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Abstract Thermal runaway-induced safety issues have seriously hindered further development of lithium-ion batteries (LIBs). As a key compo-
nent of LIBs, high-performance electrospun nanofiber separators (ENSs) with high-temperature self-closing functions can prevent safety issues
caused by thermal runaway in LIBs. In this study, a sandwich-structured high-temperature self-closing polyacrylonitrile/polyurethane//adding
cetyltrimethylammonium bromide to the poly(butylene succinate) (PAN/PU//CPBS) ENS (CPC ENS) was efficiently fabricated using free-surface
electrospinning technology via material selection and structural design. A high-melting-point polyacrylonitrile-based ENS served as the interme-
diate layer, providing its thermal stability, while a low-melting-point polybutylene succinate-based ENS served as the outer layer, endowing it
with a high-temperature self-closing function. To enhance its performance, CPC ENS was modified with polydopamine and loaded with porous
structured UiO-66 rich in active sites, resulting in a high-performance self-closing UiO66@PDA@CPC ENS. The results showed that
UiO66@PDA@CPC ENS had an excellent electrolyte uptake rate (740.7%=20.6%) and wettability (8.3°+0.3°), while maintaining good thermal sta-
bility at 160 °C. Furthermore, after 100 cycles at 0.5 C, the assembled battery maintained a discharge specific capacity of 139.6 mAh/g, with a ca-
pacity retention rate of 92.4%. Meanwhile, the surface of the lithium sheet had a flat morphology, indicating that UiO66@PDA@CPC ENS had su-
perior long-term cycling stability, thus demonstrating its enormous potential as a high-performance and safe LIB separator.
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INTRODUCTION

Lithium-ion batteries (LIBs) are widely used in electric vehicles,
renewable energy storage, and portable electronic devices, ow-
ing to their high energy and power densities. They have be-
come one of the leading representatives for storing renewable
energy and are rapidly advancing toward higher energy densi-
ties and enhanced safety.!' As critical components of LIBs,
separators play a vital role in improving both safety and electro-
chemical performance” Compared with commercial poly-
olefin separators, electrospun nanofiber separators (ENSs) with a
three-dimensional network structure exhibit high porosity, ex-
cellent controllability, and large specific surface area. These
properties facilitate electrolyte storage and Li-ion transport, en-
abling LIBs to be assembled with ENSs to demonstrate superior
electrochemical performance.” However, safety issues caused
by thermal runaway of LIBs remain an urgent problem. Over-

charging, overheating, and electrolyte flammability can trigger
thermal runaway in LIBs.®”! Therefore, designing ENSs with a
high-temperature self-closing function is essential for prevent-
ing thermal runaway-induced safety issues in LIBs. They can im-
mediately prevent electrochemical reactions from occurring
when the internal battery temperature approaches thermal run-
away thresholds, thereby deactivating the battery. Multilayer
ENSs composed of materials with different melting points can
achieve a high-temperature self-closing function by melting
low-melting-point layers to seal pores while maintaining the
original framework of high-melting-point layers.[®!

In our previous study,® a polyacrylonitrile/polyurethane
(PAN/PU) ENSwith a mass ratio of 8:2 of polyacrylonitrile
(PAN) and polyurethane (PU) was efficiently prepared using
spherical section free-surface electrospinning (SSFSE), which
exhibited excellent thermal stability under high-temperature
conditions. However, this single-layer PAN/PU separator lacks
thermoresponsive shutdown capability and fails to cut off
battery operation under thermal abuse. The unmodified sur-
face also constrains electrolyte wettability, ionic conductivity,
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and uniform Li+ deposition regulation. Although multilayer

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
mailto:lanxu@suda.edu.cn
http://www.cjps.org
http://link.springer.com

2 Ding, W. F. et al./ Chinese J. Polym. Sci.

self-closing separators and metal-organic framework (MOF)-
functionalized separators have been reported separately, few
studies have combined multilayer construction, surface modi-
fication, and uniform MOF anchoring. This integrated strate-
gy synergistically enables a controllable thermal shutdown,
high thermal stability, superior electrolyte affinity, high Li*
transference, and effective lithium dendrite suppression.

Polybutylene succinate (PBS), a biodegradable polyester,
exhibits outstanding thermal stability, chemical resistance,
and high toughness.['%11 Crucially, its low melting point en-
ables it to serve as a low-melting-point layer in multilayer EN-
Ss, achieving the high-temperature self-closing function of
ENSs by melting at high temperatures to block the pores.[*12
Furthermore, adding cetyltrimethylammonium bromide
(CTAB) to the PBS spinning solution can improve the PBS
nanofiber morphology.'3-'31 Therefore, this study efficiently
fabricated a sandwich-structured high-temperature self-clos-
ing ENS using SSFSE, in which a high-melting-point PAN/PU
was used as the intermediate layer to provide thermal stabili-
ty, whereas a low-melting-point CTAB/PBS ENS (CPBS) was
used as the outer layer to confer a high-temperature self-clos-
ing function, which could melt and block pores under high-
temperature conditions. However, the poor thermal stability
of CPBS would lead to a decrease in the thermal stability and
electrochemical performance of CPBS/PAN/PU//CPBS (CPC)
ENS. Accordingly, metal-organic frameworks (MOFs) with ex-
cellent thermal stability, porous structure, and abundant ac-
tive sites are considered to enhance the thermal stability and
electrochemical performance of CPC ENS.['6]

