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Interfacial design strategies using metal–organic
frameworks: a comprehensive review for
rechargeable batteries

Jinyoung Lee, †a Yoonjin Oh, †a Yunsu Ahn †ab and Kwan Woo Nam *ab

Modifying battery interfaces to improve stability and performance, and suppress side reactions has been a

long-standing goal. Although there were many candidates, metal–organic frameworks (MOFs) have garnered

particular attention owing to their unique porous structure, tunability, and multifunctionality. Due to these

characteristics, MOFs could contribute to regulating the diffusion path of carrier ions, mitigating undesired

reactions, as well as stabilizing the interfaces. Therefore, MOFs were increasingly explored as functional layers

and host materials for lithium-ion, lithium–metal, lithium–sulfur, and aqueous zinc-ion batteries. However,

challenges remained regarding their structural stability, compatibility, and scalability under realistic operating

conditions. This review aimed to highlight critical side reactions at the interface, summarized previous

research efforts addressing these issues, and offered promising strategies for further development.

1. Introduction

Since the commercialisation of rechargeable batteries in the
20th century, extensive efforts have been focused on increasing
their energy density, cycle-life, and operating voltage. Several
successful studies were conducted before this review, with
results such as lithium-ion batteries (LIBs) attaining a high

theoretical capacity of 3860 mAh g�1 and long-life span,1 but
several critical challenges remain. Although they vary depend-
ing on the type of battery, side reactions such as dendrite
formation, electrode corrosion, and electrolyte decomposition
remain unsolved, leading to severely reduced performance,
efficiency, and safety risks. These issues primarily originate
from interfacial degradation.2 Therefore, understanding how
side reactions at the interfaces of each battery’s components
occur and modifying them are crucial.

Rechargeable batteries consist of four main components:
cathode, anode, separator, and electrolyte. This review dis-
cusses the problems occurring at the three interfaces of the
four core battery components: cathode–electrolyte, separator–
electrolyte, and anode–electrolyte (Fig. 1). In the cathode–
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electrolyte interface (CEI), the thermodynamic stability of the
electrolyte and cathode gradually decreases as the cycle
increases.3 Also, overcharging of the cathode causes oxidation
of the electrolyte, leading to a decrease in cell performance and
life span. Likewise, at the anode–electrolyte interface, electro-
lyte reduction and dendrite formation remain major chal-
lenges. In aqueous zinc-ion batteries (AZIBs), the hydrogen
evolution reaction (HER) and electrode corrosion also occur
as side reactions at the interface. Although the separator–
electrolyte interface does not directly suffer from side reactions
like dendrite formation, the permeability of carrier ions is

largely dependent on the affinity between the electrolyte and
the separator. In addition, the side reactions occurring at
electrode interfaces, such as dendrite and electrolyte decom-
position during overcharging, cause degradation of the separa-
tor, which leads to a reduction in cell performance and
efficiency.4

An interface regulation method was proposed to solve the
problems mentioned above. There are several successful mate-
rial candidates for interface regulation, including inorganic,
polymer, carbon based, and metal–organic framework (MOF)
based materials. Inorganic materials such as Al2O3,5 TiO3,6 and
ZrO2

7 have been actively investigated. However, the inorganic-
based materials suffer from a lack of ionic conductivity and
structural vulnerability. On the other hand, polymer-based
materials such as polyethylene oxide (PEO),8 polyvinylidene
fluoride (PVDF),9 and other conducting polymers,10 have amaz-
ing flexibility and tunability which makes them promising
candidate materials. However, their major disadvantages
include extremely low thermal and chemical stability, along
with potential unsuitability for electrode modification consid-
ering their oxidation potential. Carbon-based materials such as
graphene11 and carbon nanotubes12 tend to exhibit excellent
electrical conductivity and chemical stability as well. Yet,
challenges remain due to the insufficient effect on overall
electrode modification.13

MOFs are also frequently used as interface modification
agents to improve cell performance. A MOF is a three-
dimensional (3D) porous crystal consisting of metal nodes
and organic ligands. Its unique tunability in terms of composi-
tion and pore size allows various separations such as gas/liquid
phase separation and capturing organic molecules and ions
from solution.14,15 The use of a MOF as an intermediate layer
between interfaces enables suppression of side reactions and
improves the cell’s overall performance regardless of the type of
battery.

Recently, MOFs have been widely explored for interface
modification. For example, applying a redox-active MOF on
the cathode of lithium sulfur batteries (LSBs) could improve the
energy density of pouch cells up to 316.5 Wh kg�1.16 When the

Fig. 1 Schematic illustration of interfacial issues in battery components
(cathode, anode, and separator) with MOF structure.
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anodes of LIBs were modified by a bimetallic NiCo-MOF
material, the specific capacity after 200 cycles remained rela-
tively high at 696.3 mAh g�1.17 Also, when a separator of AZIBs
was modified using NM-125, a capacity retention rate of 99.8%
was achieved.4

This review discusses cell performance and efficiency
improvements induced by MOF-applied interface regulation.
Previous studies are categorized based on the battery compo-
nents modified by MOFs—cathode, anode, separator—and
further classified by the battery type, including conventional
LIBs and next-generation batteries such as LSBs or lithium
metal batteries (LMBs) and AZIBs.

2. Cathode modification using MOFs

For the development of high-performance batteries, it is essen-
tial to deeply understand the reactivity at the cathode–electro-
lyte interface and its impact on overall performance and
stability (Fig. 2a). To address these CEI problems, a range of
strategies utilizing MOFs are currently emerging (Fig. 2b and c).
Attempts to utilize MOFs as interfacial coatings on cathode
materials face several practical challenges.18,19 Microcrystalline
domains within MOFs hinder the formation of uniform and
conformal coating layers, while excessively thick MOF layers
can obstruct charge transport, thereby reducing the volumetric
energy density of the cell. Furthermore, the intrinsically low
ionic conductivity of MOFs increases interfacial resistance,
limiting their effectiveness as coating materials. As a result,
research on MOF-based cathode interface coatings remains
limited. In contrast, strategies that employ MOF-derived com-
posites as cathode active materials have attracted considerable
attention due to their potential to enhance electrochemical
performance.20 Therefore, this review focuses on recent pro-
gress in the development of MOF-derived composites as cath-
ode active materials, highlighting their potential contributions
to improving electrochemical characteristics.

There is a growing demand for high-energy-density LIBs
with high operating voltage and large capacity. One effective
strategy to enhance the energy density of LIBs is to increase the
cut-off voltage.21 However, increasing the cut-off voltage accel-
erates the interfacial reaction between the cathode and the
electrolyte, which may lead to rapid capacity loss or cell failure.

A typical LSB consists of a lithium (Li) metal anode, an
organic liquid electrolyte, a separator, and a sulfur based
cathode, in which elemental sulfur—commonly in the ortho-
rhombic a-S8 form—is embedded within a conductive carbon
framework.22 LSBs are considered one of the most promising
candidates to replace LIBs because of their theoretically high
energy density, low cost, and the environmental benignity of
sulfur. Nevertheless, the cell level operational performance of
LSBs has yet to meet the requirements for practical implemen-
tation. One of the most fundamental issues lies in the unstable
electrochemical reactions occurring at the cathode–electrolyte
interface. Another critical challenge is the degradation of active
materials at the cathode–electrolyte interface during cycling.

A highly conductive and thermodynamically stable CEI is
crucial for enhancing the cycle life of the LSBs.

AZIBs are considered a promising alternative to LIBs for grid
and off-grid applications owing to their rechargeability, cost-
effectiveness, and the high theoretical volumetric energy den-
sity of the zinc (Zn) metal anode.23,24 However, the large ionic
radius of the hydrated Li+ (B4.7 Å) leads to strong electrostatic
interactions between the inserted charge carriers and the host
cathode structure, resulting in sluggish diffusion kinetics and
poor rate performance.25 In addition, the desolvation process at
the electrode–electrolyte interface has also emerged as a critical
challenge. For hydrated Zn ions to be inserted into the cathode,
the surrounding water molecules must be removed through
desolvation first. However, this process requires high activation
energy, hindering the efficient insertion of Zn2+.

2.1. Modification of LIB cathodes using MOFs

The development of MOF-derived cathode materials provides
structural and morphological tunability that can effectively
address the inherent limitations of conventional cathodes,
such as limited energy density, and short cycle life. Framework
materials like MOFs have the essential properties needed for
use as surface modifiers in electrochemical applications. In
particular, they offer the following advantages:26

(i) High porosity and large specific surface area.
(ii) Tunable physical and chemical properties.
(iii) Efficient charge transport through uniform pores and

channels.
These features make them highly advantageous for the

surface modification of commercial cathode materials in LIBs.
Moreover, surface modification of commercial cathode materi-
als using MOFs or MOF-derived materials has attracted
considerable attention as a promising strategy to enhance
structural stability and electrochemical performance during
battery cycling.

