting in excellent adsorption performance. Xu et al.[195] used a 
simple thermal activation method to clean the coordination water molecules inside the framework of 
synthesized Mn-MOF-1 with methanol, and then heated it at 120 °C to obtain an activated sample with 
more OMSs. MOFs with poor stability can be thermally activated in a protective atmosphere. Zhang et al.[196] 
conducted thermal activation under different protective atmospheres, and found that using CO resulted in 
the highest activity of CuBTC [1,3,5-benzenetricarboxylic acid (BTC)], forming more pores and effective 
Cu2O during activation. This viewpoint can be considered for the thermal activation of other MOFs to 
optimize the activation effect. Thermal activation can expose and activate the OMSs in MOFs by removing 
pore filling guest molecules and pre-coordinated solvent molecules from open coordination sites.

Chemical activation
MOF-based separators can increase the transference number of cations and ionic conductivity, which can 
be realized via chemical activation of MOFs by grafting anionic organic ligands[197]. Fu et al.[153] replaced 
BDC with 2-aminoterepthalic acid when synthesizing UIO-66, producing NH2-UIO-66 with smaller pores 
[Figure 7F], larger specific surface area, higher ion conductivity [Figure 7G], and more Lewis acid sites, 
effectively accelerating ion conduction and inhibiting dendrite growth, enabling improved performance in 
LMBs. Planchais et al.[198] introduced -COOH groups into UIO-66 to improve the hydrophilicity of UIO-66, 
resulting in better proton conductivity. Yang et al.[199] also modified commercial glass fibers (GF) with 
carboxyl functionalized UiO-66-(COOH)2 (UC), rendering a novel ion selective separator (UC/GF) that 
suppresses polyiodides shuttle and improves ionic conductivity in zinc iodine batteries. Another common 
chemical activation method is to introduce sulfonic acid groups on MOFs. Ruan et al.[200] replaced H2BDC 
with H2BDC-SO3Na during the synthesis of UIO-66, successfully preparing UiO-66-SO3H with more Lewis 
acid sites and a higher number of micropores, offering more active sites. In addition to introducing active 
functional groups, metalizing MOFs is also viable for chemical activation. By adding a mixed solution of 
FeCl3 and DMF to MOF-525 and MOF-545 and subsequent heating, Morris et al.[201] successfully prepared 
metalized MOF-525-Fe and MOF-545-Fe, with increased porosity and extremely high stability while 
retaining the properties of the original MOFs. Kim et al.[202] also exposed the active sites of HKUST-1 and 
Cu-MOF-2 by immersing in MC, which can replace impurities coordinating the active sites, thus exposing 
the active sites of HKUST-1 and Cu-MOF-2 after the self-decomposition of MC.

Chemical activation of MOFs can not only remove guest molecules from the active site, but also introduce 
defects on the organic ligand. Controlling the generation of ligand defects within UiO-66 can increase the 
ionic conductivity by nearly three orders of magnitude[163], emphasizing the importance of chemical 
activation of MOFs to design superior QSSE. In addition to thermal activation and chemical activation, 
other methods to activate MOFs include solvent exchange[203,204], freeze-drying[205,206], supercritical CO2 
exchange[206], etc.[207], offering new possibilities of MOF modification toward favorable MOF-based 
separators or QSSEs.

Challenges and strategies in industrial scale-up of MOFs
Although substantial research has been dedicated to MOFs[208-212], there are limited options for commercially 
available MOFs. Key considerations for scalable MOF production include the selection of metal ions and 
organic linkers, the use of industrial hydrothermal reactors, and adoption of green solvents and synthesis 
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methods. For large-scale MOF synthesis, choosing metal ions that are both accessible and cost-effective is 
critical, with metal oxides and sulfates generally preferred due to their stability, while chlorides and nitrates 
pose corrosion and safety risks, respectively. Simple organic linkers such as terephthalic acid are also 
advantageous for their availability and cost-efficiency[213]. The most commonly used hydrothermal or 
solvothermal synthesis is highly suitable for scaling and adaptable for industrial continuous stirred tank 
reactors, as demonstrated by McKinstry et al., who achieved a production rate of approximately 1,000 kg m-3 
per day of high-quality MOF-5 using a scalable system[214]. However, this approach often requires large 
amounts of solvent. Mechanochemistry presents a promising alternative, producing MOFs through 
mechanical mixing with minimal or no solvent, which is both environmentally friendly and energy efficient. 
Klimakow et al. produced copper-based MOFs (HKUST-1 and MOF-14) using a ball mill and minimal 
ethanol, while Tanaka et al. created ZIF-8 via solvent-free grinding, thus reducing potential impurities[215,216]. 
When solvents are required, green options such as water are preferred to organic solvents to reduce toxicity; 
for example, Chen et al. synthesized a zirconium-based MOF (UiO-66-NO2) in water, and Cadot et al. 
achieved a high-quality nickel-based MOF with a 92% yield in an aqueous solution, yielding 680 kg m-3 per 
day[217,218]. Overall, careful selection of metal sources, synthesis techniques, and solvent types will be essential 
for scalable, cost-effective, and sustainable MOF production, enabling practical industrial applications.

