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Abstract
Solid composite electrolytes that integrate metal–organic frameworks (MOFs) with polymer electrolytes combine the flex-
ibility of polymers with structural order and rigidity of MOFs, emerging as promising candidates for high-performance 
solid-state lithium batteries. However, conventional physical blending leads to poor interfacial compatibility between MOFs 
and polymer, hindering ion transport and resulting in phase separation during processing and operation, thereby compromis-
ing structural integrity and compositional homogeneity. Electrospinning has recently offered an effective strategy to better 
incorporate MOFs within polymer matrices, enabling more uniform composites and enhanced ion conduction. Based on 
these developments, this review systematically elaborates on the component design and ion transport mechanisms of MOFs/
polymer nanofiber electrolytes, with a focus on advanced integration strategies beyond physical mixing. This review further 
discusses combined methods for fabricating MOFs/polymer nanofiber electrolytes and examines the synergistic mechanisms 
by which MOFs and polymers collectively enhance ionic conductivity and interfacial stability. This review also provides 
a detailed analysis of current challenges facing MOFs-based composite electrolytes and proposes potential future research 
directions. By presenting a comprehensive, systematic, and accessible overview of integration strategies and functional 
mechanisms in diverse MOFs/polymer nanofiber electrolytes, this review aims to inform and inspire the development of 
high-performance solid-state lithium batteries.

Keywords  Electrospinning · Metal–organic frameworks · Nanofiber electrolytes · Interface engineering · Ion transport · 
Solid-state lithium batteries

1  Introduction

In recent years, the depletion of fossil fuels and increasingly 
environmental challenges have accelerated the development 
of eco-friendly, economically viable, and sustainable energy 
storage systems [1]. Among these, lithium-ion batteries have 
attracted the most attention owing to their high energy and 
power densities, making them suitable for portable electronics, 
electric vehicles, and stationary power stations [2–4]. How-
ever, commercial lithium-ion batteries are approaching their 
maximum theoretical energy density, fundamentally limited 
by the inherent capacity of graphite anodes of 372 mAh g−1, 
which severely impedes further progress. Recognized as one 
of the most promising candidates for next-generation energy 
storage, lithium metal batteries (LMBs) offer an ultrahigh 
theoretical specific capacity of 3860 mAh g−1 and the lowest 
electrochemical potential (− 3.04 V vs. the standard hydro-
gen electrode) among all anode materials [5–7]. Nevertheless, 
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serious safety concerns hinder the widespread adoption of 
conventional liquid-electrolyte-based LMBs. A key factor is 
the electrolyte composition typically incorporating flamma-
ble organic solvents and thermally fragile lithium salts, which 
collectively raise risks of thermal runaway and fire [8, 9]. In 
contrast to conventional LMBs, solid-state lithium metal bat-
teries (SSLMBs) exhibit superior performance characteristics, 
including: (1) enhanced safety due to the elimination of flam-
mable organic electrolytes, (2) higher theoretical energy den-
sity enabled by the compatibility with high-voltage cathodes 
and lithium metal anodes, and (3) an extended operational 
temperature range owing to the improved thermal stability of 
solid-state electrolytes [10, 11]. Because of these advantages, 
SSLMBs have been extensively studied by researchers [12].

Solid-state electrolytes (SSEs) form the foundation of 
safety, high-energy-density solid-state lithium metal batteries 
[13, 14]. By replacing volatile and flammable liquid electro-
lytes and inhibiting lithium dendrite growth, SSEs substan-
tially improve the intrinsic safety of the battery system [15]. 
In general, SSEs primarily include polymers, oxides, sulfides, 
halides, and MOFs [16–19]. Among them, MOFs show great 
potential as solid electrolytes due to their tunable pore struc-
tures, offering an ideal platform for efficient ion transport SSEs 
[20, 21]. However, their inherent rigidity and crystalline nature 
lead to poor film-forming ability and inadequate interfacial 
contact with electrodes, limiting their standalone application 
[22–24]. Therefore, combining MOFs with other functional 
materials is an innovative way at present; the advantages of 
the two materials are complemented. There is a mainstream 
trend to introduce appropriate polymer into MOFs through a 
reasonable molding technology [25]. On the one hand, it is 
precisely because MOFs have unique dimensional/size selec-
tivity of the porous structure that MOFs as fillers can restrict 
movement of negative ions and promote lithium-ion migration. 
Additionally, the abundant metal active sites within MOFs are 
capable of interacting with lithium salts and polymers, thereby 
facilitating the dissociation of lithium salts, anchoring anions, 
attenuating the affinity between lithium ions and polymers, and 
particularly contributing to the realization of molecular design 
and hybridization of MOFs with polymers [26–30].

Electrospinning technology [31, 32], distinct from conven-
tional physical mixture [33, 34] and other fabrication methods 
[35–37], enables nanoscale hybridization of MOFs and poly-
mers through either in situ incorporation or post-electrospin-
ning functionalization. The composite nanofiber membranes 
with uniform MOFs dispersion, massloading, and optimized 
structural integrity via electrospinning. These structural advan-
tages are key for high-performance SSEs, facilitating rapid 
Li⁺ transport and stabilizing the electrolyte interface while 
suppressing electrolyte decomposition [38, 39]. Hence, elec-
trospinning shows great potential for the development of high-
performance solid composite electrolytes (SCEs) [40, 41]. The 
development of electrospinning for MOFs/polymer composites 

is summarized in Fig. 1. By in situ microwave irradiation, Hat-
ton et al. [42] first reported vanadium(III) benzene-1,4-dicar-
boxylate MOFs (MIL-47) growing on polyacrylonitrile (PAN), 
opening up a new path for the application of MOFs/polymer 
hybrid materials. Inspired by this work, more and more scien-
tists introduce the MOFs/polymer into electrospun nanofib-
ers and apply to various fields [43–47]. The MOFs/polymer 
electrospun nanofiber membranes exhibit multiple advantages: 
(1) By confining MOFs in electrospun nanofibers, this strat-
egy addresses the intrinsic issues of particle aggregation and 
limited recyclability in pristine MOFs materials. (2) By inte-
grating MOFs' tunable crystallinity with polymer nanofibers' 
structural benefits (e.g., flexibility, morphological control, and 
lightweight), MOFs/polymer composites achieve a synergis-
tic "rigid-yet-flexible" characteristic [48–55]. (3) Electrospun 
polymer nanofibers serve as an excellent matrix for supporting 
MOFs materials, owing to their high mechanical strength and 
abundant porous structures, which facilitate the fabrication of 
self-standing MOFs composite films [56–58]. Electrospinning 
MOFs/polymer composites are overcoming intrinsic issues 
like aggregation and poor recyclability. By integrating the tun-
able crystallinity of MOFs with the structural benefits of poly-
mer nanofibers, electrospinning enables synergistic production 
of flexibility yet mechanically robust SCEs. Additionally, the 
nanofibers provide robust mechanical support and abundant 
porosity, which facilitate the film-forming ability of MOFs, 
highlighting their significant application potential. There-
fore, MOFs/polymer nanofiber membranes serve as versatile 
functional materials that significantly broaden the application 
scope of MOFs, particularly in environmental and electro-
chemical energy storage systems.

Herein, this review provides a comprehensive overview 
of recent advances in the preparation of MOFs-based com-
posite solid electrolytes using the electrospinning technique. 
We discuss two distinct strategies for integrating MOFs with 
polymers, and offers insights into how electrospun MOF-
based electrolytes can effectively address critical chal-
lenges such as dendrite suppression and interfacial instabil-
ity. Furthermore, we propose potential directions for future 
research, including the structural modification of MOFs, the 
exploration of novel polymer matrices, and the optimization 
of interfacial compatibility between MOFs and polymers, 
all aimed at enhancing overall performance and practical 
applicability of SSLMBs.