UiO-66 is a common MOF characterized by high specific
surface area, abundant pore structure, good thermal stability,
acid/alkali resistance, and diverse functional group modifica-
tion capabilities.'”! Moreover, its open metal sites (OMSs) can
synergistically release Li* with anions in the pore channels,
enhancing the ion mobility.'®! Therefore, loading UiO-66 on-
to CPC ENS can effectively enhance the electrochemical per-
formance and thermal stability of ENS. Among the various
methods for compositing MOFs with fiber separators, dip-
ping stands out as a preparation technique characterized by
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high loading capacity, simple experimental procedures, and
material diversity.['8] Furthermore, studies indicate that the
formation of a PDA layer on the fiber separator surface im-
proves its thermal stability, mechanical properties, and elec-
trochemical performance.l'®-2"1 Concurrently, PDA exhibited
excellent adhesion, with its abundant phenolic hydroxyl
groups capable of bonding with the —COOH groups on UiO-
66. Therefore, the CPC ENS was first treated with PDA to ob-
tain an ENS with fibers uniformly wrapped in PDA
(PDA@CPC). Subsequently, UiO-66 was loaded onto its sur-
face to produce UiO66@PDA@CPC ENS. In this structure, UiO-
66 was uniformly distributed on the ENS surface and within
the fiber voids, providing favorable conditions for the stable
shuttling and efficient transport of Li ions. In the current situ-
ation where self-closing separators suffer from insufficient
electrochemical performance while high-performance sepa-
rators exhibit poor safety,l’) the UiO66@PDA@CPC ENS has
achieved a synergistic breakthrough of high safety and excel-
lent electrochemical performance through material selection
and structural design.

EXPERIMENTAL

The electronic supplementary information (ESI) detailed the raw
material sources, together with the synthetic procedures of UiO-
66, the fabrication of spinning solutions, the preparation of CPC
ENS, and the formulation of UiO-66 dipping solutions. Addition-
ally, the characterization and testing protocols for all as-pre-
pared samples were fully provided therein.

Preparation of UiO66@PDA@CPC ENSs

As shown in Fig. 1, different spinning solutions were sequential-
ly added to the reservoir of the SSFSE apparatus for electrospin-
ning until the spinning solutions were exhausted, yielding CPC
ENS. Subsequently, 2 mg/mL DA was added to a mixture of
methanol and Tris-HCl buffer (50 mmol/L, pH=8.5) (1/1, V/V) and
stirred thoroughly. CPC ENS was immersed in this mixture at
room temperature for 6 h, and then removed and washed three
times with deionized water before being dried in an oven to ob-
tain PDA@CPC ENS. Similarly, PDA@CPC ENS was immersed in a

mm cpe
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@ uio-66

Fig. 1 Preparation diagram of UiO66@PDA@CPC ENS with a sandwich structure.
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dispersion prepared by uniformly dispersing 0.48 g UiO-66 in 80
mL of deionized water. After soaking at room temperature for 6
h, it was washed three times before being dried to obtain
UiO66@PDA@CPC ENS. Additionally, CPC ENS were immersed in
a UiO-66 loading solution and stirred at room temperature for 6
h before being removed. It was washed three times and finally
dried to obtain the UiO66@CPC ENS as the control.

RESULTS AND ANALYSIS

Characterization of UiO-66

The SEM and TEM images of UiO-66 (Figs. 2a and 2b) show that
the prepared UiO-66 nanoparticles exhibited regular octahedral
shapes with uniform particle sizes (approximately 280 nm in di-
ameter). Figs. S1(a) and S1(b) (in ESI) show the N, adsorption-
desorption isotherm and pore size distribution of UiO-66. A typ-
ical Type | isotherm with negligible hysteresis was observed,
confirming its microporous nature. UiO-66 delivered a high spe-
cific surface area of 1059.88 m?/g, with pore size from 0.84-2.60
nm. Such a dominant microporous structure offered abundant
sites for electrolyte adsorption and facilitated Li* transport in
the ENS. To verify anion adsorption at the OMSs of UiO-66, Ra-
man spectroscopy was conducted on the as-synthesized UiO-66
and the samples immersed in the electrolyte for 2 h. As shown
in Fig. 2(c), new characteristic vibration peaks emerged at
600-1000 cm~" in the Raman spectrum after electrolyte immer-
sion, which were derived from the coordination bonding be-
tween PFg~ anions and the coordinatively unsaturated Zr*
OMSs of UiO-66. Meanwhile, the shift and distortion of the in-
trinsic framework peaks in UiO-66 demonstrated altered local
coordination environments, confirming effective anion immobi-
lization on OMSs. The elemental composition and valence states
of UiO-66 were investigated using X-ray photoelectron spec-
troscopy (XPS). The full XPS spectrum (Fig. S1c in ESI) confirmed
the presence of C, Zr, and O. The C 1s spectrum (Fig. 2d) was de-

convoluted into three peaks, corresponding to C—C (284.73
eV), C—O0 (286.3 eV), and C=0 (288.7 eV). The presence of
these three types of bonds directly confirmed the complete re-
tention of the BDC organic ligand in UiO-66. The Zr 3d spec-
trum (Fig. 2e) displays a characteristic doublet, which can be as-
signed to Zr 3ds/, (183.11 eV) and Zr 3ds/, (185.3 V). The bind-
ing energies of these two peaks matched well with those of Zr**
in ZrO,, indicating that Zr in UiO-66 mainly existed in the +4 oxi-
dation state. This is consistent with the typical coordination en-
vironment of Zr in the Zrs0,(OH), secondary building units of
the UiO-66 framework. Additionally, the O 1s spectrum (Fig. 2f)
was fitted into three components corresponding to Zr—O
(531.42 eV), C—0 (532.6 eV), and O-metal (530) species. These
XPS results confirm the successful synthesis of Ui0-66 with
abundant oxygen-containing functional groups.

