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ABSTRACT: Lithium-ion batteries (LIBs) have been extensively
used in various energy storage systems, such as mobile electronics
and electric vehicles. However, the growing demand for higher
energy density and improved safety necessitates alternative
electrolyte systems to replace conventional liquid electrolytes. In
this work, we prepared a hybrid quasi-solid-state electrolyte
(HQSE) incorporating a Li*-conducting oxide electrolyte. To
fabricate the HQSE, a porous hybrid membrane was formed using
poly(vinylidene fluoride-co-hexafluoropropylene) and fibrous
Lig,La;Zr,Al),0,, (LLZAO) via a phase-inversion method. The
hybrid membrane was then impregnated with a precursor solution
containing liquid electrolyte and cross-linking agent, followed by
thermal curing to finally obtain the HQSE. The resulting HQSE exhibited excellent oxidative stability, high ionic conductivity, high
Li" transference number, nonflammability, and enhanced thermal stability. The graphite/LiNi,3Coy;Mny;0, cell employing the
HQSE delivered a high initial capacity of 188.8 mAh g~ at 0.5C and 25 °C, along with excellent capacity retention of 85.2% at 25
°C and 62.4% at 55 °C after 500 cycles, outperforming the cell with liquid electrolyte. Our results demonstrate that the developed
HQSE offers a promising alternative to conventional liquid electrolytes, enabling high performance and enhanced safety in LIBs.
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B INTRODUCTION ductivity remains a critical drawback, limiting rate capability of
the cell. Moreover, although QSEs are known to reduce
flammability by immobilizing organic solvents within the
polymer matrix, the cells using QSEs are still flammable due to
the potential ignition of the polyolefin separator and liquid
components.' "> In contrast, solid electrolytes have emerged
as promising alternatives to address the aforementioned
challenges. Among them, oxide-based inorganic electrolytes,
particularly garnet-type Li;La;Zr,0;, (LLZO), have attracted
considerable attention owing to their relatively high ionic
conductivity, wide electrochemical stability window, and
nonflammability.' "> Despite these advantages, oxide electro-
lytes suffer from high interfacial resistance, poor mechanical
flexibility and thin film formability, which hinder their practical

Lithium-ion batteries (LIBs) have been widely adopted as the
primary energy storage system for mobile electronics due to
their high energy density and long cycle life. With the growing
use of LIBs in electric vehicles and large-scale energy storage
systems, there is an increasing demand for next-generation
batteries with even higher energy density, longer cycle life, and
enhanced safety.' > One of the most effective strategies to
improve energy density is the use of nickel-rich layered oxide
cathodes, such as LiNi,Co,Mn,_,_,0, (NCM, x > 0.8), which
offer high capacity and operating voltage.”” However,
conventional liquid electrolytes suffer from limited oxidative
stability, leading to anodic decomposition at high voltages.
This decomposition increases internal resistance and accel-
erates capacity fading during cycling®” In addition, the
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flammability of liquid electrolytes raises serious safety concerns Received: August 12, 2025
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(QSEs) have been investigated as alternatives to liquid Published: October 14, 2025

electrolytes due to their enhanced safety and improved cycling
performance.'”'" However, their inherently low ionic con-
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Figure 1. Schematic illustration for the preparation process of the HQSE.

application.'®"” Therefore, integrating oxide electrolytes with

flexible QSEs offers an effective strategy for developing high-
performance and safe electrolytes by compensating for the
limitations of each component.'®™>