THE APPLICATION OF MOF-BASED SEPARATORS IN QSSLMBS
Incorporating MOFs into separators addresses key challenges such as improving ionic conductivity[193,219], 
enhancing mechanical stability[220,221], and suppressing dendrite formation[222,223], thereby boosting the 
performance and safety of LMBs[220,224]. This section explores the use of pristine MOFs[220,225], MOF 
composites[226,227], and MOF derivatives[228,229] as separators in different types of QSSLMBs, highlighting their 
distinct advantages and recent advances.

Original MOF-based separators
Pristine MOFs, used as separators, offer high porosity and large surface area, facilitating efficient 
lithium-ion transport and dendrite inhibition. For example, Li et al.[230] prepared Cr-MOFs [MIL-88B(Cr) 
and MIL-101(Cr)] as coatings for PPSs [Figure 8A]. These Cr-MOF-coated separators showed superior 
thermal stability (160 °C), improved wettability (contact angle of 9.22°), and higher ionic conductivity 
(~3 mS cm-1) compared to conventional inorganic Al2O3 coatings. Full-cell tests using LFP cathodes 
demonstrated that Cr-MOF-coated separators maintained high discharge capacity (70 mAh g-1) at 10C. 
MIL-101(Cr) exhibited better performance than MIL-88B(Cr) due to its higher Brunauer-Emmett-Teller 
surface area (1,846 m2 g-1 vs. 578 m2 g-1) and larger pore volume (0.884 cm3 g-1 vs. 0.264 cm3 g-1). This 
enhanced porosity increased LE absorption, improving electrode wettability and reducing charge transfer 
resistance [90.39 Ω for MIL-101(Cr) vs. 126.14 Ω for MIL-88B(Cr)]. These findings highlight the importance 
of MOF porosity in designing high-performance and durable separators for LMBs.

Original MOFs have been demonstrated to significantly expand the electrochemical window, enabling their 
stable operation in high-voltage batteries such as Li//NCM (lithium nickel manganese cobalt oxides) 
batteries[231-234] . Chang et al.[231] reported a novel LE comprising desolvated Li+ (referred to as “desolvated Li+ 
electrolyte”) by exploring interactions between Li+ and TFSI- ions with dimethoxyethane (DME) solvent in 
the narrow (~2.9 Å) channels of ZIF-7 MOF. Unlike conventional LEs, this novel electrolyte consists of a 
“frozen-like” inactive solvent and crystalline lithium salt, primarily composed of desolvated Li+ [Figure 8B]. 
As a result, the electrochemical stability of the desolvated Li+ electrolyte is significantly enhanced, extending 
from 3.8 V to 4.5 V [Figure 8C]. High-voltage LMBs (LiNi0.8Co0.1Mn0.1O2//Li) using this electrolyte exhibit 
excellent retained capacity 170 mAh g-1 over 200 cycles [Figure 8D]. Remarkably, the cathode-electrolyte 
interphase layer is barely detectable on the NCM-811 cathode surface, likely due to the absence of free 
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Figure 8. (A) Schematic representation of Li+ transportation through MIL-101(Cr)/PP separator; (B) Schematic illustration for the 
configuration of the designed “Li+ desolvated electrolyte”; (C) The linear sweep voltammetry (LSV) curves of typical “Li+ solvated ether-
based electrolytes” and “desolvated electrolyte”; (D) The discharge capacity against cycle number collected from Li//NCM-811 full-
cells using “Li+ desolvated electrolyte”; (E and F) Desolvation energy of Li(EC)4

+ to Li(EC)3
+ and EC molecule in bulk LE and UiO-66 

pores, respectively; (G) The UiO-66-modified PP separator for Li-S batteries; (H) Geometries of atomic model configurations and (I) 
corresponding adsorption energy between polysulfides and UiO-66; (J) Molecular surface electrostatic potential (ESP) of UiO-66 and 
polysulfides; (K) The HKUST-1-modified GF separator for Li-O2 batteries. (A) is quoted with permission from Li et al.[230]; (B-D) from 
Chang et al.[231]; (E and F) from Sheng et al.[232]; (G-J) from Fan et al.[235]; (H) from Fan et al.[238]. EC: Ethylene carbonate; GF: glass fibers.

solvent in the desolvated Li+ structure.

