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Pursuing high-energy-density and high-safety lithium-metal batteries (LMBs) is crucial for developing next-
generation high-energy storage systems. However, uncontrollable lithium (Li) dendrite growth and the
unstable solid electrolyte interface (SEI) make this task rather challenging. Here, a thermomechanically
stable nanofiber separator composed of 3D multiscale metal-organic framework (MOF) networks was
developed by an electrospinning-assisted in situ self-assembly strategy. This design ingenuity lied in
building close-packed ZIF-8 nanounits onto polyimide (Pl) nanofiber to construct 1D well-ordered MOF
nanofibers and generate monolithic 3D networks, thereby providing continuous and fast Li* linear
transport pathways at the micrometer scale. Lewis acid sites and sub-nano pores within ZIF-8 served as
ion sieves, selectively restricting larger anion movement to accelerate Li* transport. Density functional
theory calculations further verified the higher adsorption energy for Li-solvated clusters and the de-
solvation effect on the ZIF-8 surface, facilitating high-efficiency and well-distributed Li* intercalation.
Moreover, these Pl@ZIF-8 nanofiber separators contributed to constructing LiF-concentrated SEI films
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Accepted 27th January 2025 mechanical strength and flexibility, potential safety accidents were effectively avoided. The resultant
LMBs presented improved discharge capacity, cycling durability and stability, even under high-rate or
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1. Introduction

Over the last few decades, lithium-ion batteries (LIBs) have
received widespread attention due to their versatile applications
in power grid intelligence, vehicle electrification and device
portability.’”® Nevertheless, the insufficient specific capacity of
conventional LIB systems fails to satisfy the increasing
demands for energy density.*® Recognizing this, lithium-metal
batteries (LMBs), utilizing metallic lithium (Li) anodes with
ultra-high theoretical specific capacity (3860 mA h g™ ') and
ultra-low reduction potential (—3.04 V wvs. the standard
hydrogen electrode), show immense potential as advanced
energy storage devices.*” Despite such great superiorities, the
uncontrollable growth of dendritic Li and strong side reactions
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between active Li and liquid electrolyte are adverse to the
smooth progress of Li deposition/stripping behaviors, resulting
in low coulombic efficiency (CE), severe capacity degradation
and even potential safety issues, consequently restricting the
large-scale industrial development of LMBs.*®

As one of the critical components of LMBs, separators can
not only provide physical separation between the cathodes and
anodes to protect against the internal short-circuits, but also
allow rapid Li" transmission through electrolytes, which play an
indispensable role in electrochemical performances and safety
practicality of batteries.'"* Currently, commercial polyolefin
separators, such as polyethylene (PE) and polypropylene (PP),
still pose a risk of thermal runaway under high-temperature
conditions because of their inferior thermal stability and
flammability."> Moreover, the widely distributed pore sizes and
limited electrolyte wettability of polyolefin separators will
provoke uneven Li" distribution during continuous charging/
discharging processes, easily causing the excessive growth of
Li dendrites and the hazard of separators being punctured, thus
culminating in inoperable redemptive consequences.”*™**
Therefore, substantial efforts have been devoted to designing
high-quality separators with well-defined microstructures to
meet the ever-increasing safety demands of batteries.*®
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Polyimide (PI), as a typical high-performance engineering
polymer, possesses good chemical stability, high mechanical
strength, a low dielectric coefficient, excellent temperature
resistance, and insulation and self-extinguishing characteris-
tics, making it an ideal candidate for the separator substrates of
batteries."”*® For example, PE separators had been coated with
PI substances to improve their mechanical strength, thermo-
dimensional stability and electrolyte-uptake capability.***°
Besides, some novel thermostable separators based on PI
substrates had also been prepared via phase inversion or
colloidal template methods to afford superior electrochemical
performances of LMBs.*?** In recent years, electrospun nano-
fiber materials have been employed in a wide application of
fields, such as optical sensors, drug carriers, eco-waste purifiers
and energy storage systems.” More importantly, electro-
spinning can well combine multiple polymers or functional
fillers together, making it easy to construct hybridized nano-
fiber separators with controllable structures and characteris-
tics.”*** Based on electrospinning technology, the resultant PI
nanofiber separators possess three-dimensional (3D) inter-
connected nano-porous network structures, with high porosity,
large specific area and excellent electrolyte affinity, showing
a promising prospect in homogenizing Li deposition/stripping
behaviors.”**” However, they still suffer from insufficient ionic
conductivities and fail to meet the increasingly stringent
requirements for high-rate LMBs. Metal-organic frameworks
(MOFs) are composed of inorganic metal ions and organic
ligands, equipped with high specific surface area, adjustable
and uniform cavity sizes/pore windows, plentiful coordinate
metal sites and periodical crystalline structures, which have
been developed as prospective modified fillers for
separators.”®° The homogeneous pores with ordered arrange-
ment of MOFs provide well-defined Li* transport pathways,
while their narrow channels and rich Lewis acid sites can
selectively confine the movement of larger Li-salt anions,
thereby promoting uniform Li* flux and accelerating Li"
migration.*