In this study, we prepared the hybrid quasi-solid-state
electrolytes (HQSEs) that combine the mechanical robustness
and high ionic conductivity of oxide electrolytes with the
flexibility and interfacial stability of QSEs. The porous hybrid
membrane, composed of Lig,La;Zr,Aly,0,, (LLZAO) nano-
fibers embedded within poly(vinylidene fluoride-co-hexafluor-
opropylene) (PVAF-HFP) matrix, serves as a mechanically
robust and ionically conductive framework. In these HQSE;,
the fibrous morphology of LLZAO provides continuous Li'-
ion conduction pathways that enable efficient ion transport,
unlike particle-type LLZAO, which suffer from large grain
boundary resistance that hinders ion movement. We selected
PVAE-HFP because of its superior mechanical robustness,
electrochemical stability, and proven ability to form porous
hybrid membrane with inorganic oxides. Moreover, PVdF-
HFP exhibits greater moisture resistance compared with
poly(ethylene oxide)(PEO), thereby offering improved
stability within the battery system. The porous hybrid
membrane is then impregnated with a precursor solution
containing liquid electrolyte and cross-linking agent, followed
by thermal curing to form the hybrid quasi-solid-state
electrolyte (HQSE). The resulting HQSE exhibited high
ionic conductivity, high Li* transference number, and excellent
electrochemical stability. Furthermore, the use of the HQSE
effectively suppressed thermal shrinkage of the electrolyte at
elevated temperatures (160 °C) and exhibited nonflamm-
ability, thereby enhancing the battery safety. The graphite/
LiNiy§Coq;Mngy;0, (NCM, active mass: 15.0 mg cm™>) cell
incorporating the HQSE was evaluated under both room-
temperature and elevated-temperature conditions. It delivered
a high initial discharge capacity of 188.8 mAh g ' at 25 °C and
0.5C, and demonstrated outstanding cycling stability, retaining
85.2% of its initial capacity at 25 °C and 62.4% at 5SS °C after
500 cycles, which surpass the cycling performance of liquid
electrolyte counterpart.

B EXPERIMENTAL SECTION

Materials. Lithium nitrate (LiNO,), lanthanum(III) nitrate
hexahydrate (La(NO,);-6H,0), zirconium acetate (Zr(CH;COO),),
poly(vinylpyrrolidone) (PVP, M,: 1,300,000), dibutyl phthalate
(DBP), and trimethylolpropane trimethacrylate (TMPTMA) were

purchased from Sigma-Aldrich. Aluminum nitrate nonahydrate
(Al(NO,;);9H,0) and 2—2' azobis(2-methylpropionitrile) (AIBN)
were supplied by Junsei and TCI, respectively. Poly(vinylidene
fluoride-co-hexafluoropropylene) (PVAF-HFP, M,: 470,000) was
obtained from Arkema. The liquid electrolyte used in this study
consisted of 1.15 M LiPF dissolved in a mixed solvent of ethylene
carbonate, ethyl methyl carbonate, and diethyl carbonate in a 3:5:2
volume ratio, with 5 wt % fluoroethylene carbonate as an additive. It
was kindly provided by Dongwha Electrolyte.

Fabrication of Porous Hybrid Membrane. A porous hybrid
membrane (PHM) was prepared using Lig4La;Zr,Aly,0;, (LLZAO)
nanofibers and PVdF-HFP via solution casting and phase inversion
methods. First, the LLZAO nanofibers were synthesized through
electrospinning, subsequent sintering and calcination, as shown in
Figure S1a.*>® The electrospinning solution consisted of appropriate
amounts of LiNO;, La(NO;);-¢H,0, AI(NO;);:9H,0, and PVP,
dissolved in a mixture of zirconium acetate and acetic acid. The
electrospun membrane was then sintered and calcined at 750 °C for 4
h, during which the organic components were completely removed.
Figures S1b and Slc show the electrospun PVP membrane and the
synthesized LLZAO nanofibers. The diameter of the resulting LLZAO
fibers was less than 500 nm, and the BET surface area was measured
to be 3.24 m*> g~'. To fabricate the PHM, PVdF-HFP (0.25 g) was
dissolved in acetone (4.0 mL), and LLZAO nanofibers (1.0 g) along
with DBP (0.3 g) were added to the solution. The resulting mixture
was ball-milled for 24 h to ensure homogeneous dispersion of the
nanofibers in the polymer solution. The mixture was then cast onto a
polypropylene film using a doctor blade and dried in an oven at 40 °C
to remove the acetone solvent. After drying, the resulting membrane
was immersed in methanol to create pores by extracting the DBP,
followed by drying in a vacuum oven at 80 °C for 24 h.