To gain deeper insight into the desolvation mechanism and its role in stabilizing Li0, Sheng et al.[232] 
employed density functional theory (DFT) calculations to model the dissociation and reduction of solvated 
Li+ within UiO-66 MOF channels and bulk LE [LiPF6 in ethylene carbonate (EC)]. The energy required to 
dissociate Li(EC)4

+ to Li(EC)3
+ and one EC molecule on UiO-66 is approximately 16.8 kJ mol-1, significantly 

lower than the corresponding energy in bulk electrolyte (50.2 kJ mol-1) [Figure 8E]. This suggests that 
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UiO-66 weakens or partially dissociates solvent-Li+ complexes. Additionally, the calculated reduction 
potentials for the partially desolvated Li(EC)3

+ and Li(EC)2
+ species were 0.08 V and 0.71 V, respectively, 

while the reduction potential of Li(EC)4
+ in bulk LE was -0.44 V [Figure 8F]. This indicates that after partial 

EC dissociation in MOF channel, the reduction of Li+ from Li(EC)3+ to Li0 becomes energetically 
competitive with the reduction of solvent molecule.

Original MOFs are also widely used as effective separators in Li-S batteries[235-237]. Fan et al. synthesized 
uniform UiO-66 (Zr) MOF particles via solvothermal reaction for Li-S batteries[235] [Figure 8G]. UiO-66 
effectively mitigates the shuttle effect due to its strong physical and chemical interactions with dissolved 
polysulfides. Li-S cells with UiO-66-coated PPSs maintained a specific capacity of 586 mAh g-1 after 500 
cycles at 0.5 C, with a Coulombic efficiency near 100%. DFT simulations reveal that Li2Sn (4 < n < 8) species 
penetrate UiO-66’s ~9.1 Å pores and interact with the pore walls, reducing pore size and preventing further 
polysulfide infiltration [Figure 8H]. Adsorption energy calculations indicate strong chemisorption, with 
values below -2 eV for all polysulfides except S8 [Figure 8I]. This is attributed to strong interactions between 
Li+ ions and oxygen atoms in UiO-66, as well as between S atoms and MOF hydrogen atoms. Electrostatic 
potential (ESP) mapping confirms these interactions, showing Coulombic attraction between Li+ and 
UiO-66 oxygen atoms [Figure 8J]. These findings demonstrate that the combined effects of chemisorption 
and physical confinement in UiO-66-coated separators effectively suppress the shuttle effect, enhancing the 
stability and cycling performance of Li-S batteries. This highlights the importance of MOF for Li-S 
applications.

MOFs with small pore sizes have also emerged as effective filtration materials for suppressing anion 
shuttling in lithium-oxygen (Li-O2) batteries. For example, Fan et al.[238] fabricated a HKUST-1 MOF-coated 
GF separator to inhibit redox-active ion transport associated with I-/I3

- species in Li-O2 cells [Figure 8K]. 
The three-dimensional stacking and interwoven structure of HKUST-1 serve as a physical barrier against 
anion migration. Additionally, HKUST-1 exhibits multiple Lewis acid sites, while I-/I3

- species are 
characterized as Lewis bases. This combination of physical barrier modification and Lewis acid-base 
interactions effectively impedes the transport of I-/I3

- ions while preserving Li+ conductivity and ensuring the 
chemical stability of the separator. The HKUST-1/GF separator demonstrates high ionic conductivity 
(1.35 × 10-3 S cm-1) and a Li+ transference number of 0.46. Li-O2 cells utilizing the HKUST-1/GF separator 
achieve a six times longer cycle life, sustaining 180 cycles in an I-/I3

--based electrolyte.

The varying pore sizes and compositions of original MOFs significantly affect the ionic conductivity of 
QSSEs in LMBs. During the synthesis of Mg-based MOFs, Aubrey et al.[239] modified the linkers, producing 
Mg2(dobdc) and Mg2(dobpdc) with pore sizes of 13 Å and 21 Å, respectively [Figure 9]. Mg2(dobpdc) shows 
an ionic conductivity of ~10-4 S cm-1, more than double that of Mg2(dobdc), due to its larger pores and 
higher surface area, which enhance Li salt absorption and inhibit side reactions. This highlights the critical 
role of pore size and composition in improving ionic conductivity in MOF-based QSSEs. Additionally, ionic 
conductivity is influenced by the MOF framework’s structural properties and interfacial effects from trace 
solvents retained in the pores[240,241].