2 � Electrospinning Techniques 
for MOFs‑Based Composite Electrolytes

2.1 � Principles of Electrospinning

During electrospinning process, precursor solution at the 
needle tip becomes charged under an elevated voltage and 
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Fig. 1   The timeline shows the key events of combining MOFs and 
polymer through electrospinning technology in high-performance 
lithium-based batteries. The combination of MOFs and polymer fiber 
was realized for the first time in 2010. Reproduced with permission 
[42]. Copyright 2010, American Chemical Society. The schematic 
diagram of MOFs-PVA (polyvinyl alcohol) composite membrane 
prepared by electrospinning for the first time. Reproduced with per-
mission [59]. Copyright 2019, Wiley–VCH. Schematic of the multi-
functional electrospun MOFs-PAN/rGO-PAN (rGO refers to reduced 
graphene oxide) separator and PP (polypropylene) separator for 
lithium–sulfur batteries. Reproduced with permission [60]. Copy-
right 2020, Elsevier. Ionic conduction process and anion adsorption 
process of MOFs in Co-SIM-1/PAN separator (Co-SIM-1 refers to 
an MOF with unique "wine shelf" structure based on cobalt and tri-
mesic acid). Reproduced with permission. Reproduced with permis-

sion [61]. Copyright 2021, Elsevier. The schematic diagram of ion 
transport mechanism of ZIF-67-LA-PAM (ZIF-67 refers to zeolitic 
imidazolate framework-67; LA-PAM is composed of lithium alginate 
and polyacrylamides) separator. Reproduced with permission [62]. 
Copyright 2022, Wiley–VCH. Schematic of fabrication of compos-
ite separators using the electrospinning technique. Reproduced with 
permission [63]. Copyright 2023, Wiley–VCH. Schematic diagram 
illustrating the mechanism of rapid Li+ migration in FAEI (composed 
of iron 1,4-benzenedicarboxylic acid MOF, PAN, PEO (polyethylene 
oxide) and Li-IL (lithium-salt-loaded ionic liquid)). Reproduced with 
permission [64]. Copyright 2024, Wiley–VCH. The composition and 
functional mechanism of hierarchical MOFs electrolyte. Reproduced 
with permission [65]. Copyright 2025, Wiley–VCH
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thus generates electrostatic forces [66]. Once these forces 
surpass the liquid's surface tension, the droplet deforms into 
a conical structure known as a Taylor cone [67]. With further 
increase in voltage, the intensified electric field exceeds the 
stabilizing role of surface tension, causing a linear jet to 
be ejected from the cone apex. After ejection, rapid sol-
vent evaporation and charge dissipation destabilize the jet, 
leading to radial thinning and the emergence of multiple 
subsidiary jets. Driven by electrostatic repulsion, the jet 
undergoes bending instability as it travels toward the col-
lector. Throughout this process, ongoing solvent evapora-
tion promotes solidification, while continuous electrostatic 
stretching facilitates the formation of ultrafine, continuous 
nanofibers that deposit on the collector [68, 69].

2.2 � Critical Processing and Material Parameters 
for Electrospun Nanofibers

The morphology, structure, and functionality of electrospun 
nanofibers are primarily determined by three key factors: 
(a) the properties of precursor solution, such as viscosity, 
conductivity, and polymer molecular weight; (b) the process-
ing parameters, including applied voltage, solution feed rate, 
needle-to-collector distance, and ambient conditions; and (c) 
the applied post-treatments, like thermal treatment, mechani-
cal pressing, and surface functionalization [70].

2.2.1 � Precursor Solution

The morphology of electrospun fibers is greatly determined 
by the rheological and electrical properties of precursor 
solution, such as polymer concentration, molecular weight, 
viscosity, electrical conductivity, and surface tension. 
Specifically, the critical threshold for fiber fragmentation 
induced by low solution viscosity is intrinsically governed 
by polymer concentration. For example, solutions with a 
viscosity below 8 wt.% (0.5 Pa·s) lack sufficient cohesion to 
overcome surface tension in PAN system, resulting in "bead-
on-string" morphologies instead of continuous fibers [71]. 
Under such low-viscosity conditions, the jet exhibits sig-
nificant diameter fluctuations, leading to premature fracture. 
In contrast, when the viscosity exceeds 2 Pa·s, excessive 
viscous resistance prevents the formation of a stable Taylor 
cone, as the electric field can no longer overcome the critical 
shear stress for jet initiation. Therefore, a viscosity range of 
0.5–2 Pa·s is optimal for continuous electrospinning. Within 
this range, a balance is achieved between electrohydrody-
namic stretching and viscoelastic resistance, which facili-
tates stable jet ejection and suppresses the Plateau-Rayleigh 
instability. Additionally, electrical conductivity is critical 
for forming a stable electrified jet. Adding conductive salts, 
ionic solutions, or metal ions can enhance charge density of 
polymer precursor solution, which promotes more effective 

jet elongation and thinning under the electric field to yield 
ultrafine fibers. Surface tension is another key parameter 
and must be maintained within a moderate range (approxi-
mately 20–50 mN m−1). Insufficient surface tension causes 
the jet to break into droplets, compromising fiber continuity, 
whereas excessive tension resists adequate stretching and 
thinning. Therefore, the composition and properties of the 
precursor solution directly govern the fiber formation pro-
cess and ultimately determine the structure and properties 
of nanofibers [72].

The properties of electrospun fibers can be tailored 
by selecting specific polymer systems, such as PAN or 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP). The precursor solution plays a decisive role in this 
process, as its composition and physicochemical properties 
are pivotal for controlling both the spinning dynamics and 
the final fiber structure and performance [71, 73]. Typically, 
the precursor solution consists of three key components: a 
polymer matrix, a solvent medium, and functional addi-
tives [74]. First, polymers, such as polyvinylpyrrolidone 
(PVP), polyvinyl alcohol (PVA), and PAN, form the con-
tinuous phase of the solution, while the type, molecular 
weight, and molecular weight distribution of the precursor 
solution directly govern the solution's rheological proper-
ties (e.g., viscosity), fiber-forming capability, and the final 
fiber’s mechanical and functional properties. Solvents (e.g., 
water, dimethylformamide (DMF), acetonitrile) act as the 
medium, whose properties govern viscosity, surface ten-
sion, and evaporation kinetics to control jet formation. Fur-
thermore, additives, such as plasticizers, salts, or functional 
molecules, are incorporated to modify processability or 
introduce advanced functionalities [75, 76].

2.2.2 � Process Parameters

Electrospinning process parameters, such as applied volt-
age (V), flow rate (Q), collector rotational speed (rpm), 
and working distance (H), are critical in shaping fiber mor-
phology. The morphology of electrospinning nanofibers 
is critically dependent on precise control of key process 
parameters [77]. Applied voltage (V): Insufficient volt-
age fails to overcome solution surface tension, resulting in 
no fiber formation, unstable jetting, irregular fiber diam-
eters, and fiber adhesion. An optimal voltage range (e.g., 
10–15 kV) promotes stable jetting, concentrated diameter 
distribution, and uniform fibers [78, 79]. Excessively high 
voltage generates overpowering electrostatic forces, pro-
longing droplet stretching. This can lead to discontinuous 
fiber formation and bead defects, as the ejection rate cannot 
match the rapid stretching. Flow rate (Q): An excessively 
low flow rate reduces solute mass ejected per unit time, pre-
venting complete encapsulation of the core solution. Sub-
sequent calcination yields beaded or bead-rod structures 
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instead of continuous hollow nanofibers. An optimal core 
flow rate (e.g., 0.15 mm min−1) facilitates stable Taylor 
cone formation, smooth fiber surfaces, uniform diameters, 
and well-defined hollow carbon nanofibers. An excessively 
high flow rate impedes complete core encapsulation by the 
shell solution, causing core solution ejection. This results 
in bubble formation on fiber surfaces after calcination and 
the deposition of blocky structures, detrimentally affecting 
process continuity and fiber morphology. Collector rotation 
speed (rpm): Inadequate rotation speed reduces collection 
efficiency, causing fiber pile-up, mutual adhesion, and com-
promised morphology. Moderate rotation ensures uniform 
fiber deposition and alignment, yielding superior fiber mor-
phology [80]. Excessive rotation subjects fibers to damag-
ing centrifugal forces, causing breakage, deformation, and 
compromised diameter/morphology uniformity.

As shown in Fig. 2a, the rotation speed of electrospin-
ning was increased from 800 to 4500 r/min, resulting in 
highly aligned PAN nanofibers (Fig. 2b–c), which were 
further modified with Li6.4La3Zr1.4Ta0.6O12 to realize the 

concept of an anisotropic solid-state polymer electrolyte. 
This oriented composite structure established a compatible 
interface with the lithium anode by homogenizing lithium-
ion flux, forming a physical barrier to suppress lithium 
dendrite growth, and delaying side reactions between the 
electrolyte and lithium. Working distance (H): An insuf-
ficient distance allows insufficient solvent evaporation 
before fiber deposition, causing severe fiber fusion and 
flattening. An optimal distance (e.g., 15–20 cm) allows 
complete solvent evaporation and facilitates uniform, 
continuous fiber formation with concentrated distribu-
tion under electrostatic stretching. An excessively large 
distance increases jet bending instability, causing fiber 
overlap, increased fiber diameters, and ultimately, dis-
continuous fiber formation due to insufficient electrostatic 
force for jet ejection and stretching. Therefore, meticulous 
optimization of voltage, flow rate, collector speed, and 
working distance within their respective optimal windows 
is paramount for achieving targeted fiber morphology [81, 
82].

Fig. 2   a Schematic diagram of the electrospinning procedure with variable collector rotational speed (800–4500 rpm). b–c Scanning electron 
microscope (SEM) images of surface morphology: scale bars, 1 μm. Reproduced with permission [80]. Copyright 2025, Springer Nature
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2.3 � Electrospinning for High‑Performance MOFs/
Polymer Nanofiber Electrolytes

Electrospun nanofibers typically exhibit high aspect ratios 
and random deposition, forming flexible, bendable, and 
independent grids characterized by nanoscale vacancies 
between individual fibers [83, 84]. Due to the operational 
versatility of electrospinning technology, nanoparticles 
can be seamlessly integrated into electrospun nanofibers 
either during the electrospinning process itself or through 
post-processing of as-spun nanofibers. Additionally, vari-
ous strategies, such as the sol–gel method, gas–solid reac-
tions, in situ photoreduction, and emulsion electrospin-
ning, can be combined with electrospinning to fabricate 
one-dimensional functional composites, thereby impart-
ing additional functionality and enhanced performance 
across a wide range of applications [85–87].