J. Lin et al.27 developed an in situ synthetic strategy to form a
MOF-derived carbon-encapsulated LiCoO2 (LCO) heterostruc-
ture via high-temperature solid-state annealing. In this
approach, ZIF-67 (ZIF = zeolitic imidazolate framework), a
cobalt (Co)-containing MOF, was used as the precursor and
transformed into LCO particles through high-temperature cal-
cination followed by lithiation. The resulting carbon coating
layer stabilized the LCO/electrolyte interface by preventing direct
contact, enhancing electron transport, and alleviating structural
strain during Li+ insertion/extraction. As a result, the nitrogen
(N)-doped LCO@C-700 electrode exhibited an extended cycle life
and remarkable electrochemical performance, maintaining a
gravimetric/areal capacity of 171.1 mAh g�1/4.2 mAh cm�2 after
200 cycles at 1C, and delivering 150.3 mAh g�1 even at 10C.

To address the issues of low initial coulombic efficiency
(ICE) and poor stability of Li-rich Mn-based oxides, C. Huang
et al.28 proposed a ZIF-67-derived coating strategy to construct a
CoxOy/C composite layer on the Li1.2Mn0.54Ni0.13Co0.13O2

(LRMO) surface through MOF self-assembly followed by heat
treatment. This CoxOy/C coating layer effectively blocked direct
contact between the electrolyte and the electrode, thereby
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Fig. 2 (a) Schematic illustration of side reactions that could occur in CEI. (b) Scheme of modifying CEI using the MOF coating strategy. (c) Scheme of
modifying CEI using the MOF-derived composite strategy. (d) Synthetic schematic diagram of DDA–Cu in LIB. Adapted from ref. 32 with permission from
Angewandte Chemie International Edition, Copyright 2025. (e) Cycle-life performance and rate performance of TiO2@NPC@S in LSB. Adapted from
ref. 36 with permission from Carbon Future, Copyright 2025. (f) Schematic illustration of the formation process of CPVO nanosheets in AZIB. Adapted
from ref. 44 with permission from the Royal Society of Chemistry.
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suppressing CEI formation. It also prevented corrosion of the
LRMO surface. It also effectively suppressed O2� loss in the
lattice after electron depletion and mitigated side reactions
between surface On�� species and the electrolyte, thereby
promoting a reversible anionic redox process. After three initial
activation cycles at 0.1C, the LRMO@CoxOy/C electrode exhib-
ited a high ICE of 91.5%, with a charge capacity of 289.1 mAh g�1

and a discharge capacity of 264.6 mAh g�1. Furthermore, after
150 cycles, it maintained a reversible capacity of 194.2 mAh g�1

with a capacity retention rate of 80.2%.
Z. Wu et al.29 synthesized a highly redox-active two-

dimensional (2D) MOF named Cu-BHT, [Cu3(C6S6)]n, using
Cu(II) salt and benzenehexathiolate (BHT) as precursors. The
BHT ligand coordinates with the d9 Cu(II) ion to form a –Cu–S–
kagome lattice structure. This structure enabled high redox rever-
sibility, resulting in a high electrical conductivity of 231 S cm�1. As
a cathode material, Cu-BHT delivered an outstanding reversible
capacity of 175 mAh g�1 at 300 mA g�1 and showed an extremely
low-capacity degradation rate of only 0.048% per cycle over 500
cycles. It also maintained high-rate capabilities, retaining most of
its capacity at elevated current densities.

S. Shin et al.30 proposed a Li-insertion-type metal–organic
framework (i-MOF) coating on LiNi1�x�yCoxMnyO2 (NCM) to
enhance ion transport and stabilize the cathode–electrolyte
interface. The i-MOF interfacial layer suppressed undesirable
side reactions at the CEI, mitigated particle cracking, and
inhibited transition-metal dissolution. The i-MOF-coated
sample referred to as i-NCM, exhibited excellent electro-
chemical performance, delivering high discharge capacities of
219.87 mAh g�1 at 0.1C and 203.53 mAh g�1 at 1C. Also, it
showed markedly improved capacity retention under harsh
conditions (50 1C), confirming the effectiveness of the i-MOF
layer in protecting the cathode surface from electrolyte-induced
degradation.

Cu-MOF materials possess significant potential as cathodes
for LIBs due to their excellent electrical conductivity and high
structural tunability.31 However, their practical application has
been hindered by limitations in capacity and cycling stability.
M. Yang et al.32 reported a one-dimensional (1D) DDA–Cu
(DDA = 1,5-diamino-4,8-dihydroxy-9,10-anthracenedione, Cu =
Copper) featuring extended p-d conjugated coordination nanor-
ibbons and high-density redox-active centers, enabling both
high capacity and long-term electrochemical stability in LIBs.
The 1D conductive DDA–Cu MOF was synthesized via a coordi-
nation reaction between Cu(CH3COO)2�H2O as the metal source
and DDA as the organic ligand (Fig. 2d). DDA–Cu exhibited a
high electrical conductivity of 1.63 � 10�4 S cm�1 compared to
traditional MOFs and high thermal stability up to 320 1C. As a
cathode, DDA–Cu delivered a high reversible capacity of
353 mAh g�1 at 50 mA g�1 and demonstrated outstanding
cycling stability with 78% capacity retention after 1000 cycles.

These papers demonstrated a common interfacial design
principle: either inhibiting direct contact with the electrolyte
and unfavorable side reactions through the MOF coating layer
or maximizing charge transport dynamics by promoting ion
and electron movement, thereby imparting active reactivity and

catalytic functionality. Notably, the integration of artificial-
intelligence (AI)-driven design will particularly accelerate the
discovery of advanced MOF structures. AI can be employed in
the predictive optimization of key structural parameters (such
as metal node selection, linker functionalization, and defect
generation) that govern ion transport and interfacial stability.
Rather than relying on iterative trial and error, AI models can
rapidly scan the chemical space, identify optimal compositions,
and propose experimentally feasible coating conditions, thereby
shortening development time. With the continued expansion of
the electric vehicle and grid-scale storage markets, these chemi-
cally tunable, computationally guided MOF coatings will play a
pivotal role in next-generation battery technology, with commer-
cialization anticipated within the next decade.

2.2. Modification of next-generation battery cathodes using
MOFs

LSBs possess a high theoretical energy density, making them
strong candidates for next-generation batteries.33 However,
their practical application is hindered by several challenges,
including the shuttle effect of lithium polysulfide (LiPS), the
dendrite formation of Li metal anodes, and the volumetric
expansion of sulfur cathodes. To overcome these issues, MOFs
have attracted significant attention due to their outstanding
adsorption and catalytic properties, as well as their easily
tunable structural flexibility.

Y. Feng et al.34 reported a Cu-based metal–organic frame-
work (CuMOF) host that chemically immobilized sulfur in
LSBs. The CuMOFs were synthesized via a solution-based
coordination reaction using Cu salts and benzene-1,3,5-
tricarboxylic acid as the organic ligand. Sulfur introduced by
melt diffusion formed CuMOF–S composites with enhanced
interfacial stability. Moreover, the CuMOF host effectively
stabilized more than 19.3 wt% of sulfur, mitigating polysulfide
(PS) dissolution during prolonged cycling and substantially
enhancing coulombic efficiency (CE). Among the various
CuMOF–S composites, the CuMOF1S2 cathode (with a
CuMOF-to-S ratio of 1 : 2) delivered an excellent capacity reten-
tion of 1051.3 mAh g�1 over 300 cycles at a current density of
200 mA g�1, demonstrating remarkable electrochemical stabi-
lity. These findings underscored the potential of CuMOFs as
chemically interactive hosts for high performance sulfur cath-
odes in LSBs.

Y. Xie et al.35 synthesized a MOF-derived Co0.85Se/NC com-
posite by embedding Co0.85Se nanoparticles within nitrogen-
doped carbon (NC) nanosheet arrays grown on a carbon cloth
(CC) substrate. This hierarchical structure offered a high spe-
cific surface area and porosity, thereby providing abundant
active sites for LiPS conversion and effectively mitigating the
volume expansion during charge/discharge cycles. The Co0.85Se
nanoparticles served as polar adsorption centers and electro-
catalysts, accelerating LiPS redox kinetics. Co0.85Se/NC can
maintain a discharge capacity of 678 mAh g�1 at a high sulfur
loading of 4.08 � 10�3 g cm�2 even after 50 cycles at 0.1C. The
Co0.85Se/NC-S cathode exhibited outstanding cycling stability
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over 400 cycles, while delivering high discharge capacities of
1001 mAh g�1 at 1C.

Q. Zeng et al.16 proposed a strategy for the rational design
and implementation of a redox-active metal–organic framework
(RM-MOF) that can simultaneously function as a sulfur host
and redox mediator (RM). As a precursor, MIL-101(Cr) (MIL:
Materials from Institute Lavoisier) was first synthesized, and
dithiothreitol (DTT) was selected as the redox-active unit. Based
on this design, terminal water molecules on MIL-101(Cr) were
removed under high vacuum and elevated temperature, and
DTT molecules were chemically anchored onto the exposed
octahedral trinuclear Cr(III)3O building units, thereby forming
the RM-MOF. The resulting RM-MOF exhibited an excellent
discharge capacity of 883.6 mAh g�1 at 3C and achieved over a
90% reduction in capacity decay during long-term cycling.
Furthermore, the RM-MOF enabled practical operation of
pouch cells even under high sulfur loading conditions, deliver-
ing an impressive energy density of 316.5 Wh kg�1.