Morphology and Characterization of ENSs

SEM images of PBS ENSs prepared from spinning solutions with
different mass fractions of PBS are shown in Fig. S2 (in ESI), and
the corresponding viscosity and conductivity of the spinning
solutions are listed in Table S2 (in ESI). As the mass fraction of
PBS increased, the solution viscosity continuously increased, but
the conductivity exhibited a decreasing trend and was relative-
ly low. Among them, the 10% PBS solution exhibited relatively
moderate viscosity and conductivity, resulting in a compara-
tively favorable morphology of the PBS ENS prepared from it. To
further enhance the morphology of the PBS ENSs, the cationic
surfactant CTAB was added to the 10% PBS spinning solution to
reduce its surface tension, making it easier for the jets to stretch
and form fibers with smaller diameters and uniform distribution.
As shown in Fig. S3 (in ESI), when CTAB added was 0.1 g, the
CPBS spinning solution had relatively optimal viscosity and con-
ductivity (Table S3 in ESI), resulting in the best morphology for
the obtained CPBS ENS. This ENS featured the smallest fiber di-
ameter (1065£88 nm) and the most uniform distribution, pro-

UiO-66 after soaking
UiO-66

600 800 1000 1200 1400 1600 1800
Raman shift (cm_1)

Intensity

Zr3d O1s
d e Zr3dg), f
Zr-0
2 2 2
g g 5
S b= £ -0
O\xmetal

295 290 285 280 190 188 186 184 182 180 178 176 535 530

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig.2 (a) SEM and (b) TEM images of UiO-66; (c) Raman spectra of Ui0-66; (d) C 1s, (e) Zr 3d and (f) O 1s XPS spectra of UiO-66.
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viding a solid foundation for uniform ion transport.

The SEM images of the CPC ENS (Figs. 3a and 3b) revealed
their distinct sandwich structure. Fig. 3(c) indicates the ag-
glomeration of UiO-66 particles within the UiO66@CPC ENS,
resulting in a non-uniform particle distribution. Moreover,
this agglomeration not only caused macroscopic thickness
variations in the ENS but also induced significant local perfor-
mance differences, thereby affecting the consistency of its
overall performance.

As shown in Fig. 3(d), after immersing the CPC ENS in the
DA solution, DA self-polymerizes on the nanofibers. The re-
sulting PDA shell uniformly coated the CPBS nanofibers, with
partial bonding occurring between the fibers (Fig. 3d), which
enhanced the mechanical properties of the ENS. Furthermore,
the magnified view revealed a relatively rough fiber surface
(Fig. 3e). Fig. 3(f) shows that after loading UiO-66 onto the
PDA@CPC ENS, UiO-66 was uniformly distributed on its fiber
surface without agglomeration. This was primarily attributed
to the interaction between the polar groups (e.g., —OH) in
the PDA shell and the —COOH groups of UiO-66, which not
only enhanced the bonding strength between UiO-66 and
the fiber surface but also promoted the uniform dispersion of
particles. Simultaneously, the interconnected and tortuous
pore structure effectively prevents lithium dendrite penetra-
tion, thereby mitigating internal short circuits and reducing
self-discharge.[2223]

Fig. 4(a) shows the infrared spectra of the different ENSs. It
could be seen that PAN-2 exhibited absorption bands at 1730
and 2243 cm™!, corresponding to the stretching vibration of
the carbonyl group (—CO—) in RO—CO— and the stretch-
ing vibration of the cyano group (—CN—).2241 The bands ap-
pearing at 1228-1264 cm~" in the ENSs containing CPBS were
attributed to the stretching vibration of C—C—0O in the ester
group of PBS, while the bands at 1047 and 1714 cm~' belong
to the stretching vibration of O—C—Cin PBS and the stretch-

o

ing vibration of the ester group (C=0) in PBS,
respectively.l25261 The bands observed at 658 and 1575 cm™!
in Ui0O66@CPC and UiO66@PDA@CPC ENSs were attributed to
the metal cluster (Zr—p;—0) and ligand (COO of BDC) in UiO-
66, respectively, while the weak peak at 1505 cm~' belonged
to C=C vibrations.[?”] Additionally, the peak observed at 1597
cm! in the UiO66@PDA@CPC ENS was attributed to the
bending vibration of the-NH in PDA.22 |In summary, the
FTIR results confirmed the successful preparation of
UiO66@CPC and UiO66@PDA@CPC ENSs.3% Fig. 4(b) shows
the XRD patterns of different ENSs. The results indicated that
ENSs containing CPBS exhibited characteristic peaks of PBS at
19.6° (020) and 22.5° (021).3" The two sharp peaks observed
at 74° (111) and 85° (200) in UiO66@CPC and
UiO66@PDA@CPC ENSs were characteristic peaks of UiO-66,
but no characteristic peaks of PBS appeared because UiO-66
covered the CPC ENS well.