Polymer nanofibers can become the most ideal frame-
work for MOFs materials because of their large specific 
surface area, high porosity, high mechanical strength, 
and good permeability [88]. The electrospun nanofiber 
framework can effectively improve lithium-ion transport 
in electrolyte, increased the Li-ion migration number and 
lithium-ion conductivity. In addition, the introduction of 
MOFs particles reduced the decomposition of the elec-
trolyte and promoted the electrode reaction kinetics [89].

For SSEs, high shear modulus was expected, as New-
man and Monroe predicted the dendrite growth can be 
suppressed when the shear modulus of SSEs is large 
enough [90]. Another requirement for SSEs is the ability 
to accommodate the stress from battery assembly and the 
cycling process. During battery cycling, dendrite growth 
and crack formation may happen [91]. When appropri-
ate polymers and necessary molding technologies are 
introduced into MOFs, polymers can not only serve as 
adhesives, and enhance the mechanical properties of com-
posite materials, but also ensure the chemical stability of 
materials. The as-obtained composites retain the charac-
teristics of uniform porosity and flexibility, which can 
effectively expand the application range [92].

Actually, for most SSEs, an interphase layer is already 
formed before battery operation. However, the subsequent 
reaction behavior of Li/SSEs interphases during charge/
discharge should also be considered, as the dynamic vari-
ation of Li/SSEs interphase during charge/discharge may 
also play a role in electrochemical performance of bat-
teries, like solid electrolyte interphase evolution in con-
ventional LMBs. It should be noted that the oxidation of 
SSEs originates from the instability of their anions, which 
makes it difficult to suppress the reduction by regulating 
composition.

3 � Research Advances of Electrospun MOFs/
Polymer Composite Electrolytes

Polymers, such as PAN, polyvinylidene fluoride (PVDF), 
and polyethylene oxide (PEO), have been widely reported 
to prepare high-performance SSEs via electrospinning 
method [110]. These nanofiber membranes are functional-
ized with MOFs for synergistic enhancement of electro-
chemical-mechanical properties. With the aim of construct-
ing a three-dimensional (3D) continuous network structure 
featuring ion-mechanical synergistic reinforcement, this 
strategy enables the programmable design and controllable 
fabrication of high-performance SCEs [112]. This strategy 
thereby enables the rational design and controllable fabri-
cation of high-performance SCEs. In recent years, a large 
number of scientific researchers have actively invested in 
the research of SCEs and have done a lot of work [113].

The integration of MOFs with diverse polymeric sys-
tems is predominantly through two distinct methodolo-
gies, as illustrated in Fig. 3 and summarized in Table 1. 
One is direct dispersion of MOFs into the polymer spin-
ning solution, followed by electrospinning to embed them 
within nanofibers, named MOFs incorporated in polymer 
nanofiber. The alternative and currently predominant 
approach begins with fabricating polymeric precursor 
nanofibers via electrospinning, and then proceeds to the 
in situ synthesis of MOFs directly on the nanofiber mem-
brane, named in situ growth of MOFs on polymer. The 
detailed electrochemical properties of reported MOFs/
polymer nanofiber electrolytes are compared in Tables S1 
and S2 in Supporting Information. Based on the compre-
hensive comparison, UiO-66 has become the most exten-
sively studied MOFs in recent years. The enhancement 
mechanism of UiO-66 primarily stems from its stable 
zirconium-oxo clusters, functionalizable organic linkers, 
and tunable mesoporous structure, which synergistically 
improve the ionic conductivity, lithium-ion transference 
number, and interfacial stability of composite electro-
lytes. Compared to other common MOFs, UiO-66 not only 
exhibits excellent thermal and chemical stability but also 
contains Zr6O4(OH)4 clusters that provide abundant Lewis 
acid sites, effectively promoting lithium salt dissociation 
and suppressing anion migration. Furthermore, linker 
modifications, such as the introduction of –SO3, H, –NH2, 
or other functional groups, can further regulate the inter-
action between UiO-66 and the polymer matrix, thereby 
optimizing ion transport pathways. These structural advan-
tages collectively enable UiO-66 to demonstrate relatively 
superior overall performance among various MOF-based 
fillers, making it particularly suitable for high-voltage and 
long-cycle-stable solid-state electrolyte systems.
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3.1 � MOFs Incorporated in Polymer Nanofiber

3.1.1 � MOFs Incorporated in PAN Nanofiber

PAN exhibits a wide electrochemical window, robust 
mechanical flexibility, and high thermal stability in MOFs/
polymer nanofiber electrolytes, showing great potential for 
next-generation SSLMBs owing to its high compatibility 
with high-voltage cathodes [114]. Additionally, the effective 
incorporation of MOFs into the PAN matrix substantially 
augments electrochemical performance, establishing it as 
a highly promising candidate for advanced SCEs. The most 
prevalent method of MOFs integrate with PAN is dispersing 
MOFs into electrospinning precursor solutions directly. This 
process enables a homogeneous distribution of MOFs within 
the PAN matrix, thereby forming a MOFs/PAN composite 
nanofiber network.

Based on the above mentioned, a novel bio-inspired 
strategy was applied to MOFs/PAN nanofibers to further 
improve their interface compatibility. For instance, Ma et al. 
[64] first developed a bio-inspired 3D SCEs modeled the 
starfish structure. As illustrated in Fig. 4a, the bio-inspired 
"starfish-like" SCEs are composed of PAN, MOFs, and ionic 

liquids (ILs) embedded within a PEO matrix, fabricated via 
combined electrospinning and casting approach. The process 
began with synthesized dodecahedral Fe-BDC, which exhib-
ited uniform morphology and good homogeneity (Fig. 4b). 
These Fe-BDC were subsequently blended with PAN and 
electrospinning into a continuous 3D membrane, establish-
ing efficient pathways for Li⁺ transport. Figure 4c–d confirms 
the uniform distribution of Fe-BDC along PAN nanofibers 
without noticeable aggregation. This structural integrating 
the rigidity of MOFs, the flexibility of PEO, and the inter-
facial compatibility of ILs. As a result, the SCEs enables a 
uniform Li+ flux (Fig. 4e), achieves a high Li+ transference 
number (tLi

+ = 0.69), and delivers an ionic conductivity of 
4.37 × 10−4 S cm−1 at room temperature. Remarkably, Li/Li 
symmetric cells equipped with this SCEs demonstrated sta-
ble cycling for over 1300 h, reflecting exceptional interfacial 
compatibility with lithium metal and effective dendrite sup-
pression. In full cells’ configurations (LiFePO4 (LFP)/SCEs/
Li), the material retained approximately 90.1% of its initial 
capacity after 2100 cycles at 1 C, while delivering a specific 
capacity of 146.1 mAh g−1 at 60 °C. The bio-inspired "star-
fish-like" SCEs represents a notable innovation in both mate-
rial architecture and electrochemical performance, offering 

Fig. 3   The integration of MOFs with various polymer systems pri-
marily employs two distinct strategies: a MOFs incorporated in poly-
mer nanofiber, where ion transport predominantly occurs within the 

fiber interior. b In situ growth of MOFs on polymer nanofiber, where 
ion transport mainly takes place along the fiber exterior. SCEs refers 
to solid composite electrolytes
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extended cycle life and high-temperature operability. Never-
theless, the complexity of its multi-step fabrication process 
poses a challenge for scalable production, highlighting a key 
hurdle for practical deployment.

MOFs/PAN electrospun nanofibers can be fabricated 
through straightforward processes while delivering supe-
rior functional properties. For instance, Li et al.[102] engi-
neered a flexible 3D MOFs/PAN SCEs via coaxial electro-
spinning, in which MOFs were uniformly dispersed on PAN 
nanofibers. The resulting composite exhibited a high room-
temperature ionic conductivity of 1.29 × 10−3 S cm−1 and 
tLi

+ of 0.79 after in situ thermal polymerization. Moreover, 
the Zeolitic Imidazolate Framework-8 (ZIF-8) coating on 
PAN nanofibers significantly improved the reduction toler-
ance of the membrane against lithium metal, while the high 
MOFs loading reinforced the Young's modulus of the com-
posite electrolyte up to 1.31 GPa, collectively contributing 
to effective suppression of lithium dendrites formation and 
penetration. In summary, although direct electrospinning of 

PAN/MOF composites represents a versatile and promising 
strategy for developing high-performance SCEs, strengthen-
ing interfacial adhesion, and designing more sophisticated 
architectures to overcome existing limitations and fully real-
ize their potential in next-generation SSLMBs.