Preparation of the Lithium-lon Cell. QSE precursor was
prepared by adding 4.0 wt % TMPTMA and a trace amount of AIBN
to the liquid electrolyte. The cathode was fabricated by casting a
slurry composed of NCM (L&F Co., Ltd.), Super P (TIMCAL), and
poly(vinylidene fluoride) (PVdF, Solef 5130, Solvay) in a weight ratio
of 95:3:2, using N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) as the
solvent, onto an aluminum (Al) current collector. The anode was
similarly prepared via a slurry-casting method on a copper (Cu) foil,
using a slurry consisting of artificial graphite (5360, BTR), PVdF and
Super P (91:8:1 by weight) in NMP. The active material loadings in
the fabricated NCM and graphite electrodes were 15.0 and 10.1 mg
cm™?, respectively. A 2032 coin-type cell was assembled in an Ar-filled
glovebox (MBRAUN) under high-purity argon atmosphere, using the
prepared anode and cathode along with the PHM or polyethylene
(PE) separator. The QSE precursor was then injected into the cell,
followed by thermal curing at 70 °C for 2 h to form the HQSE or PE-
QSE by in situ polymerization of the precursor.
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Figure 2. FE-SEM and EDS mapping images of PHM and HQSE. (a) Surface and (b) cross-sectional SEM images of the PHM, and (c) its
elemental maps. (d) Surface and (e) cross-sectional SEM images of the HQSE, and (f) its elemental maps.

Characterization and Measurements. Fourier-transform infra-
red (FT-IR) spectra were recorded in the range of 400—4000 cm™"
using a Nicolet iS50 spectrometer. The morphology of the PHM was
examined using field-emission scanning electron microscopy (FE-
SEM; Verios G4) equipped with energy-dispersive X-ray spectroscopy
(EDS). X-ray diffraction (XRD; D8 Advance, Bruker) was performed
to investigate the crystalline structure of the synthesized LLZAO
nanofibers, PVdF-HFP, and PHM in the 26 range of 10—80°. To
investigate the thermal properties of HQSE, differential scanning
calorimetry (DSC, TA Instruments) was conducted at a heating rate
of 10 °C min~". Thermogravimetric analysis (TGA, STA 449 F3,
Netzsch) of HQSE was performed in the temperature range of 25—
700 °C at 10 °C min~'. Mechanical properties were evaluated via
nanoindentation using a NanoTest NTX device (Micro Materials)
under a load of 10 mN. The chemical compositions of the cathode
electrolyte interphase (CEI) formed on the cathode surface were
analyzed by X-ray photoelectron spectroscopy (XPS; Thermo Fisher)
using an Al Ko source. All XPS spectra were calibrated to the
hydrocarbon peak at a binding energy of 284.9 V. In addition, "Li
solid-state magic angle spinning (MAS) NMR spectra of the HQSE
were recorded using a Bruker 400 MHz NMR spectrometer at a
spinning rate of 10 kHz. Electrochemical impedance spectroscopy
(EIS) was performed over a frequency range of 0.1 Hz to 1 MHz with
an amplitude of 10 mV using a CHI660d analyzer (CH Instruments).
Linear sweep voltammetry was conducted to evaluate the electro-
chemical stability of the electrolyte at a scan rate of 1.0 mV s~
Leakage current was measured in the graphite/NCM cell at 43 V
after three formation cycles. Cycling tests of the graphite/NCM cell
were carried out in the voltage range of 2.5—-4.3 V using a battery
tester (WBCS3000, WonATech Co., Ltd.) at both 25 and 55 °C.