Porosity has a significant impact on the electrochemical
performance of the ENSs. A higher porosity enables ENSs to
store more electrolytes, thereby enhancing their ionic con-
ductivity.?2 The porosities of the different separators are
shown in Fig. 4(c). The porosity of the PP separator was
33.6%+5.3%, while ENSs with a continuous pore structure sig-
nificantly increased their porosity. Among them, the CPC ENS
exhibited the highest porosity of 80.3%+7.4% because the
composite of three-layer ENSs could provide more space for
electrolyte storage, thereby enhancing the ionic conductivity
of the ENS. The porosity of the UiO66@PDA@CPC ENS de-
creased to 51.9%+2.3%, which was similar to that of the
UiO66@CPC ENS (50.5%+8.6%). This was because the loading
of Ui0-66 particles onto the CPC ENS caused partial pore
blockage in the ENS, thereby affecting its porosity. However,
compared to the PP separator, the UiO66@CPC ENS and
UiO66@PDA@CPC ENS maintained sufficiently high porosi-
ties to ensure rapid Li* migration. Additionally, appropriate
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Fig. 3 (a) Cross-section and (b) top view SEM images of CPC ENS; (c) SEM image of UiO66@CPC ENS and its fiber diameter distribution; (d, e) SEM
images of PDA@CPC ENS; (f) SEM image of UiO66@PDA@CPC ENS and its fiber diameter distribution.
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porosity helps reduce the risk of contact between the posi-
tive and negative electrodes, ensuring the safety of LIBs.

In addition, the pore size distribution of separators plays a
crucial role in ion transport. The separator must possess an
optimized pore structure to provide efficient transport path-
ways for Li* during charging and discharging while effective-
ly regulating the ion flux distribution to ensure the efficient
operation of LIBs.B31 Fig. 4(d) and Table S4 (in ESI) present the
pore size distributions of different ENSs. It is evident that the
average pore sizes of the Ui0O66@CPC ENS (0.87) and
PDA@CPC ENS (0.75) were smaller than those of the CPC ENS
(1.23), while the average pore size of UiO66@PDA@CPC ENS
(0.63) further decreased. This reduction stemmed from the
polymerization of PDA or the loading of UiO-66 onto the CPC
ENS. Meanwhile, compared to CPC ENS (2222/cm?), the pore
count of PDA@CPC ENS (8705/cm?) was significantly in-
creased, which was due to the rough microporous morpholo-
gy of the PDA coating and the new smaller pores generated
during the process of PDA wrapping the fibers (Fig. 3e). After
loading UiO-66, the decrease in the pore count in
UiO66@PDA@CPC ENS (5017/cm?) was due to UiO-66 filling
some gaps. Notably, compared to UiO66@CPC ENS (0.23-3.14
pum), the filling process of UiO-66 was uniform due to the PDA
layer, resulting in the narrowest pore size distribution of
UiO66@PDA@CPC ENS (0.44-1.67 um), indicating its most
uniform pore distribution. Accordingly, the UiO66@PDA@CPC
ENS exhibited a suitable pore size distribution, with the small-
est pore size and the most uniform pore distribution (Table S4
in ESI), which was crucial for enhancing the long-term Li*
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(a) Infrared spectra, (b) XRD patterns, (c) porosity, and (d) pore size distribution of different ENSs.

transport efficiency. Furthermore, the higher number of pores
facilitates the smooth passage of ions, reducing the likeli-
hood of lithium dendrites piercing the separator, thereby im-
proving the safety and long-term stability of LIBs.

Electrolyte Affinity and Mechanical Properties of ENSs
The electrolyte affinity of the separators is also a key factor influ-
encing their electrochemical performance, which is typically
characterized by the wettability and uptake rate of the separa-
tor to the electrolyte. Superior wettability ensures uniform dis-
tribution of the electrolyte across the separator, facilitating effi-
cient ion transport. As shown in Fig. 5(a), all ENSs exhibited con-
tact angles smaller than that of PP (45.1°+0.4°), indicating en-
hanced electrolyte wetting and diffusion within the ENSs be-
cause of the three-dimensional network structure of the ENSs.
The UiO66@PDA@CPC ENS exhibited the smallest electrolyte
contact angle, demonstrating its superior electrolyte wettability.
This was attributed not only to its high porosity, which facilitat-
ed rapid electrolyte penetration, but also to the introduction of
UiO-66 with a porous structure and rich polar groups, which fur-
ther promoted rapid electrolyte diffusion.

The electrolyte uptake rate of the separators was closely re-
lated to the porosity and polar groups contained in the sepa-
rators. Separators with high electrolyte uptake rates can
maintain a stable performance over extended periods, en-
abling LIBs to achieve efficient and long-lasting operation. As
shown in Fig. 5(b), the electrolyte uptake rates of all ENSs
were higher than that of the PP separator (76.1%+8.8%) ow-
ing to their superior porosity and pore structure. UiO66@CPC
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Fig.5 (a) Electrolyte wettability, (b) electrolyte uptake rate and (c) mechanical properties of different separators.

and UiO66@PDA@CPC ENSs exhibited excellent electrolyte
uptake rates of 694.8%+28.3% and 740.7%+20.6%, respec-
tively, which were higher than that of CPC ENS
(670.3%+35.8%). This was because the polar groups of PDA
and UiO-66 conferred superior electrolyte wettability, which
played a crucial role in enhancing electrolyte affinity. The su-
perior electrolyte affinity of the UiO66@PDA@CPC ENS not
only helped reduce its interfacial impedance, but also im-
proved its ionic conductivity, resulting in outstanding electro-
chemical performance.