3.1.2 � MOFs Incorporated in PVDF Nanofiber

As another widely investigated polymer, PVDF and its 
copolymers are considered a compelling platform for design-
ing advanced SCEs, owing to their high dielectric constant 
that promotes salt dissociation, intrinsic mechanical tough-
ness, and broad electrochemical windows [115–117]. In 
recent years, electrospinning has emerged as a prominent 
strategy for integrating PVDF with MOFs, establishing 
such composites as a research frontier in the development 
of SSLMBs. The incorporation of MOFs into PVDF-based 
nanofibers significantly enhances ionic conductivity and 
Li⁺ transference numbers, a phenomenon attributable to the 

Table 1   Electrospinning parameters and mechanics performances of reported MOFs/polymer electrolytes

Note: [a] refers to MOFs incorporated in polymer; [b] refers to in situ growth of MOFs on polymer. HKUST-1 = Cu3(BTC)2; PMIA = Poly(m-
phenylene isophthalamide)

Materials Electrospinning parameter Mechanical property Refs.

Polymer MOFs Viscosity (wt.%) Feeding rate (mL 
h−1)

Voltage (kV) Distance (cm) Thickness (µm) Young’s 
modulus 
(MPa)

[a] PAN UiO-66 N/A N/A 10 15 100 819.4 [93]
MIL-125-NH2 N/A N/A 15 15 76 N/A [94]
Fe-BDC MOFs 10.5 0.5 10 15 120 29.1 [64]

[b] PAN ZIF-67 N/A N/A 12 15 135 ± 5 N/A [60]
ZIF-67 N/A N/A 20 13 90 N/A [95]
UiO-66-SO3Li 10 1.0 20 15 N/A 2.225 [96]
MOFs808 10 0.01 mm s−1 15 N/A 90 20.84 [97]
UiO-66-NH2 7.4 1.2 20 N/A 90 5.5 [98]
HKUST-1 7.1 0.12 mm min−1 11.2 18 58 2.7 [99]
ZIF-8 17 0.6 18 15 120 N/A [100]

[b] PAN MOFs/COFs N/A 1.0 15 15 200 21.19 [101]
[b] PAN/PVA ZIF-8 10 0.6 18 18 25 3.05 GPa [102]
[b] PAN/PVP HKUST-1 10 0.6 20 16 43 16.67 [103]
[a] PVDF-HFP ZIF-8 N/A N/A N/A N/A 56.92 N/A [104]

ZIF-8 4.8 0.6 20 15 45 4.93 [105]
HKUST-1 11.1 0.6 15 13 40 6.7 [106]
ZIF-8 11.1 0.04 14 15 52 13.7 [107]
UiO-66/UiO-67 12.5 3 25 20 95 N/A [65]

[b] PVDF-HFP ZIF-67 20 N/A 13 12 86 12 [87]
[a] PMIA ZIF-67/HKUST-1 25 2 30 17 34 99 [108]
[a] PVA UiO-66 5 0.6 26 10 60 16.2 [109]
[b] LA-PAM ZIF-67 5 N/A 20 20 48.9 8.39 [62]
[b] F-PMIA ZIF-8 N/A 0.1 35 18 120 21.6 [110]
[b] PI ZIF-8 16 3.6 20 15 47 N/A [111]
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intrinsic porosity and Lewis acid sites of MOFs, which facil-
itate anion immobilization and promote ion-pair dissociation 
[105, 118]. Furthermore, the synergistic interaction between 
MOFs and PVDF-HFP effectively suppresses polymer crys-
tallization, thereby facilitating Li⁺ migration. Concurrently, 
the in situ formation of a LiF-rich interphase resulting from 
PVDF-HFP decomposition serves as a protective barrier 

against interfacial side reactions. These integrated mecha-
nisms collectively contribute to the formation of a highly 
stable electrode–electrolyte interface [119].

Among various MOFs, ZIF-8 stands out as one of the 
most extensively studied materials. On one hand, ZIF-8 
serves as a multifunctional nanofiller that significantly 
enhances the mechanical strength and thermal stability of 

Fig. 4   a Bionic conceptual diagram of the starfish-inspired solid-
state electrolyte and the multifunctional synergistic mechanisms 
of the PEO/PAN/MOFs/IL (MOFs refers to iron 1,4-benzenedi-
carboxylic acid MOF; IL = ionic liquid) film, LiTFSI = lithium 
bis(trifluoromethanesulfonyl)imide. The SEM images of b Fe-BDC 

MOF particles and c MOFs incorporated in PAN composite. d Cross-
sectional SEM with Energy-Dispersive Spectroscopy (EDS) mapping 
of solid-state electrolyte. e Schematic diagram illustrating the mecha-
nism of rapid Li+ migration in solid-state electrolyte. Reproduced 
with permission [64]. Copyright 2024, Wiley–VCH
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PVDF-HFP nanofibers, owing to its rigid porous archi-
tecture and strong interfacial adhesion with the polymer 
matrix. On the other hand, its high specific surface area and 
uniform microporosity further impart the composite fib-
ers with improved adsorption capacity, molecular sieving 
capability, and even catalytic activity [120]. A representative 
example was reported by Fan et al. [104], who constructed 
a 3D MOFs/PVDF-HFP fibers network. The resulting net-
work was subsequently embedded into a PEO/LiTFSI/ILs 
(1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) 
imide) to form SCEs denoted as PHML (Fig. 5a–b). The 
unique structure of the PHML electrolyte, characterized 
by a continuous 3D MOFs/PVDF-HFP network and fur-
ther enhanced with ionic liquids, enables superior electro-
chemical performance. This tailored architecture facilitates 
rapid Li⁺ transport, yielding a high ionic conductivity of 
1.36 × 10−4 S cm−1 and a tLi

+ of 0.49 at room temperature 
(Fig. 5c). Furthermore, the robust mechanical strength of 
PHML (15.06 MPa) effectively suppresses lithium dendrite 
growth, as confirmed by the stable polarization voltage and 
long-term cycling stability in both Li/Li symmetric cells 
(Fig. 5d) and LFP/Li full cells (Fig. 5e).

While the 3D MOFs/PVDF-HFP architecture has proven 
effective in conventional LMBs, its design concept also 
shows promising adaptability to more complex battery 
chemistries, as exemplified by recent advances in solid-state 
lithium–oxygen batteries. Li et al. [105] prepared a novel gel 
electrolyte incorporating ZIF-8 into a PVDF-HFP matrix 
for solid-state lithium–oxygen batteries (SSLOBs) (Fig. 5f). 
The resulting gel electrolyte exhibits exceptional perfor-
mance, with an unprecedented tLi

+ of 0.88 and a remark-
able room-temperature ionic conductivity of 9.13 × 10−4 S 
cm−1 (Fig. 5g–h). Figure 5i–k demonstrates that the ZIF-8/
PVDF-HFP electrolytes providing a high discharge capac-
ity of 7189 mAh g−1 at 100 mA g−1 with low polarization 
(0.8 V). The system achieves 145 stable cycles, a result of 
the synergistic combination of MOFs-enhanced ion transport 
and Ir(acac)3-mediated Li2O2 decomposition, while effec-
tively suppressing mediator shuttling.

Compared with the above single-layer composite solid 
electrolyte, it is necessary to design a multi-layer compos-
ite solid electrolyte that can provide enhanced interface 
compatibility, mechanical integrity, and electrochemical 
stability. For example, Chai et al. [106] prepared a flex-
ible asymmetric composite polymer electrolyte (denoted 
as PPH-SSE) containing MOFs filler, 3D PAN/PVDF-HFP 
bilayer nanofibers was prepared via electrospinning and in 
situ polymerization (Fig. 6a). The high-performance asym-
metric SCEs with a gradient interface design effectively 
address the compatibility issue between the high-voltage 
cathode and the lithium metal anode. As illustrated in 
Fig. 6b, the Li/LiNi0.8Co0.1Mn0.1O2 (NCM811) coin cell 
equipped with PPH-SSE delivers the highest discharge 

specific capacities at various current rates (ranging from 
0.1 to 5 C) and exhibits excellent capacity recovery when 
the rate is reverted to 0.1 C, outperforming the cells with 
PH-SSE (PAN@HKUST-1 nanofiber membranes) and 
C-SSE (Commercial Celgard 2500 separator). In compari-
son, Tan et al. [107] leveraged electrospinning technology 
to integrate ZIF-8 and PVDF-HFP, constructing a bilayer 
SCEs (denoted as PPZ). LiTFSI was added to the precur-
sors of the spinning solution. The "pre-lithiation" design 
can effectively promote the cleavage of C–F bonds and 
the formation of LiF [121]. This structure combines with 
ZIF-8@PVDF-HFP as the porous framework and PEO as 
the Li⁺ conductive matrix, aiming to overcome the limita-
tions of PEO-based electrolytes (Fig. 6c). By integrating 
mechanical and interfacial stability advantages of PVDF-
HFP as well as the ion-conduction enhancement benefits 
of ZIF-8 into PEO matrix, the PPZ exhibits stable high-
voltage performance in SSLMBs. As illustrated in Fig. 6d, 
LiCoO2 (LCO)/PPZ/Li cell delivers a discharge specific 
capacity of 144.7 mAh g−1 at 0.2 C, nearly 1.6 times 
than that of LCO/PEO/Li (90.7 mAh g−1). In a distinct 
approach, Lin et al. [65] fabricate SCEs through a multi-
step process combining electrospinning, electrospraying, 
and in situ polymerization (Fig.  6e). This structurally 
tailored design successfully decouples the requirements 
for high ionic conductivity and interfacial stability. As a 
result, the HEPE (PVDF@UiO-66d@67 + Poly-1,3-di-
oxolane (PDOL)) achieves high room-temperature ionic 
conductivity (0.85 × 10−3 S cm−1), outstanding cycling 
performance (92.7% capacity retention after 2000 cycles 
at 2 C in LFP full cells), and high-voltage compatibil-
ity (stable operation over 630 cycles when coupled with 
LiNi0.5Co0.2Mn0.3O2 cathodes) (Fig. 6f). This study offers 
a novel strategy for addressing ion transport and interfacial 
stability challenges in SSLMBs through tailored MOFs 
ligand chemistry. Sun et al. [122] also combined synchro-
nous electrospinning (PAN) and electrostatic spray (UiO-
66 suspension) to form PAN/UiO-66 composite mem-
brane. On the basis of the regulating effect of UiO-66, the 
growth of Li dendrites is significantly restrained and the 
electrolyte exhibits long-life electrochemical stability with 
Li anode during the Li plating/stripping.