P. Shi et al.36 developed a 3D MOF-derived hierarchical
porous TiO2@NPC@S composite (NPC = nanoporous carbon).
The TiO2@NPC@S composite was prepared via MOF carboni-
zation followed by sulfur melt diffusion. The MOF-derived
TiO2@NPC preserved a 3D pill-like architecture with hierarch-
ical pores, providing sufficient space for sulfur accommodation
and effective confinement within the framework. Benefiting
from this hierarchical conductive–polar hybrid architecture,
the TiO2@NPC@S cathode delivered an initial discharge capa-
city of 1327.35 mAh g�1 at 0.5C and maintained a low average
capacity fading rate of 0.18% per cycle after 300 cycles (Fig. 2e).
Furthermore, it demonstrated outstanding rate performance,
achieving 928 mAh g�1 at 1C and 743 mAh g�1 at 1.5C,
confirming the significant enhancement in electrochemical
performance enabled by the MOF-derived TiO2@NPC@S
structure.

MOF-based cathodes for LSBs demonstrate exceptional cap-
abilities in suppressing the PS shuttle effect, enabling high areal
capacities of up to 13.8 mAh cm�2 and energy densities reaching
316.5 Wh kg�1 under high sulfur loading conditions.16 The
design of electrically conductive metal–organic frameworks (c-
MOFs) and the optimization of their large scale synthesis often
require substantial computational resources and involve consid-
erable complexity.37

To overcome these limitations, machine learning (ML) and
AI are expected to play a pivotal role. For example, ML models
can rapidly screen viable metal–ligand combinations from large
datasets, predict electronic conductivity pathways, and map
structure–property relationships. AI-based generation and opti-
mization algorithms can propose new c-MOF structures, sup-
port inverse design, and recommend synthesis conditions that
maximize crystallinity and conductivity. Taken together, AI can
generate and optimize new c-MOF design concepts, while ML
can rapidly evaluate their structural feasibility and predicted
properties, enabling the identification of promising candidates
computationally before experimental validation.

With $3.5 billion in funding allocated by the U.S. Department
of Energy, commercialization efforts are rapidly accelerating,

with pilot-scale pouch cell validation anticipated between 2025
and 2027. In the long term, the integration of MOFs with solid-
state electrolytes, and real-time monitoring technologies is
expected to enable next-generation battery architectures. These
technological advancements are poised to position MOF-enabled
LSBs as core enablers in aerospace, electric mobility, and grid-
scale energy storage systems by the 2030s.

AZIBs are emerging as a next-generation energy storage
technology, offering notable advantages in terms of safety
and rate performance compared to LIBs. K. W. Nam et al.38

employed a 2D c-MOF, Cu3(HHTP)2, (HHTP = hexahydroxy-
triphenylene), featuring large 1D nanorods with channels, as
the cathode material. This structure enabled the direct inser-
tion of hydrated Zn2+ into the host framework, resulting in fast
ion diffusion and low interfacial resistance. Cu3(HHTP)2

followed an intercalation pseudocapacitance mechanism, exhi-
biting redox reactions at approximately 1.06 V and 0.88 V versus
Zn/Zn2+. The electrode delivered a reversible capacity of
228 mAh g�1 at 50 mA g�1 and retained 75% of its capacity
(124.4 mAh g�1) after 500 cycles at 4000 mA g�1. These results
highlighted the excellent rate capability and cycling stability of
Cu3(HHTP)2 as a promising Zn battery cathode.

In AZIBs, manganese (Mn) based cathode materials are
commonly employed due to their abundance and cost-
effectiveness. However, their practical application is hindered
by rapid capacity fading and poor rate performance, mainly
caused by Mn dissolution and disproportionation reactions.

To overcome these limitations, C. Yin et al.39 successfully
synthesized hierarchical spheroidal MnO@C composites using
Mn-based MOFs as precursors. During thermal conversion, the
Mn-BTC precursor transformed into MnO spheres assembled
into short nanorods, while simultaneously forming a uniform
carbon coating on the particle surface. The MnO–C heterointer-
face effectively suppressed Mn ion dissolution and enhanced
structural stability. When applied as a cathode material for
AZIBs, the MnO@C composite exhibited outstanding electro-
chemical performance, delivering an excellent rate capability of
165.9 mAh g�1 at a high current density of 3000 mA g�1, and
maintaining a stable capacity of 160 mAh g�1 even after
1000 cycles under the same conditions. Furthermore, at a low
current density of 100 mA g�1, the electrode achieved a high
specific capacity of 412.4 mAh g�1.

W. Wang et al.40 fabricated MOF-derived (Zn,Mn)S/C-coated
heterogeneous microspheres ((Zn,Mn)S/C@MnS) through an
in situ growth and thermal treatment process. Dodecahedral
ZIF-8 particles were grown in situ on the surface of spherical
manganese carbonate to obtain ZIF-8@MnCO3 microspheres.
Subsequent carbonization and sulfurization converted these
microspheres into MOF-derived (Zn,Mn)S/C-coated manganese-
sulfide heterogeneous structures ((Zn,Mn)S/C@MnS). This archi-
tecture exhibited excellent rate capability and outstanding cycling
stability. The (Zn,Mn)S/C@MnS electrode delivered a high initial
discharge capacity of 374.1 mAh g�1 at a current density of
200 mA g�1, and maintained a capacity of 226.5 mAh g�1 with a
CE of 99.23% after 100 cycles. Moreover, it retained 85.6 mAh g�1

even after 1000 cycles at a high current density of 1000 mA g�1,
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demonstrating excellent long-term durability. These results con-
firmed that the MOF-derived (Zn,Mn)S/C heterostructure effec-
tively enhanced interfacial stability and charge-transfer kinetics.

M. Jiang et al.41 synthesized a MOF-derived ZnO–ZnMn2O4

(MZ) composite enriched with oxygen vacancies (OV). By tuning
the calcination temperature, the optimized MZ-550 formed
uniform spherical particles with abundant oxygen vacancies,
which enhanced electronic conductivity and reaction kinetics.
Benefiting from these defect-engineered interfaces and the
stabilizing role of ZnO, MZ-550 demonstrated a high specific
capacity of 314.5 mAh g�1 at a current density of 100 mA g�1.
Even under a high current density of 1000 mA g�1 it retained
96.6% of its maximum capacity after 1600 cycles at 1000 mA g�1.
Furthermore, the material maintained high capacities of
86.4 mAh g�1 at�20 1C and 331.1 mAh g�1 at 40 1C, highlighting
its excellent electrochemical performance under extreme tem-
perature conditions.

Vanadium (V) based cathodes, despite their high capacity,42

are constrained by a low operating voltage. To overcome this
limitation, D. Jia et al.43 synthesized a MIL-88B(V)@rGO com-
posite by anchoring MIL-88B(V) nanorods onto reduced gra-
phene oxide (rGO) sheets via a simple hydrothermal method.
Graphene oxide played a key role in controlling the crystal
growth of MIL-88B(V), promoting the formation of nanoscale
rod-shaped structures. During the initial charge/discharge cycle,
MIL-88B(V) underwent an in situ electrochemical oxidation into
amorphous V2O5, which then functioned as the electrochemically
active material for the subsequent reversible Zn2+ intercalation
and deintercalation. The amorphous V2O5 provided abundant ion
transport pathways and active sites for rapid Zn2+ diffusion. The
rGO sheets facilitated continuous electron and ion transport,
thereby accelerating redox reactions and enhancing pseudocapa-
citive behavior. The MIL-88B(V)@rGO cathode delivered a high
discharge capacity of 479.6 mAh g�1 at 50 mA g�1 and exhibited
excellent rate capability, retaining a capacity of 263.6 mAh g�1

even at a high current density of 5000 mA g�1. Furthermore, it
demonstrated outstanding electrochemical stability, retaining
80.3% of its capacity after 400 cycles at 2000 mA g�1.

Commercial V2O5 suffers from inherent limitations, includ-
ing its low specific surface area, nonporous structure, poor
intrinsic conductivity, and narrow interlayer spacing, which
collectively result in limited active sites, sluggish ion transport,
and slow electrode kinetics. Y. Zhang et al.44 synthesized a
novel cathode material: cerium (Ce) and polyaniline (PANI) co-
intercalated V-MOF-derived porous V2O5 nanosheets (denoted
as CPVO) via a simple hydrothermal method (Fig. 2f). The
resulting CPVO exhibited a high specific surface area and a
nanosheet-like porous morphology, which collectively offered
abundant Zn2+ diffusion pathways and electrochemical active
sites. These features significantly increased ion diffusion kinetics
and enable high-capacity performance. As a result, CPVO deliv-
ered an impressive specific capacity of 498.5 mAh g�1 at a
current density of 100 mA g�1, while maintaining a high-rate
performance of 385.6 mAh g�1 at 5000 mA g�1.