In spite of the above privileges of MOFs, the enhancement in
ionic conductivity is still restricted when MOF fillers are simply
and physically attached to separators, as these incorporated
MOFs tend to result in unfavorable aggregation and precipita-
tion phenomena in the wake of solvent evaporation, triggering
isolated and discontinuous Li" channels.**** Additionally, the
randomly distributed MOFs within separators cannot provide
effective mechanical reinforcement for Li dendrite suppres-
sion.* Therefore, it remains challenging to realize dendrite-free
Li deposition and beneficial SEI chemistry through separator
modification, and the control for spatial arrangement of MOFs
in separators to build a uniformly distributed MOF network is
still urgent. The fabrication of intertwined nanofiber
membranes anchored with active fillers assisted by the elec-
trospinning method is deemed a promising strategy for
achieving a 3D filler framework within separators, which is
mainly attributed to the directional arrangement of MOF fillers
that can be anticipated under the guidance of 1D nanofibers.*”
Nonetheless, the exploitation of practically available strategies
for constructing nanofiber separators, based on 3D MOF
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networks with long-range ordered structures and favorable
mechanical flexibility, still requires tremendous efforts,
enabling successive and high-efficiency Li* transmission as well
as enhanced dendrite suppression capability.®®

Herein, a thermomechanically stable PI-supported nanofiber
separator with densely packed MOF nanounits was constructed
through an electrospinning-assisted in situ self-assembly
strategy. The 3D cross-linked networks composed of 1D PI
nanofiber substructures offered spatial guidance for directional
self-assembly of MOFs and induced the continuous growth of
MOF nanounits, thereby achieving the effective construction of
3D multiscale MOF networks. A zeolite imidazole framework
(zIF-8) was chosen as a targeted MOF due to its simple
synthesis, low cost and outstanding electrochemical stability
and featured large-sized cavities and orderly arranged member
rings (MRs) to realize homogenized and accelerated Li" diffu-
sion pathways, simultaneously forming a robust SEI film
without excessive consumption of electrolyte and active Li.
Besides, the 3D multiscale MOF networks relied on their
abundant Lewis acid sites and microporous structure that could
further optimize Li" transport. Moreover, the de-solvation
function of ZIF-8 was well testified through density functional
theory (DFT) calculations, which demonstrated an increase in
the Li" concentration across 1D channels of the 4-MR within
ZIF-8, leading to rapid and well-distributed Li" intercalation.
With these merits, the resulting PI@ZIF-8 nanofiber separators
delivered fast Li" transport kinetics and outstanding dendritic
suppression ability, coupled with excellent thermal stability and
high mechanical robustness, enabling superior operating
security and desired cycling durability for the assembled LMBs,
thereby revealing an enticing application prospect.

2. Results and discussion

Fig. 1a shows the detailed fabrication procedures for the
PI@ZIF-8 nanofiber separators. The 3D porous PI substrate
composed of cross-linked 1D nanofibers was carefully chosen as
the original robust support,’®* which was prepared by
following the electrospinning process and thermal imidization
treatment. Then, ZIF-8 nanounits were in situ self-assembled on
PI nanofibers to construct the nanofiber separators with 3D
multiscale MOF networks. In this regard, an alkaline-etching
method was carried out to actualize the directionally grown
MOFs. As shown in Fig. 1b, the imide rings of PI underwent
a cleavage reaction to generate a large number of carboxyl
groups (-COOH) under the etching effect of KOH solution,*
which provided massive and well-distributed nucleation sites to
promote the formation of MOF networks with orderliness and
continuum. After immersing in the methanol solution con-
taining Zn(NO;),, K" would be substituted by Zn>*, which could
coordinate with 2-methylimidazole to in situ generate ZIF-8
nanounits. Ultimately, the cleaved imide rings within the PI
skeleton were re-cyclized assisted by thermal treatment, while
removing the residual solvents and activating the constructed
MOF networks. The as-obtained PI@ZIF-8 nanofiber separators
were equipped with distinctive 3D multiscale structures, con-
sisting of interwoven 1D MOF nanofibers. Of note, the single 1D
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Fig. 1 Synthesis route and design concept of Pl@ZIF-8 nanofiber separators with 3D multiscale MOF networks. (a) Schematic diagram for the
detailed fabrication procedures of PI@ZIF-8 nanofiber separators. (b) Schematic diagram of the in situ self-assembly process for ZIF-8 nanounits
on the Pl skeleton. (c) Schematic illustration for the 3D multiscale MOF networks enabling continuous and high-efficiency Li* transport.
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MOF nanofiber constituted ZIF-8 nanounits arranged in an
orderly manner along the 1D direction at the microscale level,
which could yield long-range and continuous linear channels
for barrier-free and high-efficiency Li* transport (Fig. 1c). What
was more, the nanoscale pores within MOF nanounits served as
ion sieves to restrict the transmission of larger anions and
conversely facilitate Li" migration. Meanwhile, the open metal
sites on the ZIF-8 surface featuring Lewis acid characteristic
could selectively bind with anions, further accelerating the free
transport of Li*.