3.1.3 � MOFs Incorporated in Other Polymer Nanofibers

As mentioned earlier, while polymers, such as PAN, 
PVDF-HFP, and PEO, have been widely utilized as precur-
sors for electrospinning solutions, growing research efforts 
have explored alternative polymer systems to broaden 
material versatility and enhance performance. This sec-
tion systematically summarizes the implications of differ-
ent binding modes between such emerging polymers and 
MOFs on the electrochemical behavior of lithium metal 
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Fig. 5   a Schematic diagram of the structural evolution with the 
change of the ratio between ZIF-8 (Zeolitic Imidazolate Frame-
work-8) and PVDF-HFP. b Schematic representation of Li+ transport 
in PEO matrix, PM (PEO + ZIF-8), PHM (PEO + PVDF-HFP + ZIF-
8), and PHML (PEO + PVDF-HFP + ZIF-8 + IL), respectively. c The 
ionic conductivity of the SCEs was compared. d Polarization voltage 
curves of symmetric Li/Li cells with PHM and PHML electrolytes. e 
Cycling performance of LFP/Li batteries. Reproduced with permis-
sion.[104] Copyright 2023, Springer Nature. f SEM image of PZIF-8 
(PVDF-HFP + ZIF-8). g Arrhenius plot of PZIF-8 and PVDF-HFP. 

h The chronoamperometry test for PZIF-8. i Rate performance and 
j deep discharge profiles of SSLOBs based on PVDF-HFP/With and 
PZIF-8/With, set the discharge capacity at 500 mAh g−1 and increase 
the current density from 100 mA g−1 to 500 mA g−1. k Voltage ver-
sus cycle number on the discharge terminal of SSLOBs based on 
PVDF-HFP/With (black), PZIF-8/With (blue), and PZIF-8/Without 
(red), with/without refers to whether redox mediators are introduced 
into the electrolyte. Reproduced with permission.[105] Copyright 
2025, Elsevier
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batteries, with a focus on their underlying Li+ conduction 
mechanism.

Poly-m-phenylene isophthalamide (PMIA)-based 
nanofibers’ SCEs demonstrate exceptional thermal stabil-
ity, self-extinguishing characteristics, electrical insulation 
properties, and mechanical robustness. Deng et al. [108] 
introduced modified SCEs by incorporating Co-based 

ZIF-67 and HKUST-1 into a gel F-doped PMIA nanofiber 
membranes denoted F-Cu-BTC-PMIA. The SCEs com-
bine high-temperature resistance with effective dendrite 
suppression, which achieve a high ionic conductivity of 
1.96 × 10−3 S cm−1 at room temperature. Through the syn-
ergistic effects of physical confinement from the gel matrix 
and chemical adsorption by MOFs, the polysulfide shuttle 

Fig. 6   a Schematic of the electrospinning process and in situ syn-
thesis route of PPH-SSE (PAN + PVDF-HFP + HKUST-1). b Rate 
capability of Li/NCM811 coin cells with different SSEs (C-SSE 
(In situ polymerization based on commercial Celgard 2500 separa-
tor solid-state electrolyte), PH-SSE (in situ polymerization based on 
PAN@HKUST-1 nanofiber membranes solid-state electrolyte), PPH-
SSE (in situ polymerization based on PAN/PVDF-HFP@HKUST-1 
nanofiber membranes solid-state electrolyte), voltage ranged from 
2.5 V to 4.3 V, loading was 2.5 mg cm−2. Reproduced with permis-
sion [106]. Copyright 2024, Elsevier. c Schematic illustration of PPZ 
(PEO + PVDF-HFP + ZIF-8) electrolyte and all-solid-state battery. d 

Rate performances of LCO/PEO/Li, LCO/PHP (PVDF-HFP + PEO)/
Li, and LCO/PPZ/Li batteries. Reproduced with permission [107]. 
Copyright 2024, Elsevier. e Schematic illustration of the prepara-
tion procedure of PVDF@UiO-66d nanofiber, PVDF@UiO-66d@67 
nanofiber, and hierarchical polymer electrolyte (HEPE = PVDF@
UiO-66d@67 + PDOL). f Comparison of ionic conductivity and Li+ 
transference number of different electrolytes. Reproduced with per-
mission, PPE = PVDF + PDOL, CPE = PVDF@UiO-66d + PDOL, 
and HOPE = PVDF@UiO-66d@66 + PDOL [65]. Copyright 2025, 
Wiley–VCH
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effect is significantly suppressed, while a uniform Li⁺ flux 
distribution inhibits lithium dendrite growth (Fig. 7a–b). 
As a result, lithium–sulfur batteries assembled with these 
MOFs-modified separators demonstrate excellent cycling 
stability and rate capability (Fig. 7c), laying a solid founda-
tion for further development of high-performance separators. 
In another study, Yu et al.[109] fabricated composite sepa-
rators based on heterometallic MOFs (UiO-66(Zr/Ti) and 
UiO-66(Zr/Hf)) and PVA via electrospinning (Fig. 7d–e). 
These heterometallic MOFs, which feature a high density 
of open bimetal sites and strong anion complexation capa-
bility, significantly enhance lithium-ion transport, enabling 
an ionic conductivity of up to 7.79 × 10−3 S cm−1 and a tLi

+ 
of up to 0.83 (Fig. 7f). As shown in Fig. 7g–j, lithium-ion 
batteries equipped with these heterometallic MOFs-based 
composite separators exhibit significantly improved rate 
capability (approximately 60% capacity retention at 5 C) and 
cycling stability (> 70% capacity retention after 1000 cycles 
at 1 C) compared to traditional polypropylene separators.

In general, the direct blending of MOFs incorporated in 
polymer remains the predominant method for fabricating 
SCEs, valued for its simplicity and effectiveness in achiev-
ing uniform MOFs dispersion. In this structure, MOFs 
are uniformly embedded and aligned within the polymer 
nanofibers, forming a continuous and ordered composite 
network. This architecture facilitates a directional arrange-
ment of MOF active sites along the nanofibers, enabling 
fast Li+ transportation via a fiber-axial mechanism, which 
not only improves bulk conductivity but also promotes uni-
form lithium deposition, contributing to superior cycling 
stability and rate performance in solid‐state batteries. Nev-
ertheless, this strategy faces several intrinsic challenges. A 
major limitation is the difficulty in achieving high MOFs 
loading without agglomeration, which often compromises 
membrane flexibility and ionic conductivity. Moreover, 
the embedding of MOFs within polymer nanofibers fails to 
fully leverage their structural functionalities, as ion transport 
between nanofiber bundles can be obstructed. Interfacial 
incompatibility between MOFs and the polymer matrix may 
also result in defective zones, ultimately impairing overall 
electrochemical performance. To address these limitations, 
advanced strategies such as coaxial electrospinning have 
been developed to achieve more precise structural control.

3.2 � In Situ Growth of MOFs on Polymer Nanofiber

In situ growth of MOFs on polymer nanofibers has emerged 
as a widely employed strategy, distinguished by its unique 
structural and functional advantages [123]. This approach 
typically involves a two-step process beginning with the fab-
rication of a polymer nanofiber scaffold through electrospin-
ning. Subsequently, MOFs are directly nucleated and grown 
on the nanofiber surfaces via either solution immersion or 

vapor-phase deposition, ultimately producing a continuous 
core–shell composite membrane. This structurally integrated 
configuration ensures strong interfacial bonding while cre-
ating highly ordered ion-conduction pathways along the 
nanofiber axis. Furthermore, it enables both high MOFs 
loading and the formation of a density electrolyte frame-
work, collectively contributing to significantly enhanced 
ionic conductivity and improved mechanical robustness in 
the resulting SCEs [124].