B RESULTS AND DISCUSSION

Figure 1 presents a schematic illustration for the preparation
process of the HQSE. A PHM was fabricated using LLZAO
nanofibers and PVAF-HFP via solution casting and phase-
inversion methods. After solution casting, the residual DBP in
the membrane was extracted during the phase-inversion
process using methanol, thereby generating pores within the
PHM. The QSE precursor containing TMPTMA was then
infiltrated into the PHM and in situ polymerized at 70 °C for 2
h, resulting in the formation of the HQSE. Fibrous LLZAO

was used in the preparation of the PHM, because its fiber-like
morphology provides higher ionic conductivity compared to
powder-type LLZAO, thereby enhancing both the ionic
conductivity and mechanical strength of the HQSE.***°

The optimal weight ratio of LLZAO in the PHM was
determined by comparing the ionic conductivities and
mechanical properties of the prepared HQSEs. As shown in
Figure S2a, the HQSE exhibited the highest ionic conductivity
at 90 wt % LLZAOQ, attributed to the facile formation of Li* ion
conduction pathways. However, at such a high LLZAO
composition, the HQSE was very brittle and difficult to
fabricate into a flexible film (Figure S2c). Therefore, 80 wt %
LLZAO was selected as the optimal composition, considering
both ionic conductivity and mechanical flexibility (Figure
S2b). The thickness of the HQSE was measured to be 24 um
using a micrometer (Figure S2d). The formation of the QSE
from the precursor was confirmed by the optical images shown
in Figure S3a. After thermal curing of the QSE precursor at 70
°C for 2 h, a nonfluidic QSE was obtained. To verify the
polymerization of TMPTMA in the precursor, FT-IR analysis
was conducted, and the results are presented in Figure S3b.
The peaks associated with C=O bonds between 1700 and
1800 cm ™" indicate that the carbonate solvents and TMPTMA
were incorporated into the HQSE. The disappearance of the
C=C double bond peak at 1650 cm™" after thermal curing
confirms the successful polymerization of TMPTMA.*

Figure 2a—c present the surface and cross-sectional SEM
images of the PHM, along with its EDX mapping results. The
PHM exhibited a porous structure, and the fibrous LLZAO
was well embedded within the membrane, providing
continuous Li* ion conduction pathways. The porosity of the
PHM was measured using n-butanol, as previously re-
ported.””*® The PHM exhibited a porosity of $4.6%, which
is higher than that of PE separator (39.8%). The elemental
maps show that La, C, and F are uniformly distributed,
indicating a homogeneous dispersion of LLZAO within the
PVdJF-HFP based PHM. Figure 2d—e display the SEM images
of the HQSE obtained after thermal curing of the QSE
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Figure 3. (a) XRD patterns of LLZAO, PHM, and HQSE. (b) Nanoindentation load—depth curves of PE-QSE and HQSE. (c) Optical images
showing the thermal shrinkage of PE, PE-QSE, and HQSE before and after heating at 160 °C for 1 h. (d) Variation in the open-circuit voltage of
cells with different electrolytes during storage at 160 °C for 3 h. (e) Flammability comparison of the liquid electrolyte, PE-QSE, and HQSE.

precursor. Both the surface and cross-sectional images reveal
that the pores in the PHM were filled with the QSE, resulting
in a dense morphology. The EDS mapping images in Figure 2f
demonstrate the uniform presence of the phosphorus element
from the LiPF¢ salt within the HQSE, indicating a
homogeneous distribution of the QSE throughout the HQSE.

Figure 3a presents the XRD patterns of LLZAO nanofibers,
PHM, and HQSE. The crystalline peaks of the LLZAO
nanofibers are consistent with those of pure cubic-phase
Li;La;Zr,0;, (PDF #45-0109), confirming the successful
synthesis of cubic-phase LLZAO nanofibers. The XRD
patterns of the PHM and HQSE retain the characteristic
crystalline peaks of LLZAO nanofibers, indicating that the
LLZAO nanofibers remain chemically stable with solvent and
PVdF-HFP, and that the incorporation of the QSE exerts
negligible influence on the crystalline structure of LLZAO. In
the XRD patterns of PVdF-HFP and QSE (Figure S4a),
pristine PVAF-HFP displayed distinct crystalline peaks, where-
as the QSE exhibited a fully amorphous pattern. The
disappearance of the PVAF-HFP crystalline peaks in HQSE
is attributed to the penetration of the liquid electrolyte into the
polymer matrix, which disrupts the strong intermolecular
interactions and ordered chain packing of PVAF-HFP. In
addition, the filler effect of LLZAO nanofibers further destroys