MOF composites-based separators
MOF composites combining MOFs with other materials such as polymers or inorganic particles leverage 
synergistic effects to optimize ionic conductivity, mechanical strength, and thermal stability, providing 
enhanced performance for QSSLMBs. For example, incorporating MOFs into polymer matrices has 
significantly improved separator performance[242-246]. Lu et al.[242] developed a hybrid separator by integrating 
a bifunctional MOF material (MOF-2) into a PEO matrix. MOF-2, prepared from two different 
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Figure 9. Pore structure and surface modification of Mg2(dobdc) and Mg2(dobpdc) as QSSEs. This figure is quoted with permission 
from Aubrey et al.[239]. QSSEs: Quasi-solid-state electrolytes.

functionalized UiO-66 materials containing carboxyl and amine groups, respectively, in combination with 
PEO [Figure 10A] showed higher ionic conductivity (5.20 × 10-4 S/cm) than pristine PEO (1.11 × 10-4 S/cm). 
This improvement is likely due to the presence of MOFs, which disrupt the arrangement of PEO chains, 
reducing the crystallinity of the electrolyte. Additionally, MOFs can serve as supplementary ion channels, 
enhancing lithium-ion transport. Interestingly, the ionic conductivity of QSSE with MOF-2 surpassed that 
of QSSE containing individual MOFs such as UiO-66-COOH or UiO-66-NH2. In MOF-2, amide bonds 
formed between acid and amino groups create long MOF chains within the QSSE, facilitating rapid ion 
transport through a network where the polymer serves as the primary conduction channel. As such, 
LiFePO4||Li full cells assembled with this composite separator showed 98.45% capacity retention at 
149.92 mA h/g after 100 cycles at 1 C, significantly higher than those made with pristine PEO and single 
UiO-66 MOF [Figure 10B]. Furthermore, the electrochemical window increased by about 40% (from 3.5 V 
to 5.0 V), and the lithium-ion transference number increased by 80% (from 0.20 to 0.36 at 60 °C) after 
replacing pristine PEO with MOF-2@PEO. Another study by Guo et al.[243] reported a HKUST-1 
[Cu3(BTC)2]-coated Celgard separator (PSS@HKUST-1/Celgard) [polystyrene sulfonate (PSS)] for high-
performance Li-S batteries. HKUST-1, with its large pore structure (~8 nm), is known for its high 
polysulfide absorption capability, while PSS with giant sulfonate groups, combined with HKUST-1, enables 
fast and efficient Li-ion transport, rendering PSS@HKUST-1 membrane with ion conductivity 71% higher 
than the conventional Celgard separator. A Li-S battery with this composite separator showed a highly 
reversible capacity with an average fading rate of 0.05% over 500 cycles at 0.5 C, and a high areal capacity 
over 7 mA h cm-2.

Besides polymer-MOF composites, inorganic-MOF composites have also been explored for their superior 
mechanical and thermal properties[247,248]. Suriyakumar et al.[248] coated a mixture of UiO-66-NH2 and SiO2 
particles on a commercial Celgard 2320 membrane, enhancing thermal stability, wettability, ionic 
conductivity, and electrochemical window, producing higher discharge capacity in Li-S cells. This is 
attributed to the electrostatic and/or hydrogen-bonding interactions between the polysulfides and 
UiO-66-NH2@SiO2. Additionally, the good permeability properties of the separator limit the self-discharge 
of Li-S cells, retaining up to 98.5% of the initial capacity after 40 h. Zhou et al. further applied separate 
coatings of Co-MOF and LLZO powder on different sides of polyimide (PI) separators for Li-S batteries[247] 
[Figure 10C]. Co-MOF adsorbs dissolved polysulfides due to its porous nature, while LLZO effectively 
prevents lithium dendrite growth. The Co3O4/PI/LLZO composite demonstrated good mechanical strength, 
flame retardancy, and excellent ionic conductivity, rendering Li-S cells with stable operation at 80 °C and 
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Figure 10. (A) Bifunctional MOF doped PEO composite electrolyte (PEO-MOF-2) for fast ionic transport; (B) Cycling stability of full 
cells with PEO-MOF-2 at 1 C; (C) SEM images of the Co3O4-350 polyhedron and Co3O4-350/PI/LLZO separator; (D) The cycling 
performances of Li-S cells using varied separator at room temperature; (E) Schematic illustration of Ni-MOF/MWCNT-coated PE 
separator for blocking lithium polysulfide migration to the lithium anode in the Li-S cell; (F) Charge and discharge curves of the Li-S cell 
with Ni-MOF/MWCNT-coated separator at 0.2 C rate. (A and B) are quoted with permission from Lu et al.[242]; (C and D) from Zhou 
et al.[247]; and (E and F) from Lee et al.[253]. MOF: Metal-organic framework; PEO: polyethylene oxide; MWCNTs: multi-walled carbon 
nanotubes; SEM: scanning electron microscope; PE: polyethylene.

great cycling stability of 800 mAh g-1 after 200 cycles [Figure 10D].