Scanning electron microscopy (SEM) was performed to
investigate the surface morphologies of the prepared polyamic
acid (PAA), PI and PI@ZIF-8 nanofiber separators. Both the PAA
and PI samples possessed cross-linked 3D network structures
consisting of interconnected 1D nanofibers with a smooth
surface (Fig. 2a and b). Further self-assembly of MOF nanounits
led to the formation of continuous and symbiotic MOF shell-
layers, in which the orderly arrayed ZIF-8 completely covered
the PI skeleton to generate 1D MOF nanofibers (Fig. 2c and d),
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which played a critical role in successive ion pathways within
the bulk of separators. As displayed in Fig. 2e, the energy
dispersive spectroscopy (EDS) mappings demonstrated that
C, N, Zn and O elements were uniformly distributed in PI@ZIF-8
nanofibers, confirming the successful self-assembly of ZIF-8 on
the PI substrate to construct a typical core-shell structure. A
series of characterization tests were conducted to analyze the
chemical structures of the multiscale MOF networks. It could be
found in Fourier transform infrared (FTIR) spectra (Fig. S1t)
that PAA successfully experienced thermal imidization and was
converted into PI, owing to the appearance of the typical char-
acteristic peaks for PI. To be specific, the characteristic peaks
located at 1756 and 1718 cm ™' corresponded to the stretching
vibration of the -C=0O bond on imine rings, concurrently
including the stretching vibration of the C-N bond at 1376 cm ™"
and variable angle vibration of the C=0 bond and deformation
vibration of imine rings at 721 em™".** Moreover, the charac-
teristic bands at 658-1300 cm ™" for ZIF-8 obviously appeared in
the PI@ZIF-8 samples (Fig. 2f).*® According to X-ray
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8 separators. (g) Full XPS spectra and (h) high-resolution Zn 2p spectra of Pl and PI@ZIF-8 nanofiber separators. (i) XRD patterns of ZIF-8

nanounits, Pl and PI@QZIF-8 nanofiber separators.
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photoelectron spectroscopy (XPS) in Fig. 2g, the spectrum of
pristine PI separators merely exhibited the peaks of C 1s, N 1s
and O 1s. After self-assembly of ZIF-8 nanounits, the observed
new peaks for Zn 2p;,, and Zn 2p,, also suggested the effective
combination of ZIF-8 and PI, and the characteristic peak of Zn
2ps/, centered at 1021.4 eV demonstrated the Zn(u) species
encompassed with four N atoms (Fig. 2h).*® Furthermore, the X-
ray diffraction (XRD) pattern of PI@ZIF-8 nanofiber separators
showed the clear characteristic peaks of ZIF-8 (Fig. 2i), indi-
cating that the constructed multiscale MOF networks fulfilled
high-quality crystal structures. The above results convincingly
proved the great potential and feasibility for fabricating the
nanofiber separators with 3D multiscale MOF networks through
a surface-etching induced in situ self-assembly approach.
Mechanical properties are an important factor in evaluating
whether the separators could ensure the safe operation of
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batteries. As shown in Fig. 3a, the pristine PI nanofiber sepa-
rators exhibited a tensile strength of 22.7 MPa and breaking
elongation of 66.5% derived from the dry stretching prepara-
tion. After the loading of ZIF-8, the obtained PI@ZIF-8 nano-
fiber separators displayed a slight reduction in mechanical
strength (21.6 MPa) and breaking elongation (57.7%). After
soaking in electrolyte for 24 h, the corresponding tensile
strengths of PI and PI@ZIF-8 nanofiber separators still
remained at 22.5 and 21.1 MPa with negligible changes,
reflecting their long-term mechanical stability within electro-
Iyte. Fig. 3b depicts the photographs of different samples fol-
lowed by bending and folding treatments. The PI and PI@ZIF-8
nanofiber separators well restored the original appearance and
maintained consistent flatness after testing, while PE separa-
tors produced a great deal of irreversible wrinkles. These test
results suggested the superior mechanical flexibility of the 3D
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Fig. 3 (a) Stress—strain curves of Pl and Pl@ZIF-8 nanofiber separators. (b) Wrinkle tests of PE, Pl and Pl@ZIF-8 samples. (c) N, adsorption—
desorption isotherms and pore size distribution of PI@ZIF-8 nanofiber separators. Electrolyte (d) uptakes, (e) dropping experiments and (f)
contact angles of PE, Pl and Pl@ZIF-8 samples. (g) Impedance spectra of PE, Pl and Pl@ZIF-8 separators. (h) Current—time curves and the relevant

Nyquist plots of Pl@ZIF-8 nanofiber separators in symmetric Li—Li cells.
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multiscale MOF networks, which were mainly attributed to the
inherent robustness of the PI skeleton, as well as the strong
binding interaction between PI nanofibers and ZIF-8 nanounits,
thereby contributing to the continuous conduction of Li" and
the valid inhibition of dendrite growth for higher safety.