15430

the crystalline domains of PVdF-HFP.”” As shown in the DSC
thermograms (Figure S4b), consistent with the XRD results,
no crystalline peaks of the polymer were observed in HQSE.
The solid content of HQSE was determined by TGA analysis
(Figure SS). HQSE retained about 60 wt % of its initial mass at
350 °C. Based on these results, the liquid electrolyte content
was calculated to be 40 wt % (36 wt % organic solvents and 4
wt % LiPF). The liquid electrolyte in HQSE contributes
additional ionic conduction while being immobilized within
the cross-linked matrix and PHM. The mechanical properties
of the HQSE were compared with those of the QSE-infiltrated
PE separator (PE-QSE). A nanoindentation test was
performed to evaluate the mechanical properties of the
HQSE and PE-QSE under a maximum load of 10 mN. As
the load increased, the nanoindenter tip gradually penetrated
the surface of the electrolyte, with harder materials showing
shallower penetration depths. As shown in Figure 3b, the
HQSE exhibited a lower penetration depth and higher
hardness than the PE-QSE, which is attributed to the presence
of rigid LLZAO nanofibers in the HQSE. The hardness values
of the PE-QSE and HQSE were measured to be 3.68 and 11.54
MPa, respectively, demonstrating that the incorporation of
QSE into the LLZAO-based PHM significantly enhanced the
mechanical strength of the HQSE.””*' Figure 3c presents
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optical images of the PE, PE-QSE, and HQSE before and after
storage at 160 °C for 1 h. The PE separator exhibited
significant thermal shrinkage, whereas the PE-QSE mitigated
this shrinkage due to the presence of a cross-linked polymer
network. Notably, the HQSE showed no visible shrinkage even
after high-temperature storage, confirming its superior thermal
stability. The thermal stability of the lithium-ion (graphite/
NCM) cell was evaluated by monitoring the open-circuit
voltage (OCV) of the fully charged cell at 160 °C for 3 h. As
shown in Figure 3d, the OCV of the cell with liquid electrolyte
dropped to 0 V after 1.65 h, indicating an internal short-circuit
between the anode and cathode. In contrast, the PE-QSE cell
exhibited improved voltage stability, attributed to the
enhanced dimensional stability provided by the cross-linked
polymer network. Notably, the HQSE cell maintained a stable
OCV under high-temperature conditions, demonstrating that
the superior thermal stability of HQSE effectively prevented
internal short-circuiting at elevated temperatures. A flamma-
bility test was conducted to compare the flame retardancy of
different electrolytes by exposing them to a flame source. As
shown in Figure 3e, the liquid electrolyte ignited immediately
due to its high flammability and burned violently. In the case of
the PE-QSE (Figures 3e and S6), it did not ignite during brief
exposure but eventually caught fire after prolonged exposure.
This is because the cross-linked polymer network in the QSE
helps immobilize flammable solvents, however flammable
components such as the PE separator can still cause ignition.
In contrast, the HQSE remained completely nonflammable
even under prolonged exposure, owing to the presence of
nonflammable LLZAO.