Additionally, MOFs combined with carbon-based materials have shown promising results in enhancing 
both mechanical properties and lithium-ion transport for LMBs[227,249-254]. Bai et al.[227] created a separator 
based on Cu-MOF@Graphene oxide (HKUST-1@GO), acting as an effective ion sieve in Li-S batteries that 
selectively screened Li+ ions while preventing polysulfide shuttling. The three-dimensional channel structure 
of HKUST-1@GO contains highly ordered micropores with size (approximately 9 Å) significantly larger 
than lithium polysulfides (Li2Sn, 4 < n ≤ 8) (2.09-2.39 Å), making the separator highly suitable for adsorbing 
and blocking polysulfides. The Li-S battery with this MOF-based separator exhibits a low-capacity decay 
rate (0.019% per cycle over 1,500 cycles), with virtually no capacity loss after the first 100 cycles. Lee et al.[253] 
also used multi-walled carbon nanotubes (MWCNTs) combined with Ni-based MOF to create separator 
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membranes for Li-S batteries [Figure 10E]. Ni-MOF particles effectively block lithium polysulfide shuttling 
due to strong interactions, while MWCNTs allow the reuse of reactive intermediates due to their high 
conductivity. Specifically, the Lewis acidic Ni2+ sites in Ni-MOF foster strong interactions with polysulfide 
anions, whose lone electron pairs impart soft Lewis basicity. As a result, Ni-MOF effectively traps lithium 
polysulfides through Lewis acid-base interactions. Additionally, MWCNTs not only compensate for the low 
electronic conductivity of Ni-MOF and enhance the electronic conductivity of trapped lithium polysulfides 
for subsequent electrochemical reactions, but also act as a physical barrier against lithium polysulfide 
migration. These synergistic effects result in a high discharge capacity of 1,358 mAh g-1 at the initial cycle for 
Li-S batteries [Figure 10F].

Similar to original MOFs, MOF composite-based separators also demonstrate excellent electrochemical 
stability under high-voltage operation. Chang et al.[10] developed a separator based on CuBTC MOF and 
poly(sodium 4-styrenesulfonate). Using advanced space-resolution spectroscopies, the prepared electrolyte 
exhibited significant aggregation beyond the standard saturation state (exceeding the lithium salt solubility 
limit) and primarily contained solvent-depleted contact ion pairs [Figure 11A]. This unique electrolyte 
structure significantly reduces solvent decomposition, resulting in exceptional electrochemical stability 
exceeding 5.4 V versus Li/Li+ [Figure 11B]. Consequently, electrolyte decomposition on cathode was 
significantly suppressed while a thin and stable SEI layer was simultaneously formed on lithium metal 
anode during cycling, rendering high-voltage Li//NCM811 with long-term cycling performance, 
maintaining 170 mAh g-1 after 400 cycles [Figure 11C].

MOF composite-based separators have also been successfully applied in Li-O2 batteries, delivering 
remarkable performance enhancements. For instance, Wang et al.[255] synthesized a MOF gel by combining 
UiO-66 with Li-COOH and coated it onto a PPS for Ru(acac)3@Li-O2 batteries. Through size and kinetic 
simulations, the pore size distribution of the gel MOF [UiO-66-(COOLi)2] was primarily below 6.5 Å and 
between 11.0-13 Å, which is mostly smaller than the 12.6 Å length of Ru(acac)3 [Figure 11D]. This size 
exclusion effect effectively inhibits the Ru(acac)3 transport. When Ru(acac)3 moves through the smaller 
channels, the polar -COO- groups within the MOF tend to adsorb polar dimethyl sulfoxide (DMSO) 
molecules while repelling nonpolar Ru(acac)3 molecules[255] [Figure 11E and F]. Simultaneously, the 
negatively charged -COO- groups in the MOF channels facilitate the uniform transport of lithium ions, 
thereby improving the battery’s overall performance. Notably, the Ru(acac)3@Li-O2 battery equipped with 
the MOF gel separator exhibited an ultralong cycle life of 410 cycles at a current density of 0.5 A g-1, 
significantly superior to batteries using conventional Celgard separators.

MOF derivatives-based separators
MOF derivatives, which include chemically modified or transformed MOFs into other functional materials, 
represent an advanced approach in separator design. These derivatives often exhibit increased ionic 
conductivity, improved thermal stability, light weight, and high porosity addressing specific challenges in 
LMBs, especially Li-S batteries. Converting MOFs into porous carbon or metal oxide materials is a common 
strategy.

For example, Guang et al.[256] prepared double-shelled hollow N-doped porous carbon polyhedrons 
(DSxHNC) derived from ZIF-8@ZIF-67 core-shell nanocrystals by high-temperature treatment 
(465-750 °C) [Figure 12A]. A thin, dual-functional interlayer was doctor-bladed onto a commercial PPS 
with negative-pressure infiltration. The prepared DSxHNC exhibits a unique hollow structure, making it 
lightweight and suitable for large-scale production and packaging. The abundant N-doped sites and 
widespread micro/mesopores of DSxHNC efficiently suppress Li polysulfide migration through synergistic 
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Figure 11. (A) The proposed design idea of further depleting solvent molecules within Li+ solvation sheath; (B) LSV curves of typical 
electrolyte and the prepared solvent-depleted electrolyte in CuBTC MOF-PSS; (C) Cycling performance of the Li//NCM-811 half-cell 
using the MOF-based electrolyte; (D) Molecular structures at different angles and the sizes of Ru(acac)3; (E and F) Schematic 
structures of UiO-66-(COOLi)2 and DMSO located in UiO-66-(COOLi) 2. (A-C) is quoted with permission from Chang et al.[10]; (D-F) 
from Wang et al.[255]. MOF: Metal-organic framework; LSV: linear sweep voltammetry; DMSO: dimethyl sulfoxide; PSS: polystyrene 
sulfonate.