The pore size distribution and specific surface area of the
multiscale MOF networks were explored by N, adsorption-
desorption testing. As displayed in Fig. 3c and S2,t the micro/
mesoporous structure of PI@ZIF-8 samples was vindicated,
since the tested curve presented an Hj hysteresis loop and IV-
type isotherm features.*** Compared with PI samples (5.23
m?® g~ ), the PI@ZIF-8 nanofiber separators obtained a signifi-
cant increase in specific surface area (244.56 m* g~'), mainly
attributed to the ultra-high specific surface area of ZIF-8
(1038.34 m* g~ '). Meanwhile, the PI@ZIF-8 and PI samples
also showed much higher porosities than PE separators
(Fig. S31). Moreover, it was seen from Fig. 3d that the PI@ZIF-8
nanofiber separators delivered a superior electrolyte absorption
rate of 1298%. When 20 pL of electrolyte was added dropwise to
the middle of the three samples (Fig. 3e), only the PI@ZIF-8
nanofiber separators achieved rapid and complete infiltration
and spreading and also obtained the highest electrolyte
immersion height (Fig. S41). In the electrolyte contact angles
test (Fig. 3f), the PI@ZIF-8 nanofiber separators presented the
minimum instantaneous contact angle. After 10 s, the contact
angles of PI@ZIF-8 and PI separators quickly dropped to 0°,
whereas the PE separators still retained a large contact angle of
40°. The test results could be mainly attributed to the PI@ZIF-8
nanofiber separators possessing the 3D porous and crosslinked
network structure with large specific surface area and high
porosity, which were instrumental in strengthening the elec-
trolyte wettability and absorptivity. Overall, the 3D multiscale
MOF networks were conducive to improving the electrolyte
affinity for high ionic transport properties.*

The Nyquist curves in Fig. 3g were measured to characterize
the ion conduction capability of the three separators, which
demonstrated the lowest bulk resistance of PI@ZIF-8 samples.
As shown in Table S1,f the ionic conductivity of PI@ZIF-8
nanofiber separators (2.40 mS cm™ ') was much higher than
that of PE (0.65 mS cm™ ') and PI (1.65 mS cm ™ ') separators. It
was well-known that the Li* transference number (¢.;:) was an
important indicator to estimate the Li* mobility for separators.
Alarger t;;- implied a greater number of “free Li*” and anchored
anions, thereby homogenizing Li* deposition and avoiding Li
dendrite formation.*® The polarization curves and the imped-
ance diagrams in the initial and steady states of the symmetric
Li-Li cells are presented in Fig. 3h and S5.F The calculated ¢
value for PI@ZIF-8 nanofiber separators was 0.88, much higher
than that of PE separators. The superior ionic conductivity and
¢+ values confirmed the outstanding ion transport level of the
nanofiber separators with 3D multiscale MOF networks, which
could afford continuous Li" linear transmission channels at the
micrometer scale, while sub-nano pores and Lewis acid sites
within ZIF-8 nanounits could serve as ion sieves to selectively
confine the movement of larger anions for accelerating the

migration of more free Li".*6%
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Study on Li" adsorption and the diffusion mechanisms for
the 3D multiscale MOF networks was performed using DFT
calculations from an atomic viewpoint. As shown in Fig. 4a, ZIF-
8 featured both types of pore passageways to carry the migration
motion of Li’, including six 4-MRs and eight 6-MRs, which
constructed 1D transmission pathways with apertures of 0.8
and 3.4 A from multiple directions.”®* The four-coordinate
clusters formed by the integration of Li" and organic solvent
molecules acted as the main species,” so the de-solvation
ability of the multiscale MOF networks was evaluated by
calculating the adsorption energies of the two basic units within
ZIF-8 on solvated clusters. The 4-MR units of ZIF-8 respectively
exhibited adsorption energies of —4.13, —2.90, —2.38 and
—2.42 eV for PF,~ and the solvated clusters (Li'(EC),, Li"(DMC),
and Li"(EMC),), which were much stronger than that of pure Li"
(—0.93 eV) (Fig. 4b and S6%). It was worth noting that the
adsorption energy for the 6-MR structure on Li" was positive
(1.33 eV), suggesting an antipathy nature towards Li (Fig. 4d and
S7t). The above results indicated that the diffusion channels
within ZIF-8 could selectively transport Li’, and the high-
efficiency Li" migration was promoted based on the similarity
between the channel diameter (0.8 A) of 4-MR and the Li"
diameter (0.76 A). Moreover, the adsorption energies for solvent
clusters by ZIF-8 were much higher than that for individual Li
atoms, which was beneficial for increasing the surface Li"
concentration and diffusion in 1D channels. In addition, the
charge density differences in Fig. 4c-e displayed evident charge
transfer for the 4-MR and 6-MR units interacting with Li*(EC),,
further validating the de-solvation action and ionic conduction
function of the multiscale MOF networks. As a result, the
PI@ZIF-8 nanofiber separators could alleviate the obstacles for
Li" de-solvation and expedite the efficient conduction of Li'/
electrons following 1D pathways, thanks to the highly ordered
multiscale MOF network structure.