X. Wu et al.45 developed a hierarchical V2O3/V3O5/Zn2VO4@NC
composite (denoted as ZnVO-800) through a self-sacrificial

reaction between the ZIF-8 precursor and NH4VO3. The resulting
ZnVO-800 retained the polyhedral morphology of ZIF-8 and
formed a heterojunction architecture embedded in N-doped
carbon, which shortened ion-diffusion pathways and increased
the CEI area. Upon initial discharge at a current density of
500 mA g�1, the ZnVO-800 cathode delivered a high reversible
capacity of 314.0 mAh g�1. Notably, it retained a reversible capacity
of 100.1 mAh g�1 with 90.8% capacity retention even after 3000
cycles, demonstrating excellent long-term cycling stability.

X. Ma et al.46 fabricated ultrathin vanadium oxide
nanosheets (C@V2O3@C) encapsulated within dual carbon
layers via a stepwise MXene-to-MOF conversion strategy. Initi-
ally, V2CTx MXene was transformed into C@V2O3 nanosheets,
followed by an in situ conversion into a V2O3-derived MOF, and
ultimately subjected to carbonization to form the final compo-
site. The resulting C@V2O3@C architecture exhibited a large
specific surface area, abundant porosity, a high V2O3 content,
and ultrathin inner and outer carbon matrix. These structural
features enhanced charge-transfer kinetics, increased active
surface area, and effectively suppressed V dissolution during
cycling. C@V2O3@C exhibited nearly 100% capacity retention
at a current density of 1000 mA g�1 and maintained a discharge
capacity of 240 mAh g�1 even after 3000 cycles at a high current
density of 30 000 mA g�1. In particular, it delivers an excellent
rate performance, with a discharge capacity of 402 mAh g�1

under the extreme condition of 50 000 mA g�1.
Research on MOF-based cathode engineering for AZIBs has

evolved along three primary directions: optimizing electroche-
mical reaction mechanisms, enhancing structural stability, and
improving ion diffusion pathways through various MOF struc-
tures and derivatives. Early efforts focus on 2D c-MOFs that
exhibit supercapacitor-like charge storage behavior. Subse-
quently, a hybrid design incorporating carbon coatings, sulfides,
and oxides effectively suppresses active material dissolution and
extends the cycle life. More recently, the limits of material
performance have been expanded by simultaneously increasing
OV and electronic conductivity via defect engineering. Looking
forward, future advances are expected to focus on: (1) integrated
architecture combining gel or solid-state hydrated aqueous
electrolyte and MOF cathode, aiming to concurrently improve
both safety and energy density; (2) intelligent MOF frameworks
with dynamic defect generation capabilities to maximize cyclabil-
ity. Such integrated innovations will not only accelerate the
commercialization of AZIBs but also lay the groundwork for
next-generation grid-scale energy storage systems (ESSs).

3. Anode modification using MOFs

At the anode–electrolyte interface, the formation of a solid
electrolyte interphase (SEI) is essential. The reduction of elec-
trolyte solvent at the anode interface causes decomposition of
electrolyte, which forms the SEI layer. This layer conducts ions,
blocks electrons, and varies with thetype and structure of the
electrolyte and anode.47 Consequently, the ability to regulate
the formation and stability of the SEI plays a pivotal role in
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advancing cell performance. Several points are required at the
anode–electrolyte interface to improve battery performance,
lifespan, and reduce safety risks. According to a comprehensive
review of the SEI layer by K. Xu, the main influencing factors
can be summarized as follows.48 The battery’s overall perfor-
mance will be improved:

(i) As the chemical composition of the SEI layer has good
chemical and thermal stability. This reduces the instability of
the battery under high-temperature conditions.

(ii) As the structural uniformity of the SEI layer increases.
This enhances the desolvation process of the carrier ion.

(iii) As the mechanical stability of the SEI layer is increased.
This enables the SEI layer to better withstand the anode’s
volume changes during cycling.

Recently, MOFs used for interface modification have been
extensively studied. Unlike cathode or separator interface mod-
ification using MOFs as the precursor or derivative, most of the
anode modifications are mainly about coating MOFs on the
anode interface. This is because the application strategy and
structural requirements vary for different areas of application.
For anodes, it is important to stabilize the SEI and mitigate
volume expansion, so MOFs are commonly used as surface
coating agents. In contrast, the cathode and separator generally
have low interfacial reactivity and deformation. Therefore, MOFs
are used as precursors to enhance cell performance.49,50

3.1. Modification of LIB anodes using MOFs

There are two widely used anode materials for LIBs: carbon-
based and silicon (Si) based anodes. They both suffer from non-
uniform SEI layer formation during battery cycling. These non-
uniform SEI formations can cause anode volume change,
capacity fading, and safety issues.51 In particular, Si anodes
have a higher theoretical capacity of 4200 mAh g�1, which is
11 times higher than carbon-based anodes.52 However, it
undergoes a dramatic volume change of up to 300%, which
significantly reduces cell capacity and stability.

These problems could be addressed by modifying the elec-
trolyte–anode interface using MOFs. However, most of the
MOFs used in the modification of LIB anodes (especially for
carbon-based anodes), use MOFs as a ‘precursor’. This is
because the porous structure of MOFs ensures efficient storage
capacity and ion conductivity when carbonized under high
temperature conditions. For example, S. Mamidi et al.53 used
ZIF-67 to immerse the 3D carbon micro electrode and then
calcined it at 350 1C, forming a modified carbon-based anode:
3DCGS-Co. The cobalt oxide petals in 3DCGS-Co provided
conductive pathways that reduced anode resistance and facili-
tated Li+ diffusion, increasing capacity through conversion
redox reactions.

Therefore, 3DCGS-Co exhibited an enhanced capacity reten-
tion rate of 88.9% after 200 cycles, as well as a CE of 99%.
Moreover, the electrode recovered a capacity of 1036 mAh g�1

when cycled at 50 mA g�1, indicating the outstanding rate
reversibility and structural robustness of the modified anode.

Also, recent investigations tend to focus on using MOFs as
precursors for more precise and advanced carbon-based

anodes. Y. Yang et al.54 used Co-doped MOFs as a precursor
to make Co–ZnO/C as well as Co–Co3O4/C nanohybrids, which
performed as an excellent anode for LIBs. Co–Co3O4/C was
made by calcination of the Co-doped MOF, thereby it consisted
of abundant pores that ensured the Li-ion diffusion as well as a
large surface area. Therefore, the MOF-modified anode showed
a highly reversible capacity of 898 mAh g�1 (0.1C current
density after 100 cycles). Also, its CE gradually reached 100%
as the cycle proceeded. These superior results stemmed from
using the MOF as a precursor, which formed mesoporous
structures that regulated volume expansion and enabled fast
ion-electron transport.

On the other hand, MOFs were also applied in the modifica-
tion of Si-based anodes. A variety of methods could be used
when modifying the electrolyte-anode interface to enhance
battery performance. Y. Han et al.55 used the sandwich coating
method MOF (MOF-SC) to modify the anode interface. MOF
particles were cast onto the surface of a nano- or micro-Si layer
above the super P to improve cycling performance. The bottom
layer (super P) improved electrical contact, the middle layer (Si)
acted as a Li storage material, and the top layer (MOFs) enabled
fast diffusion of electrolyte as well as reduced exposure of Si. By
this, the cycling capacity was remarkably improved, without
noticeable areal capacity fading after 100 cycles, maintaining
600 mAh cm�2, whereas pristine nano-Si exhibited nearly com-
plete capacity loss within 50 cycles. This research played a
major role in anode interface modification because it suggested
not only the type of MOF that exhibited good performance, but
also the efficient structure for coating the anode interface,
which could be applied using different MOFs.

L. Zhang et al.56 used ZIF-67 as a MOF precursor to enhance
cell stability and capacity. Si nanoparticles used for the anode
material were evenly coated with ZIF-67, which uses Co metal
nodes and 2-methylimidazole linkers. By heating this at 800 1C,
organic linkers of ZIF-67 were carbonized to form a modified
anode with a porous characteristic shell. These shells made
significant improvements: inhibited anode volume expansion,
enhanced electrical conductivity, and allowed interface stabili-
zation by preventing direct contact between the electrolyte and Si
anode. The improvement made could also be quantitatively mea-
sured. After interface modification, not only the ICE increased by
50.8% to 72.0% but also showed a fabulous capacity retention rate
after 500 cycles of 73.1% (at 0.5C and 60 1C).