Linear sweep voltammetry was conducted to evaluate the
electrochemical stability of the electrolytes. In the cathodic
scan (Figure S7), no additional peaks were observed in PE-
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QSE and HQSE compared to the liquid electrolyte, indicating
that the cross-linked network, PVdF-HFP, and LLZAO fibers
do not affect the reductive stability of HQSE. In Figure 4a,
oxidative decomposition of the liquid electrolyte occurred at
approximately 4.5 V vs Li/Li", which increased to 4.7 V for the
PE-QSE. The improved oxidative stability is attributed to the
encapsulation of the liquid electrolyte, which reduces its direct
contact with the electrodes. In the case of HQSE, the onset
potential further increased to 5.5 V, owing to the high
oxidative stability of the LLZAO fillers.”>*” The leakage
current test further supports these results, showing that the
HQSE cell exhibited the lowest leakage current at 4.3 V
(Figure S8). Figure 4b presents the ionic conductivities of the
liquid electrolyte, PE-QSE, and HQSE. To evaluate the ionic
conductivity under practical cell conditions, the conductivity of
the liquid electrolyte was measured after soaking PE separator
with the liquid electrolyte. Notably, the HQSE exhibited the
highest ionic conductivity across all temperatures. This result is
attributed to the high ionic conductivity of the LLZAO
nanofibers in the HQSE, whereas the conventional PE
separator hindered ion transport.”* To demonstrate the effect
of fibrous LLZAO on ionic conductivity, a porous hybrid
membrane incorporating powder-type LLZAO (ds, = S00 nm)
was also prepared using the same fabrication process. As shown
in Figure S9, the HQSE containing fibrous LLZAO exhibited
higher ionic conductivity at room temperature compared to
the HQSE with powder-type LLZAO. This is because the
fibrous LLZAO provides more continuous Li* conduction
pathways than powder-based LLZAO particles, and its large
surface area creates a broader interphase with QSE, which is
known to serve as an Li* transport pathway in hybrid
electrolytes.””** The Li* transference numbers of the electro-
lytes were determined using the Bruce—Vincent method, based
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on dc polarization and EIS analysis.*® Figure S10 shows the
AC impedance spectra and dc polarization results of the Li
symmetric cell with HQSE. The calculated Li* transference
numbers for the different electrolytes are presented in Figure
4c. The HQSE exhibited the highest Li* transference number
of 0.59, while the liquid electrolyte and PE-QSE showed values
of 0.34 and 0.37, respectively. The increased Li" transference
number in HQSE is mainly attributed to the single-ion
conduction behavior of the LLZAO nanofibers. The Li* ion
conduction pathway in HQSE was investigated using "Li solid-
state MAS NMR.”"*” The cycling curves of the °Li symmetric
cell with HQSE are shown in Figure S11, demonstrating stable
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cycling behavior (Li stripping and deposition) at a constant
current density of 0.2 mA cm ™ with charge of 0.2 mAh cm™
for each cycle. This performance is superior to that of the
symmetric cell with liquid electrolyte, which exhibited a
gradual increase in overpotential after 25 cycles. The "Li NMR
spectra of HQSE before and after galvanostatic cycling of the
symmetric °Li/®Li cell are shown in Figure 4d,e, respectively.
According to previous reports, the sharp peak at —0.21 ppm
corresponds to LiPFg salt in the QSE, while the broad peak at
0.7 ppm is attributed to LLZAO.”® The peak observed at 0.3
ppm is assigned to the interphase of LLZAO, which is known
to play a key role in Li* ion conduction.***° During cycling,
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°Li* ions oxidized at the °Li electrode migrate to the opposite
electrode through the electrolyte, leading to the partial
substitution of “Li* ions in the electrolyte with °Li* ions. As
a result, the proportion of Li* ions in the electrolyte gradually
decreases with continued cycling. The intensity ratios of the
different "Li peaks are presented in Figure 4f, showing that the
’Li content in the LLZAO nanofibers and their interphase
decreased, while the proportion of “Li in the LiPF4 component
in the QSE increased. This result indicates that LLZAO and its
interphase primarily facilitate Li* ion transport rather than the
QSE, contributing to the high ionic conductivity of HQSE.
Based on the above results, the Li* ion conduction pathways
within HQSE can be schematically illustrated, as shown in
Figure S12.