3.2.1 � In Situ Growth of MOFs on PAN Nanofiber

Rather than incorporating pre-synthesized MOFs, the 
technique of in situ growth of MOFs on PAN utilizes the 
functional groups on PAN fibers to direct MOFs nuclea-
tion and growth. The process begins by incorporating metal 
salts into the polymer spinning dope prior to electrospin-
ning. The resulting electrospun membrane is then immersed 
in a solution containing organic ligands and subjected to 
static incubation, enabling the in situ formation of MOF 
particles directly on the nanofiber surfaces (Fig. 8a) [103]. 
Figure 8b1–b3 reveals HKUST-1 particles with an average 
diameter of approximately 50 nm uniformly distributed and 
tightly anchored on PAN nanofibers. This structural configu-
ration, achieved through the abundant nitrile and hydroxyl 
groups on PAN that strongly facilitate HKUST-1 nucleation 
and growth, results in high MOFs loading and uniform coat-
ing (Fig. 8c–d). These structural features endow the com-
posite membrane with superior electrochemical properties, 
including an elevated tLi

+ of 0.77, and a high critical current 
density of 4.5 mA cm−2, significantly outperforming con-
ventionally designed electrolytes (Fig. 8e–f). Notably, Li/
Li symmetric cells demonstrate remarkable stability, main-
taining operation for over 4000 h at a high current density 
of 4 mA cm−2 (Fig. 8g), highlighting the practical potential 
of this interface engineering approach.

In a significant development, Xu et al. [97] constructed 
a 3D PAN network via electrospinning as a support-
ing scaffold and subsequently grew MOF808 (a 3D con-
tinuously interconnected zirconium-based MOF) onto the 
PAN nanofibers through a hydrothermal method, yielding 
a 3D interconnected SCEs (Fig. 9a). The resulting archi-
tecture features highly ordered MOFs aligned along single 
nanofiber, which interconnect to form a continuous 3D 
network (Fig. 9b1–b3). The substantial, strong interaction 
between the open metal sites on MOF network surface and 
the anions, thereby releasing more free Li+ ions. As illus-
trated in Fig. 9c, the incorporation of this 3D MOFs@PAN 
network simultaneously enhances the mechanical robust-
ness of the electrolyte and establishes continuous channels 
for rapid Li+ conduction. Complementarily, capacity of 
MOF808 to confine anion migration enables precise regula-
tion of Li+ flux distribution, leading to an elevated local Li+ 



	 Advanced Fiber Materials

Fig. 7   a The schematic illustration of shuttle effect suppression of 
lithium polysulfides and anode protection in Li–S battery. b Battery 
performance of PMIA, F-doped PMIA, F-ZIF-67-PMIA, and F-Cu-
BTC-PMIA membrane at 0.5 C at room temperature; F refers to 
fluoro-chemical based emulsion. c Rate capability of PMIA, F-doped 
PMIA, F-ZIF-67-PMIA, and F-Cu-BTC-PMIA membrane. Repro-
duced with permission [108]. Copyright 2020, Elsevier. d SEM and 
e TEM images of ZTP (UiO-66(Zr/Ti) + PVA) separator. f Partitioned 
ionic conductivities (Li+ and anion) and tLi

+ of electrolytes in PP, ZP 
(UiO-66(Zr) + PVA), ZTP, and ZHP (UiO-66(Zr/Hf) + PVA). g Rate 

performance and h cycling performance of LFP/Li4Ti5O12 (LTO) 
cells with PP or ZTP (LFP cathode, 11.5  mg  cm−2; LTO anode, 
12.1  mg  cm−2). i Rate performance and j cycling performance of 
NCM811/Graphite (Gr) cells with PP or ZHP, NCM811 and Gr elec-
trodes were controlled with areal loading of 4.7 and 8.4  mg  cm−2, 
respectively, which corresponds to an N/P (negative-to-positive 
capacity ratio) ratio of 1.05. All electrochemical tests were carried 
out in a 25 °C incubator. Reproduced with permission [109]. Copy-
right 2023, Wiley–VCH
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concentration at the MOFs/polymer interface. This synergis-
tic mechanism facilitates homogeneous lithium deposition 
and effectively suppresses dendrite formation. Remarkably, 
the SSLMBs maintains exceptional cycling stability, deliver-
ing a discharge capacity of 102 mAh g−1 after 1000 cycles at 
1 C while retaining 77% of its maximum capacity (133 mAh 
g−1), as shown in Fig. 9d. This performance underscores the 
efficacy of the 3D interconnected MOF-based architecture in 
enabling high-rate capability and long-term cycling stability 
in SSLMBs.

3.2.2 � In Situ Growth of MOFs on PVDF‑HFP Nanofiber

Recently, adsorption membranes combining the advan-
tages of adsorption materials and polymer membrane have 
attracted large interests. For instance, Qi et al. [87] designed 
a composite solid electrolyte constructed by combining a 
nanofiber-connected ZIF-67 adsorption membrane with in 
situ polymerized (ethylene glycol) diacrylate (PEGDA)/suc-
cinonitrile (SN)/LiTFSI. This designed ZIF-67-incorporated 
nanofiber adsorption membrane demonstrates both excellent 
mechanical robustness and the capability to enable uniform 
lithium plating/stripping while effectively suppressing den-
drite growth in Fig. 10a–c. It achieves a high tLi

+ of 0.63 as 
depicted in Fig. 10d. In terms of interfacial stability, the Li/
PZPS/Li symmetric cell shows stable Li plating/stripping 
for 920 h at (0.1 mA cm−2), significantly outperforming the 
Li/PPS/Li cell which fails after 62 h. Furthermore, the LFP/
PZPS/Li cell maintains 90% capacity retention after 500 
cycles at 0.5 C (Fig. 10e–f).

3.2.3 � In Situ Growth of MOFs on Other Polymer Nanofibers

The integration of MOFs with diverse polymer precursors 
that beyond conventional systems like PAN, PVDF-HFP, 
and PEO unlocks unprecedented opportunities for designing 
advanced functional materials with tailored architectures and 
enhanced performance.

For example, Guan et al. [62] designed a novel MOFs-
natural polymer composite electrolyte (ZIF-67-LA-PAM, 
ZIF-67 refers to zeolitic imidazolate framework-67; LA-
PAM is composed of lithium alginate and polyacrylamides). 
As described in Fig. 11a–b, because of ZIF-67 ordered 
porous structure provides direct channels for Li+ migration, 
while unsaturated Co sites interact with PF6

− anions via 
Lewis acid–base interactions, promoting LiPF6 dissocia-
tion and increasing the concentration of free Li+. Density 
Functional Theory calculations confirm that ZIF-67 reduces 
the binding energy of Li–O bonds in the composite, further 
facilitating Li+ release from the polymer matrix. As a result, 
the ZIF-67-LA-PAM electrolyte achieves a higher ionic con-
ductivity (3.84 × 10−3 S cm−1 at 30 °C) compared to the LA-
PAM electrolyte without MOFs (2.84 × 10−3 S cm−1), and 

tLi
+ of 0.627 (Fig. 11c). Notably, it was seen from Fig. 11d 

that Li/ZIF-67-LA-PAM/Li cell maintains the polarization 
voltage of 0.2 V for more than 1300 h at the current density 
of 100 mA cm−2.

In a follow-up study, Luo et al. [110] demonstrated a com-
posite electrolyte membrane designed for solid-state lithium 
metal batteries, fabricated by incorporating Zn-based ZIF-8 
nanoparticles into a fluorinated PMIA nanofiber membrane 
and infiltrating with PEO–LiTFSI. Figure 11e shows the sur-
face and cross-sectional morphology of F-PMIA@ZIF-8. As 
shown in Fig. 11f, ZIF-8 acts as a multifunctional additive 
by utilizing its micropores and Lewis acid sites to anchor 
anions and promote lithium salt dissociation, which enables 
a high free Li⁺ concentration for superior ionic conduction 
(2.39 × 10−4 S cm−1 at 30 °C). Hereby, F-PMIA@ZIF-8-
PEO-LiTFSI exhibits a significantly wider electrochemical 
stability window compared to the other samples, indicating 
that the incorporation of dendritic architecture and ZIF-8 
effectively enhances the high-voltage stability of the SCEs 
in Fig.  11g. This LFP/F-PMIA@ZIF-8-PEO-LiTFSI/Li 
also demonstrates excellent rate capability (Fig. 11h). Inter-
estingly, Lan's team also used ZIF-8 as an organometallic 
framework. The difference is that this technology closely 
arranges ZIF-8 nano-units on polyimide (PI) nanofibers 
through electrospinning and in situ self-assembly technol-
ogy to form one-dimensional ordered MOFs nanofibers and 
three-dimensional multiscale MOFs networks to facilitate 
efficient Li+ transport (Fig. 11i–j) [111]. The calculated 
tLi

+ of 0.88 for PI@ZIF-8 nanofiber separator was much 
higher than that of PE separator in Fig. 11k. Besides, the 
LFP/PI@ZIF-8/Li cells showed a distinct advantage in dis-
charge capacity, especially under high-rate conditions. When 
recovering from a high rate of 5 C to the initial low rate of 
0.2 C, they presented good capacity reversibility (Fig. 11l).