Theoretically, the excellent mechanical stability, surficial
electrolyte affinity and ionic conductivity were conducive to
reinforcing the inhibition ability of separators for dendrite
growth, which was evaluated through the Li plating/stripping
behaviors within symmetrical Li||Li cells at different current
densities. The Li||PE||Li cells delivered severely deteriorated
polarization voltages within 211 h at 1.0 mA cm ™2, while a sharp
polarization suddenly occurred for Li||PI||Li cells after 506 h, as
shown in Fig. 5a. With the assistance of multiscale MOF
networks, the Li||PI@ZIF-8||Li cells achieved highly stable
cycling behavior over 2000 h with a minimum polarization
voltage of 37.5 mV. Moreover, it was seen from Fig. 5b that the
Li||PI@ZIF-8||Li cells exhibited much lower impedance values
before and after cycling, indicating that the PI@ZIF-8 nanofiber
separators effectively suppressed the Li dendrite formation and
reinforced the electrode/electrolyte interface stability. Further-
more, the rate performance of Li||Li cells at various current
densities from 0.5 to 2.5 mA c¢cm > at an areal capacity of
1.0 mA h cm 2 is shown in Fig. 5c. Despite the continuous
increase in current densities, the Li||PI@ZIF-8||Li cells still
maintained an incredibly stable polarization vibration
compared with Li||PE||Li and Li||PI||Li cells. More importantly,
when cycled at a “higher current density” of 2.5 mA cm >

This journal is © The Royal Society of Chemistry 2025
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(Fig. S8at) and “larger stripping/plating capacity” of
2.5 mA h cm™? (Fig. S8b¥), the Li||PI@ZIF-8||Li cells also dis-
played favorable long-term cycling stability, while the Li||PE||Li
cells showed significant instability and short-circuit accidents
during cycling, which could furnish the evidence for uniform Li
nucleation and growth enabled by the PI@ZIF-8 nanofiber
separators even at high current densities and large Li deposi-
tion amounts.

For further estimating the dendrite-suppressing capability of
the three separators, the SEM images and digital photographs
of Li electrodes disassembled from the Li||Li cells after rate
capability testing were characterized. In contrast to the flat and
dense Li surface without dendritic morphology in Li||PI@ZIF-
8||Li cells (Fig. 5g), the Li||PE||Li and Li||PI||Li cells displayed the
porous and loose Li deposition morphologies accumulated with
generous “dead Li” to varying degrees (Fig. 5d and S9aft).
Meanwhile, the cross-sectional views of the Li anodes within
Li||PE||Li and Li||PI||Li cells showed the much thicker Li depo-
sition layers with rough and disruptive morphologic structures
(Fig. 5e and S9b¥). This was primarily because of the detri-
mental interface affinity and ion-conducting properties of PE

This journal is © The Royal Society of Chemistry 2025

and PI separators, provoking uneven Li deposition and unfa-
vorable interfacial polarization.” Conversely, the thin and
compact Li deposition layers with distinct SEI films were
observed from the Li anode of Li||PI@ZIF-8||Li cells (Fig. 5h),
signifying the effective obstruction for Li dendrite formation
and the significant promotion for SEI stabilization assisted by
the 3D multiscale MOF networks. By comparing the surface
morphologies of separators after cycling, it was found that the
pores of PE separators were almost completely blocked (Fig. 5f),
while a large amount of by-products had accumulated on the
surface of PI separators (Fig. S9ct). In sharp contrast, the
PI@ZIF-8 nanofiber separators well retained the highly stable
3D porous network structure without obvious loss of ZIF-8
nanounits (Fig. 5i), which validated the strong bonding
between ZIF-8 and the PI skeleton that could satisfy the long-
term cycling requirements. At the same time, the XRD
patterns of the PI@ZIF-8 nanofiber separators after cycling still
maintained the significant characteristic peaks of ZIF-8
(Fig. S10%), further demonstrating their stability during
cycling. XPS was conducted to identify the chemical composi-
tions of the formed SEI film on the cycled Li surface. The
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Fig. 5 Li plating/stripping behaviors within symmetric Li||Li cells with different separators. (a) Cycling performance of Li||Li cells at a current

density of 1.0 mA cm~2 with an areal capacity of 1.0 mA h cm™2

. (b) Electrochemical impedances of Li||Li cells before and after cycling. (c) Rate

performance of Li||Li cells at increased current densities from 1.0 to 2.5 mA cm~2 with an areal capacity of 1.0 mA h cm~2. Digital photographs
and SEM images of the detached Li electrodes and separators from the (d—f) Li||PE||Li and (g—i) Li||Pl@ZIF-8||Li cells after cycling.

