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HIGHLIGHTS

e A hybrid electrolyte with LLZAO mem-
brane enhances ionic conductivity and
robustness.

e The Li/NCM cell with hybrid electrolyte
showed excellent cycling stability.

e The LLZAO-based hybrid electrolytes
offer high safety and performance for
ASSLBs.
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ABSTRACT

All-solid-state lithium batteries (ASSLBs) utilizing solid electrolytes are regarded as highly promising candidates
for next-generation batteries due to their high energy density and enhanced safety. However, technical chal-
lenges such as low ionic conductivity and interfacial issues of solid electrolytes currently restrict the practical
applications of ASSLBs. In this study, solid hybrid electrolytes are developed by incorporating a polymer elec-
trolyte composed of poly(vinylidene fluoride-co-hexafluoropropylene), poly(e-caprolactone), 1-propyl-1-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl)imide, and lithium bis (trifluoromethanesulfonyl)imide into a fibrous
Lig.4Lasz gZrz 0Alp 2012 (LLZAO) membrane. The incorporation of an ion-conductive fibrous LLZAO membrane
with the polymer electrolyte significantly enhances mechanical robustness and achieves a high ionic conduc-
tivity. The Li/LiNip 78C00.10Mno,1202 cell employing this solid hybrid electrolyte delivers a high discharge ca-
pacity of 198.3 mAh g~! at 0.1C and 55 °C, exhibits an excellent cycling retention of 89.0 % at 400th cycle at
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0.5C and 55 °C. Our results highlight the potential of LLZAO-based hybrid electrolytes in achieving high safety
standards and extended cycle life, making them highly suitable for practical ASSLB applications.

1. Introduction

Lithium metal has emerged as a highly attractive anode material for
advanced lithium batteries due to its impressive specific capacity (3860
mAh g_l) and low electrochemical potential (—3.040 V vs. SHE) [1,2].
Despite these advantages, the practical application of lithium metal
anodes in liquid electrolyte-based batteries faces technical challenges,
primarily concerning safety and capacity fading during repeated cycling
[3]. These issues predominantly arise from uncontrolled lithium
dendrite growth and undesirable side reactions with liquid electrolytes.
In contrast, solid electrolytes can effectively suppress both dendrite
growth and electrolyte-related side reactions during cycling. Moreover,
solid electrolytes mitigate the safety risks associated with flammable
liquid electrolytes, offering the potential for lithium anodes to attain
higher energy densities compared to graphite-based lithium-ion batte-
ries [4,5].

Solid electrolytes are categorized into two main types: inorganic
electrolytes and polymer electrolytes. Inorganic electrolytes such as
Li7La32r2012 (LLZO), Li0.3L30_557Ti03 (LLTO), Li6PSSC1, and LiloGepzslz
are well known for their high ion conductivity, mechanical robustness,
and excellent thermal stability [6-9]. However, their inherent rigidity
and brittleness pose challenges in achieving good interfacial stability
with electrodes during cycling [10]. In contrast, solid polymer electro-
lytes offer flexibility, film formability and elasticity, which facilitate
intimate contact at the electrolyte-electrode interface [11-15]. Despite
these advantages, solid polymer electrolytes suffer from low ionic con-
ductivities, limited mechanical strength, and poor electrochemical sta-
bility [12,16].