Fig. 5(c) shows the tensile strength and elongation at break
of different ENSs. After the composite of PAN/PU and CPBS
ENSs, the elongation at break of the CPC ENS increased to
98.06%+7.50%, which was much higher than that of PAN-2
(9.22%+0.29%). However, the elongation at break of
UiO66@CPC and UiO66@PDA@CPC ENSs was lower than that
of CPC ENS, which might be related to the introduction of
UiO-66 particles partially impairing the uniformity of ENS,
leading to excessive local stress during testing, thereby re-
ducing the toughness of ENS. Notably, the tensile strength
and elongation at break of UiO66@PDA@CPC ENS were
(3.60+0.29) MPa and 71.81%+5.40%, respectively, both high-
er than those of UiO66@CPC ENS (3.15+0.26 MPa and
53.78%3.80%). This might be due to the relatively uneven
distribution of UiO-66 in the UiO66@CPC ENS, where UiO-66
aggregates tended to become stress concentration points,
thereby reducing its mechanical properties. Additionally, the
superior mechanical properties of the UiO66@PDA@CPC ENS

compared to those of the Ui0O66@CPC ENS might also be at-
tributed to the strong adhesive PDA shell formed on its sur-
face. This shell layer created additional cross-linking points
between fibers, thereby enhancing inter-fiber interactions
and improving the overall mechanical properties of the three-
layer ENS.B4

Thermal Properties and Self-closing Function

The thermal stability of the separators is another critical factor
affecting battery safety. Contraction, deformation, or melting of
the separator at high temperatures can cause direct contact be-
tween the positive and negative electrodes of the battery, lead-
ing to more severe thermal runaway and even explosions, re-
sulting in serious safety incidents.*? Fig. 6(a) shows pho-
tographs of the PP separator and different ENSs after they were
placed at different temperatures for 30 min. It can be seen that
the CPC ENS underwent significant thermal shrinkage at 85 °C,
and this phenomenon became more pronounced as the tem-
perature increased to 100 °C. This indicated that the presence of
PBS made CPC ENSs more prone to shrinkage owing to the low-
er melting point of PBS. However, when the temperature was
increased to 140 and 160 °C, the size of the CPC ENS did not un-
dergo significant changes, which might be related to the
preservation of a certain framework by the PAN/PU layer with
high thermal stability in the three-layer ENS. Additionally, the PP
separator lost its original shape at 160 °C, whereas the PAN/PU,
UiO66@CPC, and UiO66@PDA@CPC ENSs maintained their ini-
tial size without obvious changes. This is because the excellent
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https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9
https://doi.org/10.1007/s10118-026-3772-9

Ding, W.F.etal./ Chinese J. Polym. Sci. 7

25°C Ui066@PDA
PAN/PU S-PBS CPC  Ui066@CPC  @CPC

PP

85°C

j ( v‘.\\\ - \ \
W W J )

100 °C

100 [
80
60 -

40 +
—>—PAN/PU

20 | —°—Ui0-66

——CPC
—o—Ui066@CPC

0r Ui066@PDA@CPC

Residual weight (%)

Heat flow

0 100 200 300 400 500 600 700 80
Temperature (°C)

120°C

C CPC
——CPC
Ui066@CPC
Ui066@CPC
—o— Ui0O66@PDA@CPC
UiO66@PDA@CPC

Exo

]

e U 2t

40 60 80 100 120 140
Temperature (°C)

Fig. 6 (a) Thermal shrinkage performance of different ENSs, (b) TG thermograms of different samples and (c) DSC curves of different three-layer

ENSs.

high-temperature resistance of UiO-66 and PDA effectively sup-
pressed the shrinkage and deformation of the ENS at high tem-
peratures, maintaining its structural integrity.*>3%

The thermal properties of the different ENSs were analyzed
by TG testing. As shown in Fig. 6(b), PAN/PU began to experi-
ence weight loss at approximately 200 °C, likely due to the
breakage and decomposition of PU molecular chains in
PAN/PU.B71 Within the temperature ranges of 300-350 °C and
350-450 °C, a sharp increase in the weight loss of PAN/PU
was observed, which was due to the oligomerization and cy-
clization of nitrile groups in PAN molecules, as well as the
degradation and thermal oxidation reactions of PAN at high-
er temperatures.38-401 The CPC ENS also exhibited an initial
mild weight loss at approximately 200 °C, similar to the sin-
gle-layer PAN/PU ENS, followed by a pronounced decrease at
approximately 350 °C, corresponding to the decomposition
temperature of PBS, which was primarily attributed to the
breaking of ester bonds.[*’l The weight loss of UiO-66 below
100 °C was due to the desorption of moisture contained in
the particles. The weight loss between 100 and 400 °C was
primarily caused by the dehydroxylation of ZrgO4(OH), (from
Zrg0,4(0OH)4 to ZrgOg). The weight loss between 400 °C and 550
°C corresponds to the second weight loss stage, primarily
caused by the transformation from ZrsO,(OH),(BDC) to
6-2r0,.l'7421 When the heating temperature approached 490
°C, the weight of the PP separator decreased sharply, with its
residual weight approaching 0%. At 800 °C, the final residual

weights of the PAN/PU, UiO-66, UiO66@CPC ENS, and
UiO66@PDA@CPC ENS were 40.18%, 43.79%, 18.56%, and
20.22%, respectively, which were higher than those of the
CPC ENS (6.59%), further demonstrating the superior thermal
stability of the M-PDA@SCPBS ENS.