appearance peaks relevant to LiF were observed in F 1s
(Fig. S11at) and Li 1s spectra (Fig. S11bt), which had high
Young's modulus and acted as favorable SEI constituents,
playing an important role in protecting the SEI film from
volume expansion and alloying reactions.”* In the Zn 2p spec-
trum for the cycled PI@ZIF-8 separators (Fig. S11ct), the intactly
appearing Zn metal centers proved the admirable structural
stability of ZIF-8 nanounits during cycling. Compared to the
peak positions before cycling (Fig. 2h), the two peaks within the
Zn 2p spectrum mildly shifted towards higher binding energies,
which well demonstrated that the Zn sites of ZIF-8 could
interact with some anions within electrolyte, thereby acceler-
ating the Li" mobility.*

To better evaluate the positive role of PI@ZIF-8 nanofiber
separators in the regulation of Li deposition behaviors, the

7364 | J Mater. Chem. A, 2025, 13, 7357-7370

morphologies of Li deposits within Li||Cu cells were investi-
gated under different deposition conditions. Due to the inevi-
table roughness of the electrode surface, the electric field
distribution near the surface was uneven. In the case of PE
separators, the charges accumulated at the tip and directed Li"
to preferentially deposit at the tip (Fig. 6a), which induced the
accelerated vertical growth of deposited Li instead of flat
growth, ultimately resulting in the formation of Li dendrites. In
complete contrast, Li* could be uniformly redistributed when
passing through the PI@ZIF-8 nanofiber separators, which
could effectively prevent Li" from accumulating at the tip and
achieve homogeneous distribution at the molecular level
(Fig. 6b). As presented in Fig. 6¢, Li nuclei with homogeneously
spherical structures were well-distributed on the surface of Cu

foil under a small Li deposition amount of 0.5 mA h cm 2.
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When 1.0 mA h em > of Li was plated, the closely packed
ellipsoidal Li nuclei were still observed (Fig. 6d). Even after
increasing the Li deposition capacity to 3.0 mA h cm ™2, the
spherical structure was still visible and the diameter of the Li
nucleus maintained slow growth without Li dendrites being
generated on Cu foil (Fig. 6e). As the current density increased

This journal is © The Royal Society of Chemistry 2025

from 1.0 to 3.0 mA cm 2, the ellipsoidal particles with smaller

size on Cu foil overlapped and were stacked together, displaying
flat and dendrite-free morphologies (Fig. 6f-h). As compared,
the Li" deposition track within Li||PE||Cu cells was affected by
the uneven electric field on the electrode surface, and the
irregular island-like and wire-like Li nuclei were shown on the
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surface of Cu foil (Fig. S12+). The messy Li deposits turned to
aggravate the uneven electric field and induce uncontrollable
dendritic growth.*® Significantly, this striking contrast firmly
demonstrated that the PI@ZIF-8 nanofiber separators with 3D
multiscale MOF networks could effectively guide uniform Li
nucleation.

Moreover, the electrochemical Li plating/stripping behaviors
for the three separators in Li||Cu half-cells were investigated at
0.5 mA cm 2 and 1.0 mA h cm 2. As shown in Fig. 6i, the CEs of
Li||PE||Cu cells suffered from a thorough decay after 150 cycles,
while a fast decline of CEs for Li||PI||Cu cells after 220 cycles was
observed, indicating the constant breakage and reformation of
SEI films. On the contrast, steady CEs were obtained using
Li|| PI@ZIF-8||Cu cells upon 300 cycles, which was far superior to
Li||PE|/Cu and Li||PI||Cu cells. Through the evolution of battery
impedances over varying cycle numbers (Fig. 6j and S137), the
Li||PI@ZIF-8||Cu cells consistently maintained the lowest
impedances at different cycles. Even when the cycle number
increased to 300, the impedance value stabilized at around 77
Q, mainly due to the survival from insulated “dead Li”.** In
addition, the voltage-capacity curves of the initial Li deposition
process for the three samples are presented in Fig. S14.1 The
nucleation overpotential of Li||PI@ZIF-8||Cu cells was much
lower than that of Li||PE||Cu and Li||PI||Cu cells, suggesting that
the 3D multiscale MOF networks effectively improved the lith-
iophilicity of the electrode surface and reduced the Li nucle-
ation overpotential on the Cu surface. Furthermore, the
corresponding polarization profiles for the assembled Li||Cu
cells were analyzed to reflex the difficulty level of Li plating/
stripping. The voltage polarizations of Li||PE||Cu and Li||PI||Cu
cells first decreased and then increased during cycling
(Fig. S15a and bt), which demonstrated a gradual stabilization
of the electrode-electrolyte interface until later deterioration. In
contrast, the Li||PI@ZIF-8||Cu cells possessed lower voltage
polarizations and remained constant over time (Fig. S15c¥),
indicating few obstacles for the heterogeneous nucleation and
Li growth.”