The formulation of solid hybrid electrolytes represents a highly
promising strategy for advancing all-solid-state lithium batteries
(ASSLBs) [17-19]. This approach has the potential to not only improve
ionic conductivity but also enhance mechanical strength while retaining
flexibility of the electrolyte [20-22]. Wang et al. prepared vertically
aligned LiyLa3Zry012 sheet arrays and employed them to fabricate a
composite solid electrolyte with a thickness of 8 pm [20]. The resulting
electrolyte exhibited a room-temperature ionic conductivity of 2.6 x
10~* S em ™. The superior Li-ion conduction and enhanced mechanical
strength stabilized Li plating/stripping behavior, enabling the symmet-
ric Li cell to operate for over 1200 h at 1.0 mA cm ™2 and 60 °C. Ma et al.
prepared powdery three-dimensional hexagonal boron nitride (3D
h-BN) and incorporated it into poly(ethylene oxide) (PEO)-based elec-
trolytes [23]. The addition of 5 wt% 3D h-BN significantly enhanced the
ionic conductivity (8.9 x 10°* S em™! at 60 °C) and mechanical
strength. A discharge capacity of 138.9 mAh g~' was recorded for the
Li/LiFePOy4 cell incorporating the hybrid electrolyte, with 89 % capacity
retention observed after 100 cycles at 1C. Nevertheless, most solid
hybrid electrolytes reported to date still suffer from low ionic conduc-
tivity and high interfacial resistance due to interfacial instability [15,24,
25].

In the present work, a solid hybrid electrolyte was designed and
evaluated by incorporating a polymer electrolyte into the fibrous
Lig 4Lag 0Zrz 0Alp2012 (LLZAO) membrane. The polymer electrolyte
consisting of poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-
HFP), poly(e-caprolactone) (PCL), 1-propyl-1-methyl pyrrolidinium bis
(trifluoromethylsulfonyl)imide (Pyr;3-TFSI) as an ionic liquid plasti-
cizer, and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), serves
as a flexible and highly adhesive ion conductor. To improve ionic con-
ductivity and minimize interfacial resistance at the electrode—electrolyte
interface, PCL and Pyr;3-TFSI were incorporated into the polymer
electrolyte [26-31]. The fibrous LLZAO membrane was chosen as the
framework because it offers continuous Li" conduction pathways,

excellent resistance to oxidative decomposition, and superior mechani-
cal and thermal stability. For the polymer components, PCL was selected
due to its relatively high ionic conductivity and wide electrochemical
stability window, enabling compatibility with high-voltage cathodes.
On the other hand, PVAF-HFP offers complementary advantages,
including excellent chemical and electrochemical stability, outstanding
film-forming ability, mechanical flexibility, and high oxidative resis-
tance, which collectively enhance interfacial contact and ensure safe
operation. The obtained hybrid electrolyte demonstrated high ionic
conductivity, superior interfacial behavior with the lithium electrode,
and enhanced electrochemical stability. These characteristics facilitated
stable operation of a symmetric Li cell for more than 1000 h at 0.6 mA
cm™2. Furthermore, a solid-state Li/LiNig 78C0g.10Mng 1202 (NCM) cell
employing this hybrid electrolyte delivered a high discharge capacity
and demonstrated excellent capacity retention of 89.0 % after 400 cycles
at 0.5C and 55 °C. Additionally, the LLZAO-based hybrid electrolyte
exhibited a high thermal stability without short-circuit at 160 °C.
Therefore, the solid hybrid electrolyte developed in this study shows
great promise for enhancing the cycling performance and thermal sta-
bility of ASSLBs.

2. Experimental section
2.1. Preparation of solid hybrid electrolytes

The fibrous LLZAO membrane was fabricated using the electro-
spinning method. The precursor was prepared by dissolving LiNOg
(Sigma Aldrich, 99 %), La(NO3)3-6H20 (Sigma Aldrich, 99.99 %),
CgH120gZr (Zr content: 15.0-16.0 %, Sigma Aldrich), AI(NO3)3-9H,0
(Sigma Aldrich, 99 %) in a mixed solvent composed of 85 wt% water and
15 wt% acetic acid. Poly(vinyl pyrrolidone) was then introduced into
the solution, and the mixture was magnetically stirred for 24 h to yield
transparent electrospinning solution. A voltage of 15 kV was applied
using a high-voltage power amplifier. The needle-to-collector distance
and roller speed were set to 17 cm and 200 rpm, respectively. After
electrospinning, the fibrous membrane deposited on aluminum foil was
dried in a vacuum oven at 60 °C for 2 h, followed by calcination in air at
700 °C for 3 h with a heating rate of 2 °C min~'. The resulting LLZAO
membrane was then collected and transferred to a glove box for further
experiments. The polymer electrolyte solution was prepared by dis-
solving PCL (M,: 80,000 g mol 7, Sigma-Aldrich), PVAF-HFP (Kynar
2801, M,,: 4.77 x 10° g mol™!, Arkema), Pyr;3-TFSI (Solvionic), and
LiTFSI (Sigma-Aldrich) in a mixed solvent of acetone and tetrahydro-
furan (1:2 by volume), followed by stirring for 5 h. The resulting solution
was cast onto the porous LLZAO membrane to facilitate infiltration. It
was dried in the glove box for 5 h at room temperature and further
subjected to vacuum drying at 80 °C for 12 h.