DSC is an effective method for determining the thermal-
closing performance of separators, and the temperature at
which the separator stops working is typically close to the
melting temperature. The DSC curves of CPC, UiO66@CPC,
and UiO66@PDA@CPC ENSs (Fig. 6¢) exhibit a broad exother-
mic peak at approximately 60 °C, which might be attributed
to the desorption of residual solvents (e.g., DMF) or moisture
in UiO-66. Meanwhile, a sharp PBS melting peak appeared at
85 °C in all three-layer ENSs, and an exothermic peak caused
by the melting of PU soft segments appeared near 100 °C in
the CPC ENS.*3l However, the DSC curves of the UiO66@CPC
and UiO66@PDA@CPC ENSs did not show this peak because
the introduction of UiO-66 further reduced the PU content in
the three-layer ENSs. Furthermore, the morphological
changes of the ENSs under high-temperature conditions
could also effectively determine the thermal-closing status of
the ENS. Fig. S4 (in ESI) shows the surface SEM images of CPC,
UiO66@CPC, and UiO66@PDA@CPC ENSs after 15 min of heat
treatment at 85 °C. It could be seen that the originally porous
ENSs had transformed into ENSs with a non-porous structure.
Among them, UiO66@CPC and UiO66@PDA@CPC ENSs exhib-
ited only a small number of particles distributed on the sur-
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face after heat treatment. This was because molten PBS com-
pletely blocked the pores of the ENS, restricting ion transport
and inhibiting electrochemical reactions, thus effectively pre-
venting thermal runaway in LIBs. Notably, the thermal shut-
down behavior at 85 °C was irreversible. Once the low-melt-
ing PBS outer layer melts and seals the pores, the original fi-
brous and porous structure of the ENS cannot be restored,
even after cooling.

Electrochemical Performance

A high ionic conductivity facilitates the rapid migration of Li* at
high current densities and significantly improves the rate per-
formance of LIBs.*¥ Fig. 7(a) and Table 1 show that the ionic
conductivities of all ENSs exceeded those of the PP separator
(0.24 mS/cm), which was attributed to their high porosity, uni-
formly interconnected pore distribution, high electrolyte up-
take rate, and excellent electrolyte wettability.*”) Among them,
the ionic conductivity of UiO66@CPC and UiO66@PDA@CPC
both exceeded that of CPC ENS because the polar groups in
UiO-66 facilitated more electrolyte absorption and storage by
the ENS, thereby enhancing its ion transport. However, the bulk
resistances of the sandwich-structured CPC, UiO66@CPC, and
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UiO66@PDA@CPC ENSs all increased sharply after 15 min of
heat treatment at 85 °C, reaching 175.7, 746.9, and 908.9 Q, re-
spectively (Fig. 7b). This indicates that ion migration in the bat-
teries was severely hindered at this temperature, making the
sandwich-structured ENSs unable to ensure the normal opera-
tion of the assembled batteries, suggesting that these ENSs had
a self-closing function at 85 °C. Notably, upon heating to 85 °C,
molten PBS permanently sealed the pores and fully obstructed
the ion transport channels. The residual resistance of the ENSs
originated from the thin electrolyte film instead of valid ion con-
duction across the ENS. The increased resistance after UiO-66 in-
corporation stemmed from uniform pore closure and strength-
ened interfacial interaction. Fig. 7(c) shows that the interfacial
impedance of the UiO66@PDA@CPC ENS was lower than that of
CPC and UiO66@CPC, illustrating that the UiO66@PDA@CPC
ENS had better interface compatibility with electrolytes and
electrodes, thereby promoting efficient Li* migration and fur-
ther enhancing the electrochemical performance of LIBs. This
was primarily attributed to the excellent affinity of
UiO66@PDA@CPC ENS for the electrolyte, which effectively ac-
celerated Lit transport. Additionally, the low interfacial
impedance of the UiO66@PDA@CPC ENS was related to its rela-
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Fig. 7 lon conductivity of different separators (a) at room temperature and (b) after 15 min of heat treatment at 85 °C; (c) AC impedance plots and

(d) LSV curves of batteries assembled with different separators.

Table1 6 and t,;+ values of three different ENSs.

ENSs R, (Q) & (mS/cm) Thickness (mm) ti+ Interfacial impedance (Q)
CPC 3.2 2.09 0.170 0.30 197.2
Uio66@CPC 1.8 3.06 0.131 0.53 103.1
UiO66@PDA@CPC 1.3 3.35 0.120 0.63 744
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tively uniform pore structure and outstanding electrolyte up-
take rate.

During the charge-discharge cycles of LIBs, the separator
must maintain electrochemical stability to prevent redox re-
actions from disrupting the internal chemical environment.
LSV tests were performed to investigate the electrochemical
stabilities of the separators. As shown in Fig. 7(d), the current
values of all batteries remained stable at voltages below 4.2V,
indicating the stable electrochemical performance of the bat-
teries. However, as the voltage increased, the electrochemi-
cal stability window of the CPC ENS-assembled battery was
4.8 V, which was similar to that of the PAN/PU (4.9 V) and larg-
er than that of the PP separator (4.3 V). Moreover, the batter-
ies assembled with UiO66@CPC and UiO66@PDA@CPC ENSs
possessed a broader electrochemical stability window (5.0 V),
ensuring their excellent stability within the operating voltage
range of LIBs and enhancing their safety.