Recently, Y. Y. Chen et al.57 used silane/MOF as a precursor
to make SiOx/Co@C (pore size of 1.7 to 36.2 nm) for an anode
coating agent. This work overcame the limitations of existing
methods: the difficulty of forming strong bonds between Si and
MOFs. This was because MOFs were used as self-sacrificing
templates to firmly encapsulate SiOx by deriving Co embedded
in the carbon framework. More specifically, this MOF-derived
structure promoted uniform distribution, prevented agglom-
eration, and mechanically stabilized the anode during cycling.
Furthermore, single-atom Co sites catalysed Si–O bond conver-
sion, enhancing reversibility and reaction kinetics. For exam-
ple, SiOx/Co@C-600 showed only 24.6% of the volume
expansion rate, whereas SiOx@C (bare anode) showed 88.6%
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of the expansion rate after 600 cycles (Fig. 3a). This control of
anode volume change enabled improvement in conductivity
and battery performance. After interface modification, not only
did the ICE increase by 42.9% to 78.9% but also a significant
long-term cycling capacity (reversible capacity of 815.5 mAh g�1

after 240 cycles at 100 mA g�1) was observed.
Overall, electrolyte–anode modification using MOFs showed

excellent potential in improving LIB stability as well as electro-
chemical performance. Unique characteristics of versatile
MOFs such as tunability and porosity, provided improved ion
transport paths, enhanced capacity, and volume change miti-
gation. Recent investigations have actively researched regulat-
ing distinctive side reactions in batteries using new MOF
architectures, techniques such as thermal/hydrothermal treat-
ment, hybrid structures such as sandwich-like or nano struc-
tures, and so on. Ultimately, integrating carbon- and Si- based
anodes with MOFs through precise structural and technical
control may be the key strategy for achieving high capacity and
stable LIBs.

3.2. Modification of next generation battery anodes using
MOFs

LMBs use Li metal as an anode material. Li metal has a high
theoretical capacity and negative potential of 3860 mAh g�1 and
�3.04 V (relative to the standard hydrogen electrode). This
enables the design of high-energy and power batteries, which
is the main reason why LMBs are gaining significant attention
as the next-generation battery.58,59 However, the two main
problems hinder the commercialisation of LMBs (Fig. 3b). As
the charging/discharging process proceeds, the rapid for-
mation of dendrites occurs at the anode interface. Hence,
electrically isolated dead Li and repetitive SEI layer formation
occur continuously, which ultimately leads to low CE of LMB.
These issues can potentially lead to internal shorts and safety
issues, as well as shorten the cycle life of the battery.60,61

As with LIBs, the stated problems can be addressed through
interface modifications using MOFs. Artificial SEI layer, MOFs
in this case, could potentially block electrolyte contact from the
electrode, reduce cell overpotential, as well as enhance single-
ion conductivity. However, there are plenty of things to con-
sider: SEI layers made by MOFs are usually poor conductors.
Therefore, modifying the interface by maximizing the porosity
of MOFs to provide efficient ion transport channels without
negatively affecting the conductivity is the main issue. To
achieve these goals, MOF modification using plating or electro-
chemical deposition strategies is commonly used.62

T. Zhou et al.63 used Co-MOF to modify the Li metal anode. A
2D Co-MOF was synthesized and annealed on CC, forming
CC@CN–Co, changing lithiophobic CC into a lithiophilic fra-
mework. Then electrochemical deposition of Li metal on
CC@CN–Co took place to finally make the 3D CC@CN–Co@Li
composite. Through a unique synthesis strategy, the CC@CN–
Co@Li composite has evenly distributed N containing func-
tional groups and Co nanoparticles, which allowed the mod-
ified anode to have uniform Li nucleation and inhibit the
formation of dendrites. Also, nanosheet arrays and binder-

free structures formed by a direct growing process enabled
enhancement of active surface area and reduced the ‘dead
mass’ of the anode. These features allowed excellent cycling
performance at relatively high current conditions as well as a
stable CE of 98.7% for nearly 300 cycles (Fig. 3c). Furthermore,
it exhibited stable cycling performance while maintaining a low
overpotential of 20 mV throughout more than 800 cycles. Such
electrochemical advantages originated from the CC@CN–
Co@Li composite having dendrite-free features and a highly
stable electrolyte-anode interface.

Recent research tended to take more specific and unique
approaches to interface modifications. For example, J. Ding
et al.64 used the ‘glass state’ MOF to modify the electrolyte-
anode interface: ZIF-62 glass, by far the most studied ZIF glass
was used. ZIF-62 features Zn nodes linked by imidazole and
benzimidazole ligands arranged in a tetrahedral geometry. The
ZIF-62 crystals were first synthesized using a hydrothermal
method, followed by a melt quenching process to finally form
the ZIF-62 glass. Then, ZIF-62 glass was chopped down and
made into slurry, which was directly coated onto Cu foil using
the doctor-blade method. Afterwards, electrochemical deposi-
tion of Li metal took place, finally forming Li@glass@Cu.
ZIF-62 glass enabled Li@glass@Cu to regulate Li deposition
through its unique features as the ‘glass state’: isotropic and
internal grain-boundary-free characteristics (Fig. 3d). There-
fore, Li@glass@Cu exhibited uniform Li-ion diffusion indicat-
ing the absence of dendrite formation and the fast diffusion
process due to its isotropic structure. This was demonstrated by
symmetric and full cell performance experimental results.
The full cell (Li@glass@Cu||LFP) was shown to exhibit a
relatively higher capacity of 148 mAh g�1 compared to that of
Li@Cu||LFP of 131 mAh g�1. Moreover, Li@glass@Cu||LFP
possessed excellent cycling stability and showed capacity reten-
tion up to 90% at 1C, 1000 cycles.

Another recent study used a quasi-2D fluorinated carbo-
nized MOF (q2D-FcMOF) to form the artificial SEI layer.
L. Kong et al.65 used four kinds of MOFs (ZIF-8, ZIF-67,
UIO-66, and Ni-MOF) which underwent a similar process of
ice-templating, carbonization, and fluorination, forming each
q2D-FcZ8, q2D-FcZ67, q2D-FcU66, and q2D-FcNiMOF. These
q2D-FcMOFs were suspended in droplets that were cast and
evaporated on Li metal, creating a dense and uniform coating,
finally forming q2D-FcMOF@Li electrode. Particularly, q2D-
FcMOF formed a robust artificial SEI layer, which has an inner
layer mainly composed of inorganic LiF which is lithiophobic,
as well as an outer layer mainly composed of metal ion clusters
that are lithiophilic. Therefore, the inner layer inhibited side
reactions and dendrite growth, while the outer layer improved
the mechanical stability of the SEI. This dual-layer architecture
enabled efficient Li+ conduction and uniform nucleation at the
interface. Through this, the overall battery’s charge/discharge
kinetics became harmonious, leading to enhancement in the
battery’s performance and stability. For example, a symmetrical
q2D-FcZ8@Li cell exhibited a low overpotential of 44 mV and
long cycling life of 3600 h. Additionally, the q2D-FcZ8@Li||LFP
full cell showed excellent capacity retention of 92.85% over 600
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Fig. 3 (a) Scheme and SEM images of cycled electrode cross section of SiOx/Co@C-600 and SiOx@C in LIBs. Adapted from ref. 57 with permission from
Chemical Engineering Journal, Copyright 2025. (b) Crucial side reactions that occur in the anode-electrolyte interface of LMB. (c) Long cycling
performance of CC@CN–Co@Li|| LFP@C and Li||LFP@C full cells at 5C in LMBs. Adapted from ref. 63 with permission from Advanced Functional
Materials, Copyright 2025. (d) Scheme of Li ion migration at crystal and glass MOF conditions in LMBs. (e) Scheme of MOF modified AZIBs. (f) SEM images
of bare Zn and ZIF-8@Zn after cycling. Adapted from ref. 79 with permission from Nanomicro Letters, Copyright 2025. (g) Scheme of migration of
hydrated Zn2+ with different pore size MOFs in AZIBs. Adapted from ref. 70 with permission from Energy Storage Materials, Copyright 2025.
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cycles with an ultrahigh CE of 99.71%. Although q2D-FcZ8@Li
produced the best results, other q2D-FcMOFs@Li (q2D-
FcZ67@Li, q2D-FcU66@Li, and q2D-FcNiMOF@Li) showed
surprisingly improved results compared to the bare Li
electrode.

In summary, unique characteristics of MOFs—such as their
tunability, porosity, versatility, and functionality—enabled cell
performance enhancement via homogeneous Li nucleation,
provided an effective ion movement path, and improved inter-
facial stability. While recent studies tend to focus on more
specific and unique approaches, challenges remain in translat-
ing lab-scale improvement plans to a commercial scale. Never-
theless, since coating techniques are more commonly applied
than the heat treatment ones in LMB modification, it is thought
that LMB commercialization of surface modification using
MOFs will be somewhat easier than LIBs.