2.2. Electrode and cell fabrication

The cathode slurry was obtained through the mixing of 84 wt%
LiNig78C0g.10Mng 1202 (NCM, L&F Co., Ltd.), 5 wt% poly(vinylidene
fluoride) (PVdF, Solef 5130, Solvay), 5 wt% Super P (Timcal), 5 wt%
succinonitrile (SN, Sigma-Aldrich), and 1 wt% LiTFSI in N-methyl-2-
pyrrolidone. NCM consists of single-crystalline particles with an average
size of 4.6 pm, as shown in Fig. S1. After casting the slurry onto carbon-
coated Al foil, it was dried under vacuum conditions at 80 °C for 24 h. As
the anode, a 200 pm-thick lithium metal (Honjo Metal Co., Ltd.) sup-
ported by a copper foil was employed. The Li/solid hybrid electrolyte/
NCM cells were fabricated inside an argon-filled glove box (MBRAUN),
where both HyO and O levels were strictly controlled to remain below
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Fig. 1. Schematic illustration of the preparation process for solid hybrid electrolyte.

0.1 ppm.
2.3. Characterization and measurements

Field-emission scanning electron microscopy (FE-SEM; Verios G4
UC, FEI) was employed to observe the surface morphologies of the
samples. The crystalline structures of the LLZAO membrane and hybrid
electrolyte were characterized by X-ray diffraction using Cu Ka radiation
on a D8 ADVANCE (Bruker) instrument. To investigate thermal stability,
the solid electrolytes were subjected to thermogravimetric analysis in an
air atmosphere from 25 to 800 °C. Differential scanning calorimetry
(DSC, TA Instruments) was performed to investigate the thermal prop-
erties of the samples at a heating rate of 10 °C min . Surface chemical
species formed on the lithium anode after cycling were identified using
X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo Scientific). To
analyze the composition of the solid electrolyte interphase (SEI) formed
on the lithium metal anode, time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) was conducted. Solid-state magic angle spinning
(MAS) “Li nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker AVANCE III 400 spectrometer equipped with a 1.9 mm
HX-MAS probe, operating at a spinning rate of 25 kHz. Solid LiCl was
used as a reference for the "Li chemical shift, set at 0 ppm. To determine
the ionic conductivity, a symmetric stainless steel (SS)/solid electrolyte/
SS cell was constructed, and ac impedance measurements were con-
ducted using electrochemical impedance spectroscopy (EIS) over a fre-
quency range of 1 MHz to 1 Hz with an amplitude of 10 mV. The
oxidative stability of the solid electrolyte was assessed by linear sweep
voltammetry (LSV) at 55 °C and 1 mV s '. Cycling stability at the
lithium metal interface was examined through galvanostatic plating/
stripping of lithium in a symmetric Li/solid electrolyte/Li cell. The Li/
solid electrolyte/NCM cells were tested over a voltage range of 3.0-4.2V
at 25 °C and 55 °C using a WBSC3000 battery cycler.