The cycling behavior of graphite/NCM cells using various
electrolytes was assessed at 25 °C. All cells were precycled at
0.1C rate for two cycles and subsequently cycled at 0.5C and
same temperature. The voltage profiles of the cells are shown
in Figures Sa and S13, and their cycling performances are
compared in Figure Sb. The cell employing HQSE delivered a
high initial discharge capacity of 188.8 mAh g™ at 0.5C, which
was higher than those of the cells using liquid electrolyte or
PE-QSE. Moreover, the HQSE cell exhibited good capacity
retention of 85.2% after 500 cycles at 0.5C rate and 25 °C. The
internal resistance of the cells was determined using direct
current internal resistance (DC-IR) measurements at 25 °c.t
The DC-IR test was conducted at 50% state of charge and
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current rate of 0.1C, with applied current rates of 0.025C,
0.05C, 0.1C, 0.2C, 0.5C, 1.0C, and 2.0C. Figure Sc shows the
voltage profiles of the cell with HQSE during the DC-IR
experiments, and Figure Sd presents the voltage changes at
different current densities, where the linear slope of each plot
corresponds to the internal resistance of the cell. The internal
resistance of the HQSE cell was lower than those of the cells
with other electrolytes, which is attributed to the enhanced
ionic conductivity of the HQSE. The rate capability of the cells
was evaluated at 25 °C, and the resulting voltage profiles at
different C rates are shown in Figure Se. During the test, the
charging rate was fixed at 0.2C, while the discharging rate was
varied from 0.2C to 0.5C, 1.0C, 2.0C, and 3.0C, then returned
to 0.2C. As shown in Figure 5f, the cell with HQSE exhibited
the highest discharge capacities at all C-rates, consistent with
the DC-IR results indicating the lowest internal resistance.

We also fabricated a bicell pouch cell with dimension of 4.0
X 5.0 cm®. As shown in Figure S14, the pouch cell initially
delivered a discharge capacity of 120 mAh and retained 88.6%
of its capacity after 300 cycles at 1.0C and 25 °C. These results
demonstrate that HQSE can be successfully scaled up to
pouch-cell operation while maintaining comparable perform-
ance trends.

The high temperature cycling stability of the cells was
evaluated. The voltage profiles of the cells at 55 °C are shown
in Figures 6a and S15. When the temperature increased, the
initial discharge capacities of the cells slightly increased
compared to those at 25 °C. As depicted in Figure 6b, the
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Figure 7. C 1s XPS spectra of the cathodes cycled in (a) liquid electrolyte, (b) PE-QSE, and (c) HQSE at 55 °C. F 1s XPS spectra of the cathodes
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HQSE cell exhibited the best cycling stability among all the
cells at elevated temperature. Notably, the liquid electrolyte
cell showed a gradual decline in Coulombic efficiency during
cycling, resulting in low Coulombic efficiency of 95.7% at the
500th cycle, which was significantly lower than that of the
HQSE cell (99.9%). This result indicates that the cell with the
liquid electrolyte underwent side reactions at high temperature,
leading to significant capacity fading. The cycling performances
of the cells employing different electrolytes at 25 and S5 °C are
compared in the same figure (Figure S16). It is evident that the
cell with HQSE exhibited the best cycling stability at both
temperatures. A comparative table summarizing the ionic
conductivity, Li* transference number, oxidative stability, and
cycling performance of cells employing different quasi-solid-
state electrolytes reported to date is presented in Table S1 to
contextualize the advancement of our study. It reveals that the
HQSE developed in this work exhibits superior electro-
chemical characteristics and cycling performance.

To investigate the resistance variations during cycling at 55
°C, EIS analysis was performed every 100 cycles up to the
300th cycle, and the results are shown in Figure 6¢c—e. The
spectra were fitted using an equivalent circuit in Figure S17. It
is well-known that the first x-intercept corresponds to the bulk
resistance of electrolyte (Ry,), while the depressed semicircle in
the midfrequency region represents resistance related to the
anode side (R,) and the semicircle in the low-frequency region
corresponds to cathode side (R.)."”*’ The R, is associated with
the graphite degradation and the growth of nonuniform SEI,
while R, reveals the formation of CEI and cathode degradation.
The variations in fitted resistance of the cells with different
electrolytes are shown in Figure S18. As shown in the figures,
the cell with HQSE exhibited the lowest resistance at every
cycle. As cycling progressed, all the cells showed an increase in
resistance, with a particularly pronounced increase in R.. This