physical and chemical adsorption at both low (1.0 mg cm-2) and high (3.1 mg cm-2) sulfur loadings. 
Interestingly, the movement of Li polysulfide and the shuttling of Li+ ions are regulated by adjusting the 
thickness and density of the dual shells, achieved through varying H2 treatment times. When applied to Li-S 
batteries, the cells exhibited significantly improved high-capacity retention of 80% after 100 cycles at 0.2 C 
[Figure 12B and C].

Li et al. enhanced the separation efficiency of Celgard 2325 membranes by NiCo2S4@C[257] [Figure 12D], 
which was formed through heat treatment of Ni-Co-PTA in Ar gas and subsequent solvothermal reaction 
with Na2S. The highly porous NiCo2S4@C nanocomposite not only possesses exceptional physical 
adsorption capabilities but also exhibits excellent polar chemical adsorption for Li polysulfides through 
interactions between the Ni and Co cations and S anions. Moreover, the NiCo2S4@C composite features 
three-dimensional electrical conductivity, abundant porosity, and a high specific surface area, significantly 
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Figure 12. (A) Schematic illustration of the synthesis process of DSxHNC and DSxHNC/KB@PPS [ketjen black (KB)] and schematic 
representation of L-S battery employing the DSxHNC/KB@PPS; (B) Galvanostatic charge/discharge voltage profiles of 
DS145HNC/KB@PPS at 0.2 C; (C) Cycling performances and Coulombic efficiencies of DSxHNC/KB@PPS and PPS at 0.2 C; (D) 
Schematic configuration of Li-S battery with NiCo2S4@C-modified separator; (E) Cyclic performance of the batteries assembled with 
NiCo2S4@C and other separators at 0.5 C. (A-C) are quoted with permission from Guang et al.[256]; and (D and E) from Li et al.[257]. 
DSxHNC: Double-shelled hollow N-doped porous carbon polyhedrons; PPS: polypropylene separator.

improving ionic/electronic conductivity and Coulombic efficiency. As such, NiCo2S4@C separators ensured 
Li-S batteries with a high initial capacity of 880 mAh g-1 at 0.5 C [Figure 12E] and excellent cycling stability, 
maintaining a capacity of up to 700 mAh g-1 after 200 cycles.

Additionally, other MOF derivatives have been synthesized and applied as effective separators in QSSLMBs. 
These include Co-based MOF-derived vertical Co9S8 hollow nanowall arrays grown on a Celgard 
separator[229], oxygenated MOF-derived nitrogen-doped microporous carbon (OMNC)[258], and Ni-MOF-
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derived bamboo-like conductive carbon nitride[259]. All these materials share high porosity, excellent 
electrical conductivity, and superior ion transport properties, making them highly advantageous for use as 
separators in QSSLMBs. Despite these promising characteristics, research and application of MOF 
derivative-based separators in other lithium battery systems, such as Li-O2 and high-voltage Li//NCM cells, 
remain limited. A comprehensive and systematic analysis of the challenges and advantages associated with 
using MOF derivatives in these advanced battery systems is essential to accelerate their practical 
implementation in the near future.

CONCLUSIONS AND OUTLOOKS
This review provides a comprehensive overview of the development of MOF-based QSSEs in recent years. 
In addition to the fundamental aspects of MOF-based QSSEs (application concepts, compositions, Li-ion 
transport mechanisms, and typical fabrication methods), the recent progress of three main types of 
MOF-based QSSEs, including Original MOF-based Separators, MOF Composite-based Separators, and 
MOF Derivative-based Separators, has been systematically classified and introduced. The role of MOFs in 
terms of ionic conductivity, stability, and performance in various structures is highlighted. Each type has its 
own advantages, disadvantages, and challenges, as shown in Tables 2-5. Some conclusions based on the 
information compiled and discussed in this review are as follows.

Performance advantages and contributions
MOF-based separators offer distinct advantages that overcome key challenges in QSSLMBs. These 
separators serve as robust physical barriers that effectively suppress dendrite formation on lithium metal 
anodes, mitigating risks of short circuits and enhancing battery durability. Their high surface area and 
tunable pore structures facilitate efficient ion transport, resulting in improved ionic conductivity and 
enhanced electrochemical performance. Original MOF-based separators have high ionic conductivity and 
good thermal stability due to the excellent physical and chemical adsorption properties of MOFs, which can 
trap trace LE within the nano-sized pores. MOF composite-based separators show excellent Li dendrite 
suppression and good interface compatibility with electrode surfaces. Additionally, MOF-derived materials 
provide versatility in composition and functionality, allowing for tailored designs that optimize the ionic 
conductivity and interface compatibility between separators and electrode materials, thereby maximizing 
battery efficiency.