3. Results and discussion
To optimize the content of the ionic liquid (IL), Pyr;3-TFSI, in the

polymer electrolyte, ionic conductivity was measured while varying the
IL content from 0 to 60 wt%. In these compositions, the mass ratio of

PVAF-HFP to LiTFSI was fixed at 2:1. Fig. S2a shows the ionic conduc-
tivities of the polymer electrolytes as a function of IL content at 25 °C.
Without IL, the ionic conductivity was very low (1.3 x 1077Sem ™). As
the IL content increased, the ionic conductivity gradually increased,
reaching 0.95 x 10™* S cm™! at 60 wt%. To analyze the conductivity
trends, we estimated the slope of the log ¢ vs. IL content plot. In the low-
IL region (0-10 wt%), the slope is steep, whereas in the higher IL content
range (10-60 wt%), it significantly decreases. This behavior indicates
that once a sufficient amount of IL is incorporated to disrupt polymer
crystallinity and lower the Li* migration barrier, further IL addition
simultaneously lowers the migration barrier and increases the carrier
concentration. However, a free-standing film could not be obtained
when the IL content exceeded 60 wt%. Therefore, the optimal Pyr;3-TFSI
content was set at 60 wt% considering both ionic conductivity and
mechanical integrity of polymer electrolyte. Since the ionic conductivity
of the polymer electrolyte was not sufficiently high, ion conductive
polymer (PCL) was added in place of PVAF-HFP in the previous
composition. Fig. S2b presents the variation in the ionic conductivity of
polymer electrolytes with different contents of PCL in the polymer ma-
trix (PCL and PVdF-HFP). The ionic conductivity increases with higher
PCL content, which can be attributed to enhanced salt solvation and ion
transport facilitated by the flexible ester chains in PCL [32]. However,
when the PCL content reached 75 wt%, the polymer electrolyte lost its
self-standing property. Therefore, the optimum PCL content was deter-
mined to be 50 wt%. Based on these results, the optimal composition
ratio of PCL: PVAF-HFP: Pyr;3-TFSI was set at 1 : 1: 3 based on weight,
and the resulting electrolyte material is referred to as the "polymer
electrolyte" in the following sections.

The hybrid electrolyte was prepared through a sequential process
involving electrospinning, sintering, and infiltration of the polymer
electrolyte, as schematically illustrated in Fig. 1. First, a fibrous mem-
brane composed of polymer and salts was fabricated using the electro-
spinning method [33,34]. The LLZAO membrane was fabricated by
sintering the polymer/salt precursor membrane at 700 °C for 3 h in a
muffle furnace. Preparation of the solid hybrid electrolyte involved
impregnating the fibrous LLZAO scaffold with the polymer electrolyte
solution and subsequently drying it to eliminate residual solvent.

The morphology of the electrospun polymer/salt nanofibrous
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Fig. 2. SEM images of (a) the LLZAO precursor and (b) the sintered LLZAO membrane. (c) XRD patterns comparing the LLZAO membrane and the hybrid electrolyte.
(d) Top-view and (e) cross-sectional SEM images, along with (f) elemental distribution mapping of the hybrid electrolyte.

membrane is shown in Fig. 2a, revealing a highly porous structure with
an average fiber diameter of approximately 1.5 pym. The porosity of the
LLZAO membrane was determined to be 80 %. The sintering treatment
resulted in a reduction of the LLZAO nanofiber diameter to an average of
750 nm (Fig. 2b). The resulting LLZAO membrane forms a continuous
fibrous structure, which provides the effective pathways for lithium-ion
conduction and enhances mechanical integrity. ICP-OES analysis was
conducted to determine the elemental composition of LLZAO, and the
measured result (Lg44Llas g2Zry.97Alp19012) confirms the successful
synthesis of Lig 4Las 0Zrz 0Alyg.2012. Fig. 2¢ presents the XRD results for
both the LLZAO membrane and the hybrid electrolyte. The XRD pattern
of the LLZAO membrane shows characteristic peaks corresponding to
the cubic-phase garnet (PDF#45-0109) [35], which has been commonly
used as a model for studying the garnet-type structure of LLZAO mate-
rials. The diffraction peaks of the hybrid electrolyte (LLZAO membrane
filled with polymer electrolyte) show no noticeable shift compared to
those of the LLZAO membrane, suggesting chemical compatibility
among the components in the hybrid electrolyte. After carefully opti-
mizing the mechanical properties, we selected an LLZAO framework
with a thickness of 70 pm, which enabled the fabrication of a robust
hybrid electrolyte. When the LLZAO membrane thickness was reduced
below 70 pm, the framework became too fragile, making it difficult to
obtain a flexible hybrid electrolyte. Fig. 2d and e shows the top-view and
cross-sectional SEM images of the hybrid electrolyte. The hybrid