Subsequently, the potential application of PI@ZIF-8 nano-
fiber separators was investigated in the LMBs by coupling with
LiFePO, (LFP) as the cathode. It was found from Fig. 7a that all
assembled LFP||Li cells had only one pair of redox peaks in the
tested CV curves. The LFP||PI@ZIF-8||Li cells delivered higher-
intensity oxidation and reduction peaks than the other two
samples, well confirming the improved electrochemical reac-
tion kinetics of the PI@ZIF-8 nanofiber separators.>® The rate
performance of LFP||Li cells with the three separators was
compared as shown in Fig. 7b. In contrast with LFP||PE||Li and
LFP||PI||Li cells, the advantage in discharge capacity was more
pronounced for LFP||PI@ZIF-8||Li cells, especially under high-
rate conditions. When recovering from a high-rate of 5.0C to
the initial low-rate of 0.2C, the LFP|PI@ZIF-8||Li cells also
presented good capacity reversibility, suggesting outstanding
electrochemical stability even at high current densities. This
superior rate capability was mainly due to the well-constructed
3D multiscale MOF networks, which could supply long-distance
and continuous transport channels for Li*, thereby realizing
rapid Li" transmission in battery systems.
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The long-term cycling stability of LFP||Li cells was regarded
as another important criterion to evaluate the applicability of
PI@ZIF-8 nanofiber separators. As shown in Fig. 7c, the
LFP||PE||Li and LFP||PI||Li cells were infeasible for long-life
energy devices, which delivered relatively fast capacity attenu-
ation at 1.0C. Prominently, the LFP||PI@ZIF-8||Li cells achieved
a high capacity retention rate of 97.4% after 300 cycles and also
obtained the desired cycling stability with higher CEs and
discharge capacities during 800 cycles at 2.0C (Fig. S16t). More
significantly, the relevant reports summarized in Table S2f
further demonstrated the outstanding electrochemical perfor-
mance of the batteries using the PI@ZIF-8 nanofiber separators,
which were competitive with previously reported nanofiber
separators. When matched with the high-loading LFP cathodes
(~4.5 mg em?), it was seen from Fig. S17} that the LFP||PI@-
ZIF-8||Li cells still exhibited superior cycling stability with
a much higher capacity retention rate of 95.4% after 240 cycles
in comparison with the LFP||PE||Li cells. In addition, the
impedance values of the LFP||PI@ZIF-8||Li cells before and after
cycling were much lower than those of the other two samples
(Fig. 7d). After 300 cycles, the LFP||PI@ZIF-8||Li cells presented
slight impedance changes thanks to the compatible electrode/
electrolyte interface stability, while serious deterioration was
observed from the interfacial resistances of LFP|PE||Li and
LFP||PI||Li cells. It was seen from the SEM images in Fig. S18a-
ct that the Li surface detached from the cycled LFP|PI@ZIF-
8||Li cells was smooth and compact, whereas the Li anodes for
LFP|PE||Li and LFP||PI||Li cells showed quite rough surfaces
accompanied by Li dendrite growth and “dead Li” accumula-
tion. Moreover, the cross-section views in Fig. S18d-ff showed
a damaged loose structure with numerous cracks and thick
deposition layers within LFP||PE||Li and LFP||PI||Li cells, while
flat and dense deposited Li equipped with a uniform SEI film
was attained using the LFP||PI@ZIF-8||Li cells. Besides, the
PI@ZIF-8 nanofiber separators still preserved their original 3D
porous crosslinked network structure without the abscission of
ZIF-8, unlike the varying hole-blockade extents within PE and PI
separators (Fig. S18g-it), which verified the excellent structural
stability of PI@ZIF-8 nanofiber separators to guarantee high-
efficiency Li* transport during the cycling process.

In addition, the linear sweep voltammetry (LSV) experiments
(Fig. 7e) revealed the superior anodic stability of PI@ZIF-8
nanofiber separators with a relatively high decomposition
voltage, reflecting the novel configuration of the multiscale
MOF networks and improved electrochemical robustness and
operating voltage range, which was closely related to high
specific surface area and good electrolyte absorption.®”
NCMS811||Li cells were assembled to explore the applicability of
PI@ZIF-8 nanofiber separators for high-voltage cathode mate-
rials. When cycled at 0.5C (Fig. 7f), the NCM811||PE||Li cells
experienced severe capacity degradation with sharp polarization
voltage fluctuations (Fig. S19at), but the NCM811||PI@ZIF-8||Li
cells exhibited admirable electrochemical stability with a high
capacity retention of 94.5% after 250 cycles, meaning a decay
rate of 0.022% per cycle. From the charge-discharge curves of
NCMS811||PI@ZIF-8||Li cells at different cycles as shown in
Fig. S19b, it was seen that the discharge capacity slightly