Challenges and future directions
Despite the significant progress, several challenges remain to be addressed. The nature of trace solvents, 
which do not enter MOF pore structures and are highly flammable, presents challenges. Developing 
methods to balance these trace solvents in the system without affecting battery performance is an important 
future direction. Additionally, lithium dendrite formation and growth may occur during prolonged battery 
cycling, particularly at high current densities. The accumulation of lithium dendrites and the expansion of 
cracks can happen at MOF grain boundaries, surface defects, and connecting pores. MOF composite-based 
QSSEs exhibit high flexibility and good interface compatibility, but their thermal stability and low ionic 
conductivity limit their application in high-energy-density batteries. Although MOF derivative-based QSSEs 
have good electrochemical properties, the complex fabrication methods, low mechanical stability, decreased 
pore size, and undesirable interactions between LEs and by-products from MOF derivative synthesis make 
it challenging to design and apply them to specific LMBs. Furthermore, challenges remain in the production 
of MOFs for QSSEs. The cost of metal salts and linkers is a notable issue. The use of environmentally 
unfriendly solvents or cumbersome fabrication processes hinders large-scale production of MOFs and 
MOF-based QSSEs.



Page 27 of Nguyen et al. Energy Mater. 2025, 5, 500093 https://dx.doi.org/10.20517/energymater.2024.269 38

Table 2. Comparison of advantages and disadvantages of different types of MOF-based QSSEs

Type of MOF-based QSSEs Advantages Disadvantages

Original MOF-based separators • Various structures and chemical compositions 
• High porosity 
• Wide electrochemical window 
• High mechanical strength 
• High thermal stability

• Low flexibility 
• Complex manufacturing process

MOF composites-based separators • Good interface compatibility 
• Good solubility of lithium salts 
• High flexibility

• Low ionic conductivity 
• Relatively low mechanical strength 
• Relatively low oxidation potential

MOF derivatives-based separators • High ionic and electrical conductivity 
• Wide voltage window 
• High lithium-ion transference number

• Complex manufacturing process 
• Relatively low mechanical strength 
• Relatively low porosity

MOFs: Metal-organic frameworks; QSSEs: quasi-solid-state electrolytes.

Table 3. Summary of original MOF-based separators

MOFs Lithium 
salts

Type of 
batteries

σ (mS 
cm-1)

Electrochemical 
window (V)

Initial capacity 
(a mAh g-1 _ b C 
rate)

Capacity retention 
(a%_b cycles) References

MIL-
101(Cr)

LiPF6 Li//LFP - - 71_5 99_200 [230]

UiO-66 LiTFSI Li-S - - 587_0.5 99.85_500 [235]

UiO-66 LiTFSI Li-S - - 1239_0.2 84_200 [236]

UiO-66-
NH2

LiClO4 Li//LFP 0.207 4.52 136_1 97_500 [237]

UiO-66 LiOtBu - 0.018 - - - [240]

MIL-121 LiClO4 0.091 - - - [241]

MOF-688 LiTFSI - 0.34 - - - [102] 

UiO-66 LiPF6 Li//LFP 0.06 5.2 127_0.2 88.2_100 [161]

MIL-
100(Fe)

LiClO4 - 0.9 - - - [177]

UiO-67 LiClO4 - 0.65 - - - [177]

UiO-66 LiClO4 - 0.18 - - - [177]

MOF-5 LiClO4 - 0.13 - - - [177]

HKUST-1 LiClO4 - 0.38 - - - [177]

MOFs: Metal-organic frameworks; LFP: LiFePO4.

Future outlook and research opportunities
With outstanding advantages in safety and high energy density, MOF-based QSSEs show great promise for 
LMBs. Additionally, due to their flexibility and portability, these QSSEs can be applied in specific fields such 
as mobile electronic devices, drones, and more. Currently, MOF-based QSSLMBs are still in the early stages 
of research and development, and this new technology is not yet suitable for mass production. The 
following are deeper discussions on future directions for the development and commercialization of these 
batteries:

•  Exploration of novel MOF structures and compositions: Exploring novel MOF structures and 
compositions is critical for improving the performance and cycling stability of batteries. Future research 
should focus on developing MOFs with tailored pore sizes, surface functionalities, and ion-conducting 
frameworks to address specific challenges and improve the performance of various LMBs, such as 
high-voltage Li-NCM, Li-S, and Li-O2 systems. Advanced computational simulations and machine-learning 
models can accelerate the identification and design of next-generation MOFs with superior ionic 
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Table 4. Summary of MOF composite-based separators