The Li* transference number in the separators is a critical
factor influencing the separator performance. A higher ion
transference number indicates a greater Li* transport efficien-
¢y, signifying an enhanced charge transfer efficiency be-
tween the cathode and anode in the electrolyte.*6471 As
shown in Fig. S5 (in ESI) and Table 1, the ionic transference of
CPC, UiO66@CPC, and UiO66@PDA@CPC ENSs was calculat-
ed from the current-time curves and resistance changes be-
fore and after battery polarization. The UiO66@PDA@CPC ENS
exhibited the highest ionic transference, and its ion transfer
principle is shown in Fig. 8. The surface of the
UiO66@PDA@CPC ENS contained a large number of polar
groups (e.g., hydroxyl, ester, and other oxygen-containing
groups), which could enhance the affinity between the sepa-
rator surface and the electrolyte, thereby reducing the ion
transport resistance. Concurrently, the OMSs incorporated in
UiO-66 loaded on the ENS could effectively adsorb anions, fa-
cilitating rapid Li* migration.
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Fig. 8 Schematic diagram of ion migration in UiO66@PDA@CPC
ENS assembled batteries.

Cycling and Rate Performance
The cycling and rate performances of LIBs are important indica-

tors for evaluating the practicality of separators. Fig. 9(a) shows
the cycling performance of the LIBs assembled with different
separators at 0.5 C. It could be found that the battery assem-
bled with UiO66@PDA@CPC ENS demonstrated a high initial
discharge specific capacity (151.1 mAh/g), and still maintained a
higher discharge specific capacity (139.6 mAh/g) after 100 cy-
cles, with a capacity retention rate of 92.4%. Notably, compared
to batteries assembled with other separators, the discharge spe-
cific capacity of this battery remained almost stable during cy-
cling. This was attributed to the high porosity and good elec-
trolyte affinity of the UiO66@PDA@CPC ENS, as well as the tight
bonding between UiO-66 and the substrate. However, the bat-
tery assembled with the UiO66@CPC ENS deteriorated rapidly
after 80 cycles, which might be related to the detachment of the
UiO-66 particles during cycling.

Fig. 9(b) illustrates that, as the rate increased, the dis-
charge specific capacity of the assembled batteries continu-
ously decreased. However, at the same rate, the battery as-
sembled with UiO66@PDA@CPC ENS exhibited the highest
discharge specific capacity and could still maintain the high-
est discharge specific capacity (125.6 mAh/g) at 2.0 C, which
was attributed to its lower interfacial impedance and excel-
lent electrolyte affinity. Furthermore, when the rate was re-
stored from 2.0 C to 0.2 C, the discharge specific capacity of
the UiO66@PDA@CPC ENS-assembled battery nearly recov-
ered its initial value, demonstrating its outstanding reversibil-
ity. This indicates that it could still maintain good electro-
chemical performance after multiple charge-discharge cycles
at varying rates. Overall, the UiO66@PDA@CPC ENS exhibited
favorable cycling stability and rate performance, attributed to
their low interfacial impedance, high ionic conductivity, and
ion mobility. Compared to the ENSs reported in previous
studies,[*8-571 the UiO66@PDA@CPC ENS exhibited superior
comprehensive electrochemical performance (Table S1 in
ESI), indicating its potential as an ideal candidate material for
LIB separators.

Fig. 9(c) presents the long-cycle performance of the LIB as-
sembled with the UiO66@PDA@CPC ENS at 0.5 C. It was found
that the LIB still maintained a discharge specific capacity of
121.89 mAh/g after 180 cycles, with a capacity retention rate
of 80.7%, demonstrating the long-term cycling stability of
UiO66@PDA@CPC ENS. In addition, to demonstrate the shut-
down behavior of the LIB assembled with UiO66@PDA@CPC
ENS, its cycling performance was tested under variable-tem-
perature conditions from room temperature (20 °C) to 85 °C
at a heating rate of 10 °C/h, as shown in Fig. 9(d). It could be
seen that as the operating temperature increased from 20 °C
to 80 °C, the LIB assembled with UiO66@PDA@CPC ENS could
operate stably with a capacity retention rate of 99.3%. Once
held at a constant 85 °C, the discharge specific capacity of the
battery dropped to zero, which further confirmed the ther-
mal self-closing function of the UiO66@PDA@CPC ENS. This
was because the CPBS fibers in the outer layer completely
melted at 85 °C, which blocked the pore structure of the ENS
and impeded Li* migration, effectively terminating the elec-
trochemical reaction inside the battery and thus achieving
the thermal self-closing function.

Fig. S6 (in ESI) displays the SEM images of the lithium plate
surface of batteries assembled with PP separators, CPC ENS,
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and UiO66@PDA@CPC ENS after 100 cycles. As shown in Fig.
S5(@) (in ESI), the surface of the lithium plate appeared
smooth before cycling. However, the lithium plate surface of
the battery assembled with the PP separator became uneven
after 100 cycles (Fig. S5b in ESI), with many deep holes owing
to the uneven deposition and stripping of Li* during charg-
ing and discharging. Excessive deposition in certain areas and
dead lithium formed by lithium dendrite breakage cannot
participate in subsequent electrochemical reactions, thereby
affecting the cycling performance of the battery.8 The lithi-
um plate surface of the CPC ENS-assembled battery exhibit-
ed a relatively rough morphology after 100 cycles (Fig. S5c in
ESI), displaying a scale-like appearance, which is potentially
related to uneven Li* migration during charging. The lithium
plate surface of the UiO66@PDA@CPC ENS-assembled bat-

Ding, W. F. et al./ Chinese J. Polym. Sci.

tery exhibited a relatively continuous and flat morphology af-
ter 100 cycles (Fig. S5d in ESI). This was attributed to the in-
corporated UiO-66 capturing anions, enhancing the ionic mo-
bility, which is conducive to the uniform insertion and extrac-
tion of Li*, leading to a uniform Li* flux distribution and the
promotion of homogeneous metallic lithium deposition, thus
effectively mitigating lithium dendrite growth. The mecha-
nism by which the UiO66@PDA@CPC ENS regulates the Li+
transference number and suppresses lithium dendrites is
shown in Fig. 10, indicating its benefits for the safety and
long-term stability of LIBs.