This journal is © The Royal Society of Chemistry 2025
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declined with negligible polarization along with the increased
cycles, proving the great potential of the PI@ZIF-8 nanofiber
separators for the field of high-voltage batteries. Furthermore,
the flexibility and safety aspects of PI@ZIF-8 nanofiber separa-
tors were analyzed by testing the pouch cells under extreme
conditions. The LFP||PI@ZIF-8||Li pouch cells were fabricated
and fully charged to power light-emitting diodes, as shown in
Fig. 7g. The light emission remained intact even in various
folded states from 90° to 180° and under multiple bending
conditions (Fig. 7h-k), suggesting the reliability and high-
security of these nanofiber separators with 3D multiscale MOF
networks towards advanced LMBs.

Thermal stability was one of the important indicators to
assess the safety of separators, which really mattered for the
practical use of LMBs.*® Fig. 8a shows the instantaneous heat
resistance of the three separators based on the combustion
tests. The PE separators underwent distinct thermal contraction

This journal is © The Royal Society of Chemistry 2025

after 5 s, while there was no significant change in external
dimensions of PI and PI@ZIF-8 nanofiber separators even after
being heated for 30 s. Once placed within the flame, the PI and
PI@ZIF-8 nanofiber separators exhibited certain self-
extinguishing characteristic with the reserved partial residues,
but PE separators were immediately ignited and burned to
ashes (Fig. 8b). Combined with the differential scanning calo-
rimetry (DSC) measurement in Fig. 8c, both the PI and PI@ZIF-8
nanofiber separators showed no obvious endothermic peak
below 280 °C, indicating their superior thermostability that
resulted from the PI macromolecule backbone composed of
aromatic benzene rings and heterocyclic imide rings.” While
for the PE separators, an endothermic peak at ~145 °C corre-
sponding to their melting point emerged.® The infrared radi-
ation thermographic photographs (Fig. 8d) and the
dimensional changes (Fig. 8e) of all separators from 100 to 200 °
C were further characterized. In striking contrast to the severe
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deformation and melting of PE separators, the PI and PI@ZIF-8
nanofiber separators displayed excellent thermal dimensional
stability. In addition, the molten PE separators had become the
nonporous “dead film” (Fig. 8f), but the PI and PI@ZIF-8
nanofiber separators after heat-treatment still fulfilled intact
3D porous configuration (Fig. 8g), which could avoid the short-
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circuit accidents of LMBs at elevated temperatures. In view of
this, the assembled LFP||Li cells were executed at 80 °C to detect
the electrochemical behaviors. As shown in Fig. 8h and i, the
LFP||PI@ZIF-8||Li cells delivered much better cycling stability
and longer life-span accompanied by higher CEs and discharge
capacities as compared to the LFP||PE||Li cells, implying that
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the highly porous interlaced PI@ZIF-8 nanofiber separators did
not largely decrease the ion transport and possess good
compatibility with current commercial LFP cathodes even
under elevated-temperature operating conditions.

3. Conclusion

In summary, a thermomechanically stable nanofiber separator
with 3D multiscale MOF networks was designed and synthe-
sized for LMBs through a promising electrospinning-assisted in
situ self-assembly strategy. This unique structure was achieved
by constructing well-ordered ZIF-8 nanounits along 1D PI
nanofibers to provide continuous Li* linear pathways at the
micrometer scale, and the formed 1D MOF nanofibers were
interconnected to generate a monolithic 3D network for high-
efficiency Li" transport in the bulk of separators. The resulting
PI@ZIF-8 nanofiber separators with 3D multiscale MOF
networks delivered a superior Li" transference number of 0.88,
high ionic conductivity of 2.40 mS cm™' and wide electro-
chemical window of 4.8 V, coupled with excellent electrolyte
affinity, good thermostability and strong mechanical stability.
The Li||PI@ZIF-8||Li cells stably worked for over 2000 h without
short-circuit accidents, indicating that the PI@ZIF-8 nanofiber
separators significantly restrained Li dendrite formation and
strengthened SEI robustness to guarantee the electrode/
electrolyte interface stability. Moreover, the assembled Li||P-
I@ZIF-8||Cu cells also performed well, which further confirmed
the effective regulation of Li deposition behaviors through the
multiscale MOF networks. Besides, the desired long-term
cycling durability with higher CEs and discharge capacities
was achieved using LFP|PI@ZIF-8||Li cells, even under high-
rate or high-temperature conditions. The ingenious design of
these high ion-transmitting and high-safety nanofiber separa-
tors with 3D multiscale MOF networks presented a research
avenue with significant potential for the future commerciali-
zation of high-energy-density LMBs.
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