electrolyte reveals a flat and densely structured surface, demonstrating
that the polymer electrolyte has completely occupied the pores of the
LLZAO membrane. This is further supported by cross-sectional image,
which shows a dense structure without observable voids or pores.
Elemental mappings of C, S, Zr, La, and Al in Fig. 2f and S3 reveal a
uniform distribution of these elements throughout the hybrid electro-
lyte. Through pore filling by the polymer electrolyte, a dense 70
pm-thick uniform hybrid electrolyte film was successfully produced. In
the hybrid electrolyte, the mass ratio of LLZAO was approximately 37.8
%. At this composition, the LLZAO framework provides continuous Li™
ion conduction pathways and mechanical reinforcement, while the
polymer phase contributes flexibility, interfacial adhesion, and film
processability. We found that increasing the LLZAO content beyond this
level enhanced the ionic conductivity but caused brittleness. Conversely,
reducing the LLZAO content improves flexibility but compromises ionic
conductivity. Therefore, the optimized value of LLZAO contents repre-
sents a balanced composition, achieving both high ionic conductivity
and robust mechanical/electrochemical properties.

The hybrid and polymer electrolytes were characterized for their
ionic conductivities across temperatures ranging from 25 to 75 °C, as
shown in Fig. 3a. At 25 °C, the polymer electrolyte showed an ionic
conductivity of 1.4 x 107*S cm™!. This value increased to 2.7 x 1074 §
em ™! upon incorporation of the polymer electrolyte into the LLZAO
membrane. The presence of LLZAO fibers is responsible for the improved
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ionic conductivity of the hybrid electrolyte, which facilitate lithium-ion
transport by offering efficient ion-conduction pathways [36,37]. Fig. S4
shows the DSC thermograms of PVAF-HFP, the polymer electrolyte, and
the hybrid electrolyte. PVAF-HFP exhibited a melting temperature (Ty,)
of 147.1 °C. Both the melting temperature and the heat of fusion were
reduced in the polymer and hybrid electrolytes compared with pristine
PVdF-HFP, indicating that the incorporation of the ionic liquid, lithium
salt, and LLZAO decreases the crystallinity of PVdF-HFP, thereby
enhancing the ionic conductivity of the hybrid electrolyte. In the hybrid
electrolyte, the LLZAO membrane could facilitate lithium salt dissocia-
tion, thereby increasing the concentration of free Li ™ ions. This pre-
sumption was supported by Raman spectra in Fig. 3b and c. The C-N-C
bending vibration of the TFSI™ anion in the 735 - 750 cm ™! region ex-
hibits two characteristic peaks: one at ~739 cm ™! corresponding to free
TFSI™, and another at ~745 cm ! assigned to ion clusters ([Li(TFSD)2]")
[38,39]. Deconvolution of these peaks revealed that the fraction of free
TFSI™ was 57.0 % in the hybrid electrolyte, which is much higher than
the 45.0 % observed in the polymer electrolyte. This result indicates that
the LLZAO surface facilitates the dissociation of LiTFSI, thereby sup-
pressing ion-pair aggregation. To better understand ion transport char-
acteristics within the hybrid electrolyte, solid-state ’Li MAS NMR
spectra were acquired before and after its subjection to galvanostatic
stripping/deposition cycles in a symmetric ®Li/hybrid electrolyte/°Li
cell at 0.1 mA cm ™2 for 2 h (Fig. 3d). As depicted in Fig. 3e, three distinct