To investigate the structural stability of the CPC and
UiO66@PDA@CPC ENSs after cycling, their surface morpholo-
gies were characterized and analyzed after 100 cycles, as
shown in Fig. S7 (in ESI). After 100 cycles, the CPC ENS re-
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tained distinct fiber structure features, but there was growth
of block-shaped dead lithium on its surface (Fig. S7a in ESI),
which was due to the uneven migration of Li*, leading to ex-
cessive local lithium deposition. These dead lithium deposits
could clog the pores in the separator, obstructing Li* trans-
port and thus affecting LIB performancel'724 The
UiO66@PDA@CPC ENS retained a well-preserved fibrous mor-
phology after cycling, with only a small amount of dead lithi-
um generated on the surface (Fig. S7b in ESI). More impor-
tantly, the porous structure of the ENS remained highly intact,
and its network-like pore architecture provided ample path-
ways for Li* transport, further validating the exceptional
structural stability of the UiO66@PDA@CPC ENS.

Individual Contributions of Components and Their
Synergy

From the perspective of the individual contributions of the
components in the UiO66@PDA@CPC ENS, the PAN/PU inter-
mediate layer primarily served as a thermally stable framework,
maintaining the mechanical integrity of the separator at tem-
peratures above the melting point of PBS, thereby preventing
catastrophic structural collapse. The outer CPBS layers were de-
signed as a thermal-responsive component, which effectively
sealed the pore structure by melting at approximately 85 °C, en-
abling the crucial thermal self-closing function to mitigate ther-
mal runaway. PDA coating plays a pivotal dual role. On the one
hand, it significantly enhanced the interfacial adhesion be-
tween the fibers, improving the mechanical strength of the ENS.
On the other hand, the abundant phenolic hydroxyl groups
provided uniform and stable anchoring sites for the subse-
quent loading of UiO-66 nanoparticles, as evidenced by the
morphological comparison between UiO66@CPC ENS and
UiO66@PDA@CPC ENS. The loaded UiO-66 nanoparticles served
as key functional additives for enhancing the electrochemical
performance of ENSs. Their inherent porous structure and OMSs
synergistically contributed to superior electrolyte uptake/wetta-
bility, facilitated Li* transport via anion adsorption, and promot-
ed a uniform lithium-ion flux, which collectively suppressed
lithium dendrite growth. In summary, the independent func-
tions and synergistic effects of CPC, PDA, and UiO-66 were clear-
ly demonstrated via the performance evaluation of CPC, UiO-
66@CPC, and UiO-66@PDA@CPC. Owing to its advantages of
thermal stability, self-closing performance, wettability, and ion
transport, UiO-66@PDA@CPC was verified to be a high-perfor-
mance and safe separator.

CONCLUSIONS

This study focused on the potential safety hazards of LIBs
caused by heat generation during charge-discharge cycles. By
selecting the materials and designing the structure of ENSs, SS-
FSE technology was used to efficiently prepare sandwich-struc-
tured high-temperature self-closing CPC ENSs. In this structure,
the PAN/PU middle layer provided excellent thermal stability,
while the CPBS outer layer conferred a high-temperature self-
closing function, allowing the timely prevention of electro-
chemical reactions at high temperatures and effectively pre-
venting thermal runaway, thereby improving the safety of LIBs.
However, CPC ENS have significant drawbacks in terms of ther-
mal stability and interfacial impedance, and the ion conductivi-

ty was not significantly improved, which directly affected the cy-
cling and rate performance of the batteries assembled from
them.

To enhance the thermal stability and electrochemical per-
formance of CPC ENS, UiO-66 with a porous structure and
abundant active sites was introduced into CPC ENS, and high-
performance high-temperature self-closing UiO66@PDA@
CPC ENS were successfully prepared. The results indicated
that the UiO66@PDA@CPC ENS possessed a uniform and fine-
ly porous structure with a high pore count, which contribut-
ed to superior electrolyte uptake (740.7%+20.6%) and wetta-
bility (8.3°+0.3°). This porous architecture provides ample
pathways for Li+ transport, effectively reduces the interfacial
impedance, and enables long-term stable lithium-ion con-
duction. Meanwhile, the OMSs contained in UiO-66 effective-
ly adsorbed anions, endowing UiO66@PDA@CPC ENS with a
high Li* transference number (0.63), which reflected excel-
lent electrochemical performance. In addition, the first cycle
discharge specific capacity of the battery assembled by it at
0.5 Cwas 151.1 mAh/g. After 100 cycles, the discharge specif-
ic capacity remained 139.6 mAh/g, with a capacity retention
rate of 92.4%. The surface of the lithium sheet exhibited a
continuous and flat morphology, indicating good long-term
cycling stability. Overall, the UiO66@PDA@CPC ENS demon-
strated superior electrochemical performance and cycling
stability, making it an ideal candidate material for LIB separa-
tors.
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Graphical Abstract

UiO-66-functionalized Sandwich Composite Separators for Improved Performance and Safety of

Lithium-ion Batteries

Wen-Fei Ding, Yu-Xing Liu, and Lan Xu

Soochow University; Jiangsu Advanced Textile Engineering
Technology Center

A sandwich electrospun separator with a thermal self-
closing was fabricated. UiO-66@PDA modification boosts
wettability, ionic conductivity, and cycling stability, effec-
tively suppressing lithium dendrites and thermal run-
away.
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