In summary, this method of MOFs growth on other pol-
ymers is more widely studied. This approach enables the 
precise construction of hierarchical architectures where 
MOFs nanoparticles are uniformly anchored onto polymer 
fiber surfaces through coordination bonding or electrostatic 
interactions, yielding composites with enhanced ionic con-
ductivity, mechanical strength, and thermal stability. Novel 
polymers, such as PI, PMIA, PAM, etc., synergize with the 
pore/site advantages of MOFs through their high thermal/
electrochemical stability, and systematically solve the bot-
tlenecks of poor low-temperature lithium conductivity, weak 
dendrite suppression, and interface instability of traditional 
matrix (e.g., PAN/PEO/PVDF), providing a feasible strategy 
for high-energy density solid-state batteries. In the field of 
solid electrolytes, the composite systems of novel polymer 
matrices combined with MOFs hold broad prospects for 
future development. It is feasible to optimize the polymer 
structure through molecular design, develop specific MOFs 
to enhance compatibility and ion transport, and conduct 
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in-depth research on interfacial interactions to establish 
a structure–activity relationship, thereby addressing the 
defects of traditional matrices.

The strategy of in  situ growth of MOFs on poly-
mer nanofiber demonstrates distinctive advantages in 

constructing advanced SCEs. Central to this approach is the 
establishment of robust chemical bonding between MOFs 
and polymer nanofibers, which significantly enhances 
interfacial compatibility and effectively circumvents the 
phase separation commonly observed in conventional 

Fig. 8   Preparation of electrolyte membrane and its structural and 
physicochemical characterizations. a Schematic of the electrospin-
ning process and in situ synthesis route of IPH-SSE (in situ coordi-
nated PAN@HKUST-1 SSE) b1–b3 SEM images and corresponding 
EDS mappings of IPH-membrane. c Time evolutions of Nyquist plots 
of Li/Li symmetric cells with different SSEs (P-SSE (Pure PAN-
based SSE), PH-SSE (PAN@HKUST-1 Hybrid SSE), IPH-SSE). d 
CEs of Li/Cu cells using different SSEs at 0.5 mA  cm−2@0.5 mAh 

cm−2. e Current–time curve of Li/Li symmetric cell with IPH-SSE 
(inset: Nyquist plots before and after polarization). f Galvanostatic 
cycling curves of Li/Li symmetric cells with different SSEs at dif-
ferent current densities. g Galvanostatic cycling curves of Li/Li sym-
metric cells with different SSEs at 4 mA cm−2@1 mAh cm−2 (inset: 
partial enlarged diagrams at different periods). Reproduced with per-
mission [103]. Copyright 2025, Wiley–VCH
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Fig. 9   a Schematic of the in situ hydrothermal growth of MOF808 on 
PAN fiber. b1–b2 Morphology of MOF808 network on loaded PAN 
fiber at different magnifications. b3 EDS spectra of MOF808@PAN. 
c Schematic diagram of uniform Li+ deposition as well as continuous 
transport path before and after cycling of MOF808@PAN@PEO–
LiTFSI polymer electrolyte, MOFS808@PAN@PEO–LiTFSI poly-

mer electrolyte cycling process, MOFS808 adsorbs anions to regulate 
the Li+ flux concentration, increasing the localized Li+ flux concen-
tration. d Cycling performance of LFP/PEO–LiTFSI/Li and LFP/
MOFs808@PAN@PEO–LiTFSI/Li batteries at 60 °C. Reproduced 
with permission [97]. Copyright 2025, Wiley–VCH
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blending methods. Furthermore, the vertical growth of 
MOFs along the nanofiber surfaces creates continuous ion 
transport channels, enabling rapid radial Li+ migration and 
consequently improving both ionic conductivity and tLi

+. 
This core–shell configuration simultaneously preserves 
the inherent flexibility of the polymer framework while 
substantially reinforcing mechanical strength through the 
MOFs coating, thereby effectively suppressing lithium 
dendrite penetration. Research further indicates that pre-
cise control over MOFs growth density and orientation on 
nanofiber surfaces can optimize ion transport kinetics and 
interfacial stability, offering a promising materials design 

paradigm for developing high-safety and high-energy-
density SSLMBs.

3.3 � Functionalization of MOFs/Polymer Nanofiber 
Electrolytes

To improve the mechanical properties of the fiber skeleton, 
researchers can also optimize the fiber. He et al. [98] con-
structed a compact composite solid-state electrolyte featuring 
a 3D continuous Li+ transport network by coupling a ther-
mally treated PAN nanofiber network with a MOFs coating 

Fig. 10   a The schematic illustration of the mechanism for improved 
interfacial stability between PZPS (PVDF-HFP/2-MI@ZIF-
67 + PEGDA/SN/LiTFSI) and Li metal anode. b–c Surface SEM 
images of PVDF-HFP/2-MI and PVDF-HFP/2-MI@ZIF-67. d Polari-
zation curves and the corresponding Nyquist plots before and after 
polarization for PZPS. e The time-dependent voltage profiles of Li/

PPS/Li and Li/PZPS/Li cells at a current density of 0.1  mA  cm−2 
at 30  °C; PPS refers to PVDF-HFP/2-MI + PEGDA/SN/LiTFSI. f 
Cycling performance of LFP/PZPS/Li batteries at 30  °C and 0.5 C, 
loading was 1 mg cm−2. Reproduced with permission [87]. Copyright 
2024, Elsevier
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layer (denoted as h-PAN@MOFs in Fig. 12a). Intercon-
nected MOFs are uniformly deposited on heat-treated h-PAN 
nanofibers, preserving their cross-linked morphology with 
an average diameter of approximately 200 nm. (Fig. 12b–c). 
This engineered architecture established high-efficiency 
Li+ transport channels and networks, achieving a high ionic 
conductivity of 1.03 × 10−3 S cm−1 (Fig. 12e). The MOFs-
dependent Li+ coordination environment further facilitated 
the formation of a stable interfacial layer (Fig. 12f). The 
h-PAN@MOFs network also imparted high tensile strength 
(20.84 MPa) to the compact electrolyte (Fig. 12d). A Li/
NCM811 cell employing the h-PAN@MOFs electrolyte 
delivers a capacity retention of 85.7% after 190 cycles at 0.5 
C with the 4.5 mg cm−2 cathode (Fig. 12g). This work pro-
vides a straightforward strategy for modulating the Li+ coor-
dination state and its spatial distribution within solid elec-
trolytes for fast-charging solid-state lithium metal batteries.

In addition, MOFs are a class of inorganic–organic hybrid 
materials that often exhibit inherent brittleness, high cost, 
poor processability, and limited scalability. To enhance the 

mechanical strength of composite electrolyte membranes, 
Tong et  al. [101] successfully fabricated a flexible and 
stretchable nanofibrous membrane composed of a crystal-
line COFs (TPPA-1) via electrospinning and a polymer 
sacrificial template strategy (Fig. 12h). This nanofibrous 
membrane serves as a porous support for the composite 
system, offering not only excellent flexibility and stretch-
ability but also providing abundant pores for subsequent 
MOFs growth. Thereafter, a polycrystalline selective layer 
was constructed through the tailored and confined growth 
of ZIF-8 on the surface of the COFs membrane and within 
the inter-fiber voids. As a MOFs material with exceptional 
molecular sieving capability, ZIF-8 interweaves with the 
COFs nanofibers, forming an interpenetrating network 
structure that constitutes a mutually supportive intergrown 
layer. A distinctive feature of this COFs/MOFs composite 
membrane lies in the highly stable interface between the two 
crystalline porous materials, achieved through their chemical 
similarity. This stability enables the composite membrane 
to operate under hydraulic pressure for extended durations 

Fig. 11   a The surface and cross-section morphology of ZIF-67-
LA-PAM. b The schematic diagram of ion transport mechanism of 
ZIF-67-LA-PAM electrolyte. c Lithium-ion transfer number of the 
ZIF-67-LA-PAM. d Symmetrical Li cells of ZIF-67-LA-PAM at 
100  mA  cm−2@100 mAh cm−2 at 30  °C. Reproduced with permis-
sion [62]. Copyright 2022, Wiley–VCH. e The surface and cross-sec-
tion morphology of F-PMIA@ZIF-8. f Mechanism for enhanced Li+ 
transport by F-PMIA@ZIF-8. g The electrochemical window of dif-
ferent types of polymer electrolytes using linear scanning voltamme-

try (LSV). h The rate performance of LFP/Li battery at 50 °C. Repro-
duced with permission [110]. Copyright 2023, Elsevier. i The surface 
morphology and EDS mappings of PI@ZIF-8 nanofiber separators. j 
Schematic illustration for the 3D multiscale MOF networks enabling 
continuous and high-efficiency Li+ transport. k Current–time curves 
and the relevant Nyquist plots of PI@ZIF-8 nanofiber separators 
in symmetric Li/Li cells. l Rate performance at a sulfur loading of 
4.5  mg  cm−2. Reproduced with permission [111]. Copyright 2025, 
Royal Society of Chemistry
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without compaction, thereby ensuring long-term durability 
and reliability in practical applications.