AZIBs have gained significant attention as a cost-efficient
next-generation battery because Zn metal is cheaper than Li
metal and water-based electrolytes are more eco-friendly and
safer than organic electrolytes (Fig. 3e).76 However, there are
critical side reactions, especially at the anode interface that
degrade cell performance and stability. One of the critical side
reactions occurring at the anode interface is Zn dendrite
formation. Notably, AZIBs exhibit much severe dendrite for-
mation than LIBs, due to the high mechanical rigidity of Zn
metal and other side reactions such as the HER in aqueous
environments.77 By this, as the charge/discharge cycle repeats,
Zn ions tend to accumulate in specific regions due to the tip
effect, which ends up forming dendrite growth. Another major
side reaction is the HER. At the anode-electrolyte interface, the
Zn anode and H2O solvent used in the electrolyte undergo a
reduction reaction, resulting in evolution of hydrogen gases.
Furthermore, corrosion of the Zn metal may occur.78 These side
reactions may deteriorate capacity, efficiency, and stability
of AZIBs.

Critical side reactions mentioned above can also be con-
trolled by interface modification using MOFs. Among all the
other types of batteries (LIBs, LMBs, etc.), AZIBs have attracted

the most attention with regard to interface modification using
MOFs. This is mainly because the vulnerabilities of AZIBs and
the strengths of MOF are well-matched, creating harmonious
synergy. More specifically, the critical challenges of Zn anode
instability in AZIBs can be improved via the unique porous
structure, catalytic effect of metal nodes, and suppression of
electrolyte decomposition by organic ligands. These improve-
ments synergistically enhance the electrochemical performance
of AZIBs without compromising their inherent advantages,
such as low cost and high safety. For these reasons, a variety
of prior research has been conducted using various types and
structures of MOFs (Table 1).

X. Pu et al.79 proposed full battery component innovation
using MOFs. AZIBs proposed in the paper used a Mn(BTC) MOF
cathode, ZIF-8 coated anode, and ZnSO4 as the electrolyte to
finally enable high performance ESS. ZIF-8 was coated on Zn
foil forming an interface modified anode (ZIF-8@Zn), which
eventually showed 8 times longer cycle life compared to bare
Zn. This was because not only did ZIF-8’s unique porous
structure lead to homogenization of the Zn ion flux, but it also
provided a stable interface that suppressed dendrite formation
and reduced interfacial resistance. Therefore, the surface of
ZIF-8@Zn remained very clear compared to bare Zn which
exhibited large protuberances/dendrites even after 100 cycles
(Fig. 3f). Also, the ZIF-8@Zn symmetric cell exhibited good
cycling stability of over 170 h at 0.25 mA cm�2, 0.05 mAh cm�2

conditions. Overall, the proposed fully improved cell showed
excellent long-term cycling stability of 92% capacity retention
after 900 cycles at 1000 mA g�1.

Y. Xiang et al.75 used amorphous MOF (A-MOF) as a flexible
protective layer on a Zn metal anode. Through the steric
hindrance effect of acetate ion, crystallization of ZIF-8 was
suppressed, eventually forming an amorphous structured
MOF (A-ZIF-8). A-ZIF-8 had unique characteristics such as
enhanced flexibility and bonding force, as well as reduced
defects and grain boundaries, due to the amorphous structure.
These characteristics guaranteed excellent improvement on
mechanical properties, interfacial properties, and electrochemical

Table 1 Recent studies of electrolyte–anode interface modifications using MOFs (C1, C2, and C3 are each condition for overpotential and cycling
performance measurements, each having [mA cm�2], [mA cm�2], and [mAh cm�2])

Type MOFs Method Electrolyte

Nucleation
overpotential
(C1)

Cycling
performance
(C2, C3)

Average
CE Ref.

Surface
coating

ZIF-8 Mechanical coating and
infiltration

3 M Zn(CF3SO3)2 15.2 mV (1) 800 h (1, 1) B99.6% 66

2D ZIF-8 Mechanical coating 2 M ZnSO4 20 mV (1) 3000 h (1, 1) 99.4% 67
Zn/Cu-MOF (ZCM) Mechanical coating 3 M Zn(CF3SO3)2 23.9 mV (5) 1082 h (2, 1) B99.0% 68
Ce–Fe MOF Mechanical coating 2 M ZnSO4 22.6 mV (—) 4300 h (1, 1) 99.8% 69
MOF-5W Mechanical coating 2 M ZnSO4 9.6 mV (1) 1000 h (5, 5) 99.7% 70
ZIF-8 Drop casting and in situ growth 2 M ZnSO4 — 1500 h (5, 5) 99.8% 71
Zr12-based
2D MOF

Drop casting 2 M ZnSO4 17 mV (3) 2000 h (0.5, 0.5) 99% 72

Co-ZIF-8 Electrosynthesis 2 M ZnSO4 102.9 mV (1) 1280 h (1, 1) 98.4% 73
Ti-based MOF
(MIL-125(Ti))

Mechanical coating and in situ
growth

2 M ZnSO4 22 mV (1) 4200 h (1, 1) 99.8% 74

A-ZIF-8 In situ spray coating 2 M ZnSO4 32 mV (1) 1200 h (10, 1) 99.98% 75
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performances. For example, the Zn@A-ZIF-8 symmetric cell
showed a stable cycling performance of more than 1200 h even
at an ultrahigh current density of 10 mA cm�2. Also, Zn||Ti@A-ZIF-
8 cells exhibited 99.98% of average CE along with 51 mV of voltage
gap within 1000 cycles. These experimental results demonstrated
that favourable electrolyte-anode interface modifications were
made by A-ZIF-8: successful dendrite/HER suppression, fast Zn2+

conduction, and improved interfacial stability. Importantly, this
modification process could extend beyond AZIBs and demonstrate
wide applicability across various metal anodes such as Mg, Al, and
Cu substrates, underscoring its broad versatility and practical
relevance.

Recent research focused on MOF@Zn architectures pre-
pared via facile and industry-friendly methods, aiming to
enhance their commercial viability.80,81 For example, W. W.
Zhang et al.70 used three types of MOFs (ZIF-7, MOF-5W, MOF-
808), which underwent the same process of facile mechanical
coating forming a MOF@Zn electrode. The only difference
between the three electrodes was channel size (Fig. 3g). As a
result, MOF-5W which had an appropriate channel size similar
to [Zn(H2O)6]2+, exhibited the most stable cycle performance as
well as supremely improved CE. This is because the suitable
channel size provided two different types of routes for Zn-ions
to transfer: the confined channel space and the intergranular
space. These dual-path transports enabled efficient Zn-ion
transfer as well as effective desolvation of Zn2+. However, if
the channel size had been smaller or larger than it is supposed
to be, anode corrosion and dendrite formation could have
occurred due to inefficient or uncontrollable Zn-ion desolvation
as well as direct contact between the electrolyte–anode inter-
face. This is also clearly demonstrated in the following experi-
mental results. The MOF-5W@Zn symmetric cell exhibited an
impressive stable cycling performance of over 600 h compared to
ZIF-7@Zn (B100 h) and MOF-808@Zn (B300 h) under 1 mA cm�2

and 1 mAh cm�2 conditions. Also, the MOF-5W@Zn||NVO full cell
was shown to have a high CE of 99.7% which is significantly higher
than that of other MOFs.

There were also approaches to grafting anode interface
modification with the newest computer science technology:
machine learning. J. B. Dong et al.69 used a fully connected
neural network (FCNN) model to select a promising MOF
candidate from over 168 000 MOFs. This study utilized pub-
lished sources to construct the database and performed
machine learning analysis by assigning weights to ten para-
meters, including the number of valence electrons, largest and
smallest cavity diameters, and void fraction. Through this
process, a cerium-iron prussian blue analog (Ce–Fe MOF,
CeK[Fe(CN)6]�4H2O) was selected and applied on Zn foil via a
blade coating technique. The Ce–Fe MOF possessed appropri-
ate ion-sieving channels, polar ligands, and zincophilic metals,
which enabled selective ion transport, reduced the desolvation
barrier, and promoted uniform Zn deposition. Also, polar
cyano-ligands and zincophilic Ce atoms significantly influ-
enced the dynamic conversion among Zn(H2O)n

2+, Zn2+, and
Zn metal. Consequently, the symmetric cell showed excellent
cycling stability of 4300 h under 1 mA cm�2, 1 mAh cm�2

conditions, which was about 50 times longer compared to bare
Zn. Also, MOF@Zn||Cu exhibited an average CE of 99.8% during
over 1400 cycles at 2 mA cm�2 and 1 mAh cm�2 conditions.

In conclusion, various types of MOFs can work harmo-
niously with Zn metal anodes by facilitating uniform ion
deposition, suppressing side reactions, and stabilizing the
interface. More specifically, MOFs with an appropriate pore
size enable homogeneous Zn ion transport. Also, the coordina-
tion chemistry of MOF’s metal nodes and organic linkers
mediates critical side reactions. In addition, given the high
prevalence of MOF-based interface modification in AZIB
research, it can be concluded that AZIBs represent the most
compatible battery platform for MOF-based interfacial engi-
neering among various systems, such as LIBs and LMBs. Recent
research on MOF-induced electrode modifications was mainly
about AZIBs, focusing on MOFs’ channel size and surface
chemistry.