peaks corresponding to different Li* environments could be identified
by deconvoluting the asymmetric peak in the NMR spectra. These peaks
correspond to Li" ions in the LLZAO fibers (1.09 ppm), at the
LLZAO-polymer electrolyte interface (—0.20 ppm), and within the
polymer electrolyte (—0.44 ppm) [40-42]. Before cycling, the mobile
Li* population was predominantly located in LLZAO, accounting for
60.9 %. After cycling of the ®Li/hybrid electrolyte/SLi cell, the Li*
population in LLZAO and at the LLZAO-polymer interface decreased to
55.0 % and 14.4 %, respectively. This is because some “Li * ions in
LLZAO and at interface are replaced with °Li * ions during cycling in the
SLi/hybrid electrolyte/®Li cell. The relative population changes after
cycling indicate that Li © ions migrate more favorably through the
LLZAO fibers and interfacial regions, which are expected to present
lower transport energy barriers compared to the polymer electrolyte. As
previously discussed, Raman analysis (Fig. 3b and c) revealed a higher
fraction of free TFSI™ in the hybrid electrolyte than in the polymer
electrolyte, which increases the concentration of mobile Li" ions and
complements the preferential Li* conduction along the grain boundaries
of LLZAO. These results suggest that Li* ions preferentially transport
through the interconnected LLZAO fibers and the LLZAO-polymer
electrolyte interface due to the lower transport energy barrier in these
regions. Fig. 3f presents the results of linear sweep voltammetry, which
was conducted at a scan rate of 1 mV s~! to investigate the electro-
chemical stability of the prepared solid electrolytes. The linear sweep
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during galvanostatic cycling at 0.6 mA cm 2

static cycling.

voltammograms reveal that the anodic voltage limit of the hybrid
electrolyte is higher than that of the polymer electrolyte. This suggests
that the LLZAO membrane contributes to the improved electrochemical
stability of the hybrid electrolyte. The hybrid electrolyte’s superior
oxidative stability makes it suitable for use with high-voltage cathodes
in lithium metal battery systems.

TGA was conducted on both the polymer and hybrid electrolytes, as

Dendrites

__/ ‘\,""‘\
PN {
) N \, ‘
“f':
b v
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and 55 °C. (d) Interfacial resistances in symmetric Li/Li cells with different solid electrolytes during galvano-

shown in Fig. S5. Both the polymer and hybrid electrolytes exhibited
weight loss starting around 260 °C, attributed to the decomposition of
the polymer component within the solid electrolytes. The total weight
losses at 800 °C were 94.3 % for the polymer electrolyte and 56.5 % for
the hybrid electrolyte. The enhanced heat resistance of the hybrid
electrolyte results from the presence of the robust, fibrous LLZAO
ceramic membrane.

MALL AL s s e g i an s
S | 4

Fig. 5. SEM surface images of Li electrodes taken from disassembled symmetric lithium cells using (a) polymer electrolyte and (b) hybrid electrolyte after 150 h of
cycling at 0.6 mA cm 2 and 55 °C. SEM cross-sectional images of Li electrodes taken from disassembled symmetric lithium cells using (c) polymer electrolyte and (d)