significant rise in R is primarily attributed to the formation of
unstable CEI from electrolyte decomposition, and the
degradation caused by the HF generated from the thermal
decomposition of LiPF at elevated temperatures.”* Among the
cells, the liquid electrolyte cell exhibited the largest increase in
internal resistance, whereas the HQSE cell showed the smallest
change. This result is attributed to the superior chemical and
electrochemical stability of the HQSE at elevated temper-
atures, which helps mitigate the degradation of the cell
Furthermore, oxide-based inorganic materials are known to
scavenge small amounts of HF, which accelerates cell
degradation. Thus, the HF-scavenging effect of LLZAO likely
contributes to suppressing the increase in resistance.”” The
cross-sectional SEM images of the cathodes after 100 cycles are
shown in Figure S19. The NCM cathode cycled with liquid
electrolyte exhibited larger volume expansion and more
microcracks within the active material compared to the
cathode cycled with HQSE, indicating that HQSE effectively
suppressed side reactions and preserved the structural stability
of the cathode active materials during repeated cycling.*®
Figure 7 presents the XPS spectra of the NCM cathodes
cycled in different electrolytes. The analysis was conducted at
charged state after 300 cycles at 5SS °C. The C 1s XPS spectra
mainly reflect organic components resulting from the
decomposition of organic solvents, while the F 1s spectra
provide information about salt decomposition. In the C 1s
spectra (Figure 7a—c), the peaks corresponding to C—0O, C=
O, and C—F were observed at 286.1, 287.5, and 290.8 eV,
respectively.”” The relative intensity of the C—F peak, which
originates from the PVdF binder in the cathode, was used as an
internal reference.” Compared to the C—F peak, the
intensities of the C=O0O and C—O peaks were significantly
higher in the liquid electrolyte cell, indicating extensive thermal
and oxidative decomposition of the organic solvents during
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high-temperature cycling. In contrast, these peaks were notably
reduced in the PE-QSE and HQSE cells, suggesting suppressed
solvent decomposition. In the F 1s spectra (Figure 7d—f),
three characteristic peaks were identified at 688.3 eV (C—F),
686.2 eV (P—F), and 684.9 eV (Li—F)." Among these, the P—
F and Li—F peaks are attributed to the decomposition of LiPF
salt, whereas the C—F peak is derived from the PVdF binder.
Notably, the intensities of the P—F and Li—F peaks were
markedly higher in the liquid electrolyte cell than in the PE-
QSE and HQSE cells, indicating more severe salt decom-
position in the liquid electrolyte system. In contrast, the HQSE
cell exhibited the lowest intensities for these peaks, confirming
that HQSE effectively suppressed both organic solvent and
lithium salt decomposition at the cathode, thereby contributing
to superior cycling stability at elevated temperatures. Similar
results were observed for the graphite anode after cycling
(Figure S20). In particular, the intensities of the C=0 and
C—O peaks in the C 1s spectra and the P—F peak in the F 1s
spectra were remarkably reduced when HQSE was used,
confirming the suppression of electrolyte decomposition at the
graphite anode.

B CONCLUSIONS

In this study, HQSE was prepared by integrating quasi-solid
electrolyte (QSE) with a porous hybrid membrane containing
LLZAO nanofibers and PVAF-HFP. The QSE precursor,
composed of liquid electrolyte and small amount of cross-
linker, was injected into the porous hybrid membrane and
subsequently thermally cured to form a cross-linked polymer
network within the Li*-conductive porous membrane. The
resulting HQSE exhibited high ionic conductivity, improved
oxidative stability, and enhanced thermal stability due to the
synergistic combination of the LLZAO-based hybrid mem-
brane and the quasi-solid electrolyte. Compared to the liquid
electrolyte and PE-QSE cells, the HQSE cell showed a higher
discharge capacity, superior cycling stability and rate perform-
ance at room temperature. Moreover, its cycling stability at 55
°C was significantly improved relative to those of the liquid
electrolyte and PE-QSE cells. Our results demonstrate that the
integration of the LLZAO-based hybrid membrane with the
quasi-solid electrolyte effectively complements each compo-
nent’s properties, enabling high-performance LIBs with
excellent cycling stability and enhanced thermal safety.
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