MOFs Other 
materials

Type of 
batteries

σ (mS 
cm-1)

Electrochemical 
window (V)

Initial 
capacity 
a (mAh g-1 _ b 
C rate)

Capacity retention 
(a%_b cycles) References

HKUST-1 GO Li-S - - 1126_0.5 72_100 [227]

UiO-66-NH2
@UiO-66-COOH

PEO Li//LFP 0.52 5 152.3_1 98.45_100 [242]

HKUST-1 polystyrene 
sulfonate (PSS)

Li-S 0.0105 - 1278_0.5 60.6_500 [243]

UiO-66 Nafion Li-S - - 1127.4_0.1 75.5_200 [244]

Cu-BTC NSP Li-S - - 1279_1 78.2_1000 [245]

UiO-66 SO3Li Li-S - - 1020_0.5 56.8_500 [246]

Co-MOF PI/LLZO Li-S - - 1132_0.1 55.6_200 [247]

UiO-66-NH2 SiO2 Li-S - - 1400_0.1 42.9_100 [248]

Zn-MOF GO Li-S - - 1118_1 70_200 [249]

Co(acac)2 PAN Li-S - - 1102_0.2 91.5_50 [250]

Ni-MOF MWCNT Li-S - - 1183_0.2 87.1_300 [253]

N-Ti3C2 MXene Li-S - - 1018_0.5 70.3_500 [254]

MOFs: Metal-organic frameworks; LFP: LiFePO4; PEO: polyethylene oxide; LLZO: Li7La3Zr2O12; PI: polyimide; MWCNTs: multi-walled carbon 
nanotubes; GO: graphene oxide; NSP: negative charged sulfonic polymer; PAN: polyacrylonitrile.

Table 5. Summary of MOF derivative-based separators

MOFs MOF 
derivatives

Type of 
batteries

σ (mS 
cm−1)

Electrochemical 
window (V)

Initial capacity 
(a mAh g-1 _ b 
C rate)

Capacity retention 
(a%_b cycles) References

Co-MOF Co9S8 nanowall Li-S - - 1385_0.1 85.9_200 [229]

ZIF-8@ZIF-
67

DSxHNC Li-S - - 1592.9_0.2 66_100 [256]

Ni-Co-PTA 
MOF

NiCo2S4@C Li-S - - 1000_0.5 83_100 [257]

ZIF-8 OMNC Li-S - - 1257.1_0.5 59_300 [258]

MOFs: Metal-organic frameworks; DSxHNC: double-shelled hollow N-doped porous carbon polyhedrons; OMNC: oxygenated MOF-derived 
nitrogen-doped microporous carbon.

conductivity and chemical stability. Furthermore, to leverage the advantages of different MOFs, integrated 
structures, such as binary MOFs, MOF composites, MOF derivatives, or combinations of two or three of 
these, should be fabricated and analyzed to further enhance the performance and lifespan of LMBs.

• Development of innovative synthesis techniques: Conventional MOF synthesis often involves complex 
procedures and hazardous solvents. Future efforts should prioritize the development of cost-effective, 
scalable, and environmentally sustainable synthesis methods. Green synthesis approaches, such as 
solvent-free or aqueous-phase methods, may provide viable solutions for large-scale MOF production while 
maintaining high performance.

• In-depth study of Li-ion transport mechanisms: The Li-ion transport mechanism in MOF-based QSSEs 
directly affects battery performance and lifespan. Different types of MOFs have distinct Li-ion transport 
pathways. While some reports have identified main ion transport pathways in MOF-based QSSEs, the ion 
transport mechanisms will be more complex when MOFs are composited. This requires advanced methods 
for analysis and evaluation, such as MD simulations, solid-state NMR, in-situ X-ray photoelectron 
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spectroscopy, in-situ Raman spectroscopy, and more.

• Enhancing the ionic conductivity of MOF-based QSSEs: Despite studies focusing on improving Li+ 
conductivity, the room-temperature conductivity in most MOF-based QSSEs remains relatively low 
(10-5 S cm-1 to 10-4 S cm-1) compared to LEs (> 10-3 S cm-1). New designs have the potential to improve the 
ionic conductivity of MOF-based QSSEs, such as incorporating one-dimensional nanostructures with 
MOFs, mixing MOFs with different pore sizes, or combining various types of MOFs. These approaches 
offer promising potential for future development.

• Enhancing cost-effectiveness and scalability: Emphasizing affordable raw materials and cost-effective 
synthesis techniques will enhance the commercial viability of MOF-based QSSRs. Exploring the potential 
and compatibility of MOFs in various battery systems can expand their applications. Collaborative efforts 
between academia and industry could facilitate the transition from laboratory-scale research to commercial 
implementation.
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