4. Separator modification using MOFs

The separator acts as a physical barrier between the cathode
and anode, playing a vital role in facilitating ion transport and
preventing short circuits in the battery.82 Typically, separators
are constructed with a porous structure containing numerous
micropores that serve as channels for ion migration between
electrodes. This well-designed porosity ensures efficient ionic
conduction, contributing to stable cycling performance and
high battery efficiency during battery cycling.

Without a separator, the cathode and anode come into
direct contact, and a low-resistance path for carrier ions forms,
which could cause an internal short circuit. This problem can
cause undesirable high current flow, which can lead to loca-
lized overheating, performance degradation, and serious safety
hazards including ignition or explosion. Positioned between
the electrodes, the separator functions as an electrical insula-
tor, preventing electrical failure while maintaining sufficient
ionic conductivity.

Although interface regulations in batteries are primarily
discussed in the context of electrode materials, conventional
separators can also suffer from partial interface issues (Fig. 4a).
In LIBs, a critical issue is the insufficient penetration of the
electrolyte into the separator. The poor wettability of the
separator surface, because of its low electrolyte affinity and
weak interactions, restricts the formation of effective ion trans-
port paths.83–85 In LSBs, the shuttle effect, which refers to the
undesirable migration of soluble LiPSs (Li2Sn, 4 r n o 8)
between the electrodes, leads to continuous loss of active sulfur
and rapid capacity fading.86,87 In AZIBs, uncontrolled dendrite
growth and side reactions cause significant challenges such as
degradation of the separator. MOFs can address each of these
issues by enhancing electrolyte uptake, and facilitating the
conversion of intermediate products, and promoting uniform
ion transport.4,88 This strategy provides a promising approach
to overcome the major drawbacks of conventional commercial
separators through surface modification.

Highlight ChemComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 5

:0
8:

17
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc05318h


This journal is © The Royal Society of Chemistry 2026 Chem. Commun., 2026, 62, 3077–3094 |  3089

4.1. Modification of LIB separators using MOFs

To address the insufficient electrolyte wettability of polypropylene
(PP) separators in LIBs, X. Li et al.85 introduced a surface engineer-
ing approach—hydrothermal method—using chromium-based
MOFs (Cr-MOFs), specifically MIL-88B(Cr) and MIL-101(Cr). Both
MOFs had a common Cr3+ metal center and organic linker (1,4-

benzenedicarboxylate), but exhibited notable differences in mor-
phology, Brunauer–Emmett–Teller (BET) surface area, and total
pore volume with MIL-101(Cr) having significantly larger internal
surface area and porosity. These structural differences were
reflected in enhanced electrolyte uptake. MIL-101(Cr)/PP showed

Fig. 4 (a) Schematic illustration of separator-related interfacial issues in batteries. (b) Li+ transport in a conventional separator versus a MOF-based
separator of LIB with OMSs. (c) Illustration of Li2S6 adsorption in Ni@C and Ni@C(Zn) solutions, highlighting completely transparent Ni@C(Zn) solution.
(d) Illustration of the synergistic adsorption and catalytic effects on polysulfide regulation in Li–S batteries. Adapted from ref. 97 with permission from
Journal of Energy Chemistry, Copyright 2025. (e) Structures of GF@UiO-66, GF@UiO-S1, and GF@UiO-S2. (f) Dendrite suppression on Zn anodes with
various GF-based materials (UiO-66, UiO-S1, and UiO-S2) in AZIBs.
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superior electrolyte uptake, which was further enhanced in a
thicker separator—MIL-101(Cr)/PP-1—, indicating the role of high
porosity and increased volume in retaining electrolyte. From an
electrochemical performance aspect, MOF-coated separators—
especially MIL-101(Cr)/PP-2—exhibited superior ionic conductivity
due to their abundant pores, open metal sites (OMSs), and rate
capability compared to PP. In particular, the thinner MIL-101(Cr)/
PP-2 provided a shorter ion transport path, contributing to its
enhanced performance, resulting in 56.2% capacity retention at
10C (Fig. 4b).89

Similarly, M. Li et al.90 addressed the ion transport con-
straints of LIB separators by directly constructing a MOF layer
on a PVDF membrane through in situ interfacial synthesis of
HKUST-1, a Cu-BTC-type MOF. Using a superspreading strategy
under ambient temperature, HKUST-1 was uniformly grown
within the membrane, forming sub-nanometer channels and
OMSs that facilitated fast and uniform Li ion transport. The
resulting MOF layer exhibited a continuous and dense mor-
phology, with vertically aligned growth that densely filled the
uniform pores of the PVDF membrane. Compared to a com-
mercial PP membrane, the resulting PVDF-MOF composite
membrane showed markedly improved electrolyte wettability,
along with higher porosity and electrolyte uptake. The PVED-
MOF separator showed markedly improved ionic conductivity
(134.6% increase), lower resistance (1.89 O), and superior
thermal stability compared to PP. The presence of the MOF
layer also regulated Li+ flux uniformly and suppressed dendrite
formation, enabling the cell to retain 87.5% of its initial
capacity at 2C, with a CV peak current of 0.89 mA cm�2 and a
wider stability window (2.5–4.5 V).

Recently, J. Li et al.91 developed a fluorinated MOF-based
separator (UIO-66-F@PP) to enhance both the electrochemical
performance and safety of LIBs. In this work, fluorine (F)
functionalized UIO-66 (UIO-66-F) was synthesized by grafting
highly electronegative and polarizable –F groups onto Zr-
based UIO-66.92 The resulting MOF was coated onto both
sides of a commercial PP separator to fabricate a composite
structure. In burning tests, UIO-66-F@PP exhibited rapid self-
extinguishing within 2 s due to the shielding effect of F and
strong C–F bonds, confirming its improved thermal stability.
The hydrophilic –F groups and porous MOF structure reduced
interfacial resistance, contributing to enhanced electrolyte
affinity. Notably, UIO-66-F@PP effectively suppressed den-
drite formation, possessing a high Li transference number.
The cell retained 84.8% of its capacity at 1C, and the CV
indicated fast and reversible kinetics of the modified
separator.

MOF-coated separators enhance Li+ transport by providing
abundant pores and OMSs that improve electrolyte wettability
and lower interfacial resistance, supported further by the
introduction of specific metal centers and functional groups.
MOFs’ hierarchical pore structures and nanoscale channels
promote uniform ion flux, preventing localized depletion and
dendrite formation. Together, these interfacial features
improve ion conductivity, rate performance, and overall elec-
trochemical stability in LIBs.

4.2. Modification of next generation battery separators using
MOFs

LSBs are limited by the shuttle effect caused by the dissolution
and migration of intermediate PS, leading to severe capacity
fading and reduced cycle stability.93 To mitigate these issues,
J. Cheng et al.94 synthesized a magnetic porous Ni–C composite
(Ni@C(Zn)) using a Ni–Zn bimetallic MOF as the precursor, and
coated it on one side of a commercial polyethylene (PE)
separator to suppress the shuttle effect. To contrast its improve-
ment, this work compared Ni@C(Zn) with a Ni@C modified
separator. Ni-MOF and Zn-MOF were selected based on pre-
vious reports highlighting their successful integration with
carbon materials, which enabled excellent electrical conductiv-
ity and efficient control of PS.95,96 Ni@C(Zn) exhibited a sheet-
like layered microsphere morphology with uniformly dispersed
Ni nanoparticles and abundant micro/mesopores, formed by
Zn sublimation during carbonization. Moreover, its sharper
and more intense X-ray diffraction peaks indicate higher crys-
tallinity and improved structural stability compared to Ni@C.
To evaluate the adsorption capability, both Ni@C(Zn) and
Ni@C were dispersed in DOL/DME solutions containing an
equal amount of Li2S6. The solution containing Ni@C(Zn)
became completely transparent, in contrast to the Ni@C con-
taining solution, indicating that Li2S6 was fully adsorbed
(Fig. 4c). This result confirmed the superior PS adsorption
capability of the Ni@C(Zn) composites. Furthermore, CV
showed enhanced PS redox kinetics with a narrowed voltage
gap (0.31 V) by implying their reduction in electrochemical
polarization and the suppression of side reactions. Ni@C(Zn)
also exhibited higher current density and lower resistance
(41.986 O), indicating improved Li+ diffusion attributed to
superior wettability.

In a related study, X. Leng et al.97 also employed a Ni-based
composite to simultaneously achieve PS confinement and
catalytic conversion (Fig. 4d). Using electrospinning, they fab-
ricated a nanocomposite polyacrylonitrile (PAN) based separa-
tor (NCMP) coated with bimetallic Ni–Co MOF nanoparticles.
The resulting MOF displayed a sea-urchin-like morphology with
needle-shaped nanorods. The Ni–Co MOF, featuring a porous
microspherical architecture and abundant active metal sites,
exhibited strong affinity for PS species. Notably, the Ni and Co
centers provided the highest binding energies with PS, effec-
tively preventing their diffusion across the separator. The PAN
nanofiber matrix served as a robust scaffold for MOF dispersion,
facilitating electrolyte infiltration and Li+ transport while selec-
tively suppressing PS migration. Galvanostatic tests showed the
NCMP separator achieved 1457 mAh g�1 upon returning to 0.1C
from 10C and retained 794 mAh g�1 (84.1%) over 500 cycles,
substantially outperforming bare Celgard.