4 � Electrospun MOFs/Polymer Composite 
for Other Batteries

Sodium-based batteries, leveraging the abundance of sodium 
resources, have emerged as a promising alternative to lith-
ium-ion batteries [125, 126]. Electrospun MOFs/polymer 
composites have emerged as promising functional materi-
als for advancing sodium metal batteries (SMBs), offering 
enhanced ionic conductivity, mechanical stability, and inter-
facial control to address key challenges, such as dendrite 
growth and electrolyte degradation [127]. A typical example 
is Tian et al. [128] reported PPNM (PEO + PAN@Cu-MOF 
with a 3D interconnected Cu-MOFs on PAN fibers in PEO-
based solid polymer electrolytes (SPEs), which achieves 
high-performance sodium metal batteries through competi-
tive coordination and dual interphase regulation, enabling 
excellent cycling stability and rate capability (Fig. 13a). This 
team proposed a competitive coordination mechanism that 
elucidates the local coordination environment within PEO-
based SPEs. Specifically, in addition to Na+, the open metal 
sites (OMS) of Cu-MOFs also actively participate in the 
coordination of TFSI⁻ (Fig. 13d). Therefore, the assembled 
full cells with various cathodes demonstrate excellent rate 
capability and cycling stability. In particular, the NVP@C/
PPNM/Na cell maintains 90.06% capacity retention after 
2000 cycles at 200 mA g−1 in Fig. 13b–c. Figure 13e illus-
trates a comparison of the performance of different SSEs. 
The battery with the PPNM electrolyte exhibits superior per-
formance, surpassing most previously reported sodium metal 
solid-state batteries, further indicating its great potential for 
future applications in SMBs.

5 � Conclusions and Perspectives

Based on the comprehensive analysis presented in this 
review, electrospinning technology has emerged as a highly 
promising method for developing advanced solid-state 
electrolytes in next-generation lithium metal batteries. This 
review has systematically evaluated two main integration 
strategies, which are the incorporation of MOFs in poly-
mer nanofiber and the in situ growth of MOFs on polymer 
nanofiber. Each strategy exhibits distinct structural charac-
teristics and corresponding lithium-ion transport mecha-
nisms. In the first approach where MOFs are incorporated 
in polymer nanofiber, MOFs become encapsulated inside 
the polymer nanofibers. The primary ion transport mecha-
nism involves migration through the continuous polymer 
phase, supplemented by hopping conduction at the interfaces 

between the polymer and MOFs. Although some ions might 
theoretically migrate through the internal pores of the 
MOFs, this pathway generally remains discontinuous due 
to the random dispersion and unfavorable orientation of the 
MOF fillers. In contrast, the in situ growth strategy enables 
MOFs to form continuous and oriented crystalline layers that 
either coat the nanofiber surfaces or bridge adjacent nanofib-
ers, creating well-interconnected porous channels. This con-
figuration supports ion transport mainly through high-flux 
diffusion within the intrinsic pores of the MOFs, further 
enhanced by surface functional group-mediated migration. 
This structurally superior arrangement generally results in 
more continuous and ordered transport pathways, leading 
to enhanced conduction efficiency. Over the past five years, 
the integration of MOFs with electrospun polymer matri-
ces, particularly through advanced processes such as in situ 
polymerization, has significantly improved the mechanical 
strength, interfacial compatibility, and ionic conductivity of 
electrolytes. These enhancements originate from the syn-
ergistic combination of the rigid, ordered porous structure 
of MOFs that provides continuous ion transport channels, 
together with the flexible and electrochemically stable poly-
mer matrix.

Looking forward, several critical challenges require 
focused attention to advance MOFs/polymer nanofiber 
electrolytes. First, the continued reliance on conventional 
organic solvents compromises both safety profiles and 
environmental sustainability. Currently, there is a lack of 
precise quantitative data on residual solvents in the field, 
which constitutes a noteworthy research gap. Second, the 
interfacial interactions between MOFs and polymers need 
further optimization to achieve enhanced compatibility and 
performance. Additionally, systematic investigation into the 
design principles and compatibility of multi-component pol-
ymer systems remains an important unmet need. To realize 
the crucial performance targets of room-temperature ionic 
conductivity exceeding 3 mS cm−1 coupled with electro-
chemical stability windows beyond 5 V, future efforts should 
prioritize addressing these fundamental limitations through 
coordinated materials design and processing innovations. 
Through targeted advancements in these areas, MOFs/poly-
mer nanofiber electrolytes are positioned to overcome cur-
rent barriers and pave the way for next-generation energy 
storage technologies (Fig. 14).

Future studies should prioritize the following strategic 
directions to advance the development of electrospun MOFs/
polymer nanofiber electrolytes:

1.	 Green solvent system development: The replacement 
of conventional organic solvents with non-flammable, 
low-toxicity alternatives, such as deep eutectic solvents 
(DES) and polymeric ionic liquids, represents a critical 
pathway toward safer electrolytes. Guided by compu-
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Fig. 12   Characteristics of heat-treated PAN fiber networks, PVDF, 
and PPM (PVDF + h-PAN@UIO-66-NH2) electrolytes. a Schematic 
of the ion transport and solvation structure modes in PVDF electro-
lytes and PPM electrolytes, SEM images of b h-PAN nanofibers and 
c h-PAN@MOFs networks (h refers heat-treated). d Stress–strain 
curves of PPM, PP (PVDF + h-PAN) and PVDF. e Arrhenius plots of 
ionic conductivity of electrolytes. f Critical current density (CCD) of 
the Li/Li symmetric cells. g Long-term cycling stability of Li/PPM/

NCM811 cells with different electrolytes at 25 °C. Reproduced with 
permission [98]. Copyright 2024, Wiley–VCH. The formation pro-
cess of micromorphology of the COF–MOFs composite membrane. 
h Schematic illustration of the confined growth of ZIF-8 in the gaps 
between the TpPa-1 (A self-standing pristine COF) and PAN nanofib-
ers. Reproduced with permission [101]. Copyright 2024, Royal Soci-
ety of Chemistry
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tational screening, customized solvents exhibiting high 
lithium salt solubility, low viscosity, and wide electro-
chemical windows should be designed. These systems 
can regulate Li+ solvation structures through confine-
ment within MOFs channels while simultaneously plas-
ticizing the polymer matrix to enhance chain mobility. A 
fundamental understanding of their interfacial adsorp-
tion and reaction mechanisms will further promote the 
formation of inorganic-rich, stable interphases, thereby 
suppressing dendrite growth and side reactions.

2.	 Advanced composite strategy optimization: Promot-
ing the research progress by implementing multiscale 

interface engineering. Specific approaches include 
MOFs surface functionalization with targeted groups (–
SO3H, –NH2, or fluorinated chains) to enhance interfa-
cial compatibility and facilitate lithium salt dissociation. 
Concurrently, molecular-level engineering of polymer 
through tailored architectures, such as star-shaped or 
hyperbranched topologies integrated with crown ether 
or ionic liquid motifs, can amplify synergistic effects 
with the surfaces and channels of MOFs. Furthermore, 
robust interfacial bonding strategies via covalent graft-
ing or coordination interactions should be developed to 
construct durable molecular bond effectively mitigat-

Fig. 13   a Schematic diagram of the synthesis and coordina-
tion structure of PPNM (PEO + PAN@Cu-MOF) electrolyte. b 
Rate performance and c cycling performance of NVP@C/PPN 
(PEO + PAN)/Na and NVP@C/PPNM/Na at 200 mA g−1 and 30 °C 

(NVP@C = Na3V2(PO4)3@C, mass loading: ca. 1.5–2  mg  cm−2). d 
Schematic diagram of dual interphase regulation. e Comparison of 
different SSEs. Reproduced with permission [128]. Copyright 2025, 
Wiley–VCH
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ing phase separation and preserving structural integrity 
under extended cycling.

3.	 Multidimensional structural engineering: Electrospin-
ning enables the construction of 3D interconnected 
MOFs/polymer nanofiber networks with tunable diam-
eter, orientation, and porosity, significantly reducing ion 
transport tortuosity. Through techniques, such as elec-
tric-field alignment, template confinement, or microflu-
idic processing, MOFs can be oriented along nanofiber 
axial and radial to form continuous fast ion transpor-
tation. At the macroscopic scale, hierarchical designs 
incorporating gradient pores or biomimetic channel 
structures allow spatial regulation of ion flux. By syner-
gistically utilizing MOFs microporosity and inter-fiber 
mesoporosity, such multidimensional designs facilitate 
simultaneous achievement of high ionic conductivity, 
superior Li+ transference number, and robust mechanical 
properties.

Future studies should prioritize understanding the cou-
pling effects between the microstructure of electrospun 
nanofibers and MOFs functionalization on ionic transport 
mechanisms. Advanced in situ characterization techniques, 
integrated with multiscale simulations, are critically needed 
to elucidate ion migration pathways and interfacial kinetics 
at both MOFs/polymer and electrode–electrolyte interfaces. 
Particular emphasis should be placed on decoupling the 
individual contributions of MOFs chemistry and nanofiber 
morphology to Li+ transport behavior. Such fundamental 

insights will accelerate the rational design of high-perfor-
mance electrolytes and facilitate their deployment in higher-
energy-density battery systems and a broader range of elec-
trochemical devices.
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