hybrid electrolyte after 150 h of cycling at 0.6 mA cm~2 and 55 °C.
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Fig. 4a shows the voltage behavior of symmetric Li cells incorpo-
rating different solid electrolytes, obtained by increasing the current
density from 0.2 to 2.0 mA cm ™2 at 55 °C during galvanostatic deposi-
tion and stripping. For the polymer electrolyte, the polarization voltage
increased gradually with current density until reaching 0.8 mA cm™2,
followed by a sharp voltage rise at 1.0 mA cm 2, corresponding its
critical current density (CCD). In contrast, the hybrid electrolyte
exhibited a significant voltage increase at 2.0 mA cm ™2, suggesting that
its CCD is twice that of the polymer electrolyte. To examine the lithium
plating/stripping stability below the critical current density, the sym-
metric Li cells were subjected to galvanostatic cycling at 0.6 mA cm ™2
and 55 °C (Fig. 4b). An initial overpotential of 130 mV was observed in
the symmetric Li cell with polymer electrolyte, increasing steadily to 3.0
V after 150 h of cycling. In contrast, the Li/hybrid electrolyte/Li cell
exhibited a more stable overpotential, which increased only slightly to
148 mV even after 1000 h. This stable cycling behavior of the hybrid
electrolyte cell can be attributed to its robust mechanical properties,
leading to the mitigation of lithium dendrite growth. Additionally, the
homogeneous and rapid Lit ion flux facilitated by the fibrous LLZAO
framework contributes to the long-term cycling of the hybrid electrolyte
[43]. The Li/hybrid electrolyte/Li cell was also cycled at 25 °C. As
shown in Fig. S6 and S7, the symmetric Li cell operated stably at 0.1 mA
cm 2 for 1000 h without short-circuiting, and the CCD reached up to 0.5
mA cm 2. These results demonstrate that the hybrid electrolyte also
exhibits favorable cycling stability at room temperature. The symmetric
Li/solid electrolyte/Li cells were subjected to AC impedance measure-
ment to monitor interfacial resistances, providing insights into the sta-
bility at the lithium/solid electrolyte interface. Fig. 4c provides the AC
impedance spectra of the hybrid electrolyte cell, and the corresponding
interfacial resistances for the cells employing different solid electrolytes
are presented in Fig. 4d. For the polymer electrolyte, the interfacial
resistance markedly increased from 103.7 to 325.0 Q after 150 h of
cycling, indicating severe interfacial degradation. In contrast, the hybrid
electrolyte cell exhibited only a slight increase in interfacial resistance,
from 85.5 to 106.2 Q even after 1000 h, demonstrating much greater

interfacial stability. The superior stability at the hybrid electrolyte/Li
metal interface is attributed to the combined effects of high ionic con-
ductivity and robust mechanical strength, which enable rapid Li*
transport across the interface, while effectively suppressing lithium
dendrite growth.

Fig. 5a and b shows the top-view SEM images of lithium electrodes
retrieved from the cycled Li/Li cells, while Fig. 5¢ and d presents their
cross-sectional SEM images. A rough and dendritic morphology is
observed on the Li surface after 150 h of cycling in the polymer elec-
trolyte. In contrast, the Li electrode cycled in the hybrid electrolyte re-
mains smooth and planar, owing to its enhanced mechanical integrity
and the uniform Li deposition/stripping behavior, which collectively
suppress the lithium dendrite growth.

To elucidate the chemical composition and evolution of the SEI, XPS
measurements were performed on cycled lithium electrodes obtained
from the hybrid electrolyte. As shown in Fig. 6a—c and S8, the SEI
consists of both inorganic and organic species, including LiF (684.8 eV in
F 1s), CF3 groups from LiTFSI (688.6 eV in F 1s), reduced Pyr;3 (402.5
eVinN 1s), TFSI™ fragments (399.4 eV in N 1s), LisN (396.8 eV in N 1s),
LipCO3, and Li»SO2/LisSy [44,45]. Quantitative peak fitting confirms a
depth-dependent enrichment of inorganic components. In the F 1s re-
gion (Fig. 6a), the LiF fraction increases from 8 % at the surface to 33 %
after 60 s of etching, while the CF3 contribution decreases accordingly.
Similarly, in the Li 1s spectra (Fig. S8a), the LiF component increases
from 35 % to 45 % upon sputtering, whereas Li;CO3 decreases from 78
% to 52 %. Li»Sy signals are detected only after etching (Fig. 6¢), sug-
gesting that surface organic products initially mask these species. The
LisN contribution (Fig. 6b) persists before and after etching and shows a
slight increase with depth, consistent with its stable incorporation into
the SEI. Full-survey XPS spectra (Fig. S9) further reveal that the atomic
percentages of N and F increase after etching (Table S1), supporting the
formation of an inorganic-rich inner layer. ToF-SIMS depth profiling
(Fig. 6d) corroborates these findings, showing an accumulation of
LiF-related fragments (LiFg, LioF3) with depth, while SO;N™ intensity
decreases, confirming