More recently, H. Zhu et al.98 proposed a modified separator
based on a Ni-doped ZIF-67 structure coated with polydopa-
mine (PDA), followed by carbonization and phosphorization to yield
a NiCoP@NC composite. This material was applied to a commercial
PP (Celgard 2500) separator. The resulting NiCoP@NC composite
exhibited a slightly wrinkled rhombohedral dodecahedron
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morphology with surface-decorated nanoparticles. Remarkably, the
structure was maintained even after thermal treatment at 600 1C,
owing to the protective PDA layer. NiCoP was uniformly coated onto
the porous PP surface and featured intrinsically high polarity,
enabling strong adsorption of LiPSs. The coating layers also
exhibited excellent mechanical integrity and flexibility, ensuring
long-term stability against PS permeation. The NiCoP@NC-
modified separator exhibited improved electrolyte wettability com-
pared to bare PP. Cell evaluation results showed that NiCoP@NC-
modified cells retained 71.23% capacity over 300 cycles. To further
evaluate the catalytic activity, symmetric cell was assembled, and CV
revealed a higher current response, better reversibility, and faster
LiPS redox kinetics than NiCo@C. Common MOF-based separator
designs include introducing active metal sites for PS, constructing a
porous channel for regulated Li+ flux, and integrating bimetallic
composites or doping conductive metals to suppress shuttle-
induced side reactions. Collectively, these MOF-enabled inter-
facial architectures demonstrate a robust approach to improving
ionic conductivity, redox reversibility, and long-term cycling
stability, highlighting their potential for next-generation high-
performance LSBs.

AZIBs faced restricted practical application due to side
reactions—such as Zn dendrite formation and HERs—that
compromise long-term stability.99 To address these issues, R.
Chen et al.100 proposed a modified separator by coating a glass
fiber (GF) membrane with UiO-S2, a Zr-based MOF derived
from UiO-66 through oxidation after the introduction of thiol
(-SH) groups.99 The resulting GF@UiO-S2 separator was
designed to regulate Zn ion flux and suppress parasitic reac-
tions. UiO-S2 contained two sulfonic acid (–SO3H) groups,
which exhibited strong affinity toward Zn2+, enabling uniform
ion distribution and facilitating 3D nucleation near adsorption
sites. This led to the formation of a smooth and dense Zn layer,
while the accelerated desolvation kinetics suppressed the HER
and corrosion. For comparison, additional separators were
fabricated using UiO-66 and a mono-functionalized UiO-S1
(with one –SO3H group), but neither matched the performance
of GF@UiO-S2 with two –SO3H groups (Fig. 4e and f). These
results highlighted a strong correlation between the number of
–SO3H groups and the suppression of dendritic growth.
GF@UiO-S2 showed excellent stability and reversibility in Zn
cells, with low polarization (48 mV) and nucleation overpoten-
tial (46 mV), nearly 100% CE over 100 cycles, confirming
uniform nucleation and high reversibility. It also exhibited
high ionic conductivity (22.00 mS cm�1), emphasizing the role
of SO3H groups in ion transport.

In another study, N. Maeboonruan et al.101 explored the use
of MOF-modified separators to achieve homogeneous Zn ion
flux and mitigate dendrite growth. They deposited MOF-808
(zirconium(IV)-based MOF with 1,3,5-benzenetricarboxylic acid
(H3BTC) linkers) and ZIF-8 (Zn(MeIM)2, MeIM: 2-methyli-
midazolate) onto GF membranes via dip coating. MOF-808
featured both micropores and mesopores with particle sizes
below 100 nm, while ZIF-8 possessed only micropores and was
slightly larger (B200 nm). BET measurements confirmed that
MOF-808 has a higher surface area and pore volume than ZIF-8.

MOF-modified separators increased current density during Zn
deposition, promoting uniform Zn layers with suppressed
dendrites.102 They also retained 63.9% (MOF-808@GF) and
56.7% (ZIF-8@GF) capacity after 20000 cycles.

More recently, Z. He et al.4 developed a functionalized
separator using NM-125, an amino (–NH2)-modified MIL-125
(Ti-based MOF), which was in situ loaded onto a GF membrane
to form NM-125-GF. Compared to pristine MIL-125, NM-125
exhibited a smaller particle size (B200 nm), narrower pore size
(0.495 nm), and a larger BET surface area (925.2 m2 g�1),
allowing for uniform dispersion within the separator matrix.
The polar –NH2 groups served as Zn2+ affinitive sites, promot-
ing homogeneous ion flux and enhancing desolvation kinetics,
thereby effectively suppressing dendrite growth and the HER.
NM-125-GF promoted uniform Zn2+ transport, suppressed
byproducts derived by –NH2 groups’ inhibiting role. Further-
more, the assembled symmetric cell showed high exchange
current density (15.07 mA cm�2), and the Zn||MnO2 cell
indicated an initial capacity of 160.2 mA g�1 and retained
99.8% capacity over 700 cycles.103 These confirmed the out-
standing stability and effectiveness of modified separators.

In AZIB systems, recent separator designs highlight the
importance of chemical functionality within MOF coatings for
directing stable Zn deposition. By mitigating the HER and other
undesired pathways, these tailored interfacial environments
enhance electrochemical performance and cycling longevity,
positioning functionalized MOFs as a promising platform for
next-generation AZIB separators.

Conclusions

In general, MOFs have been widely used to modify various types
of batteries (LIBs, LMBs, LSBs, AZIBs, etc.) due to the broad
tunability of their porous structures, large surface areas, and
polar ligands. These features enable MOFs to regulate ion
transport, suppress critical side reactions, and stabilize elec-
trode–electrolyte as well as separator–electrolyte interfaces, all
of which are critical for enhancing battery performance and
lifespan. Therefore, this review aims to highlight key difficul-
ties, summarize important previous studies, and provide
insights into the future research directions (Fig. 5).

In LIBs, MOFs are strategically utilized in multiple cell
components (anode, cathode, and separator), to address spe-
cific performance and stability challenges. For instance, the
cathode showed improved interfacial stability and electroche-
mical performance through hybrid designs, c-MOFs, and i-MOF
layers capable of inserting Li ions. In the anode, the MOF
precursor was used via heat treatment to easily form the Li ion
diffusion channels and mitigate volume expansion. Moreover,
enhancing thermal stability and interfacial kinetics of separa-
tors by using MOFs added with a halogen(–F) functional group
was shown.

For next-generation batteries, interfacial modifications play
a critical role in determining the commercial viability of the
battery. In LSBs, MOF-based cathode modification strategies
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such as chemically anchoring sulfur species or constructing
conductive MOF composites, are employed to inhibit sulfur
release and alleviate the shuttle effect. Also, bimetallic MOFs,
derived by integrating two different MOFs have been applied to
separator modification, enabling complex functional perfor-
mance, which overall enhances catalytic effectiveness and
thermal stability. Moreover, in LMBs, anode modification using
MOFs that serve as an artificial SEI layer promotes uniform Li
nucleation and suppresses dendrite formation, thereby improv-
ing electrochemical performance as well as cell stability.

Among all these systems, MOF based modification is parti-
cularly active in AZIBs, owing to the hydrophilicity and electro-
chemical stability of MOFs under low-voltage conditions. For
example, in the cathode, 2D conductive and hybrid MOF
designs are applied to enhance structural stability and perfor-
mance limitations. Likewise, modifying the Zn anode with
pore-optimized MOFs improved CE, long-term cycling perfor-
mance, and interfacial stability. Besides, maximizing the func-
tionality of MOFs in the separator is used to treat dendrites by
enabling a uniform Zn ion flux.

As shown above, research on battery modification using
MOFs has been successfully conducted. However, the experi-
mental procedures remain complex, and the practical applic-
ability is still limited. Moreover, synthesizing novel MOFs and
identifying suitable candidates often requires extensive trial-
and-error processes. Therefore, machine learning is expected to
play an important role in screening effective MOFs for battery
applications. A key challenge in this approach lies in designing
the machine learning model, particularly in determining which
parameters should be considered and given more weight value
during the MOF selection process.

Previous studies have applied parameters such as the num-
ber of valence electrons, cavity diameters, and void fraction of
metal ions and linkers. Each parameter is critical, as it influ-
ences the selection of metal nodes, linkers, and the electrostatic
interactions between them. Even with the same set of

parameters, varying their weights—or modifying the para-
meters themselves to achieve specific goals—can lead to diverse
MOF candidates, highlighting the great potential for machine
learning based studies in battery applications. The incorpora-
tion of machine learning offers significant advantages, including
the reduction of trial-and-error processes and the improved
capability to screen for low-cost, easily synthesizable MOF candi-
dates. All things considered, this synergy is expected to open new
frontiers in battery interface modification and thereby accelerate
the development of high-performance, next-generation energy
storage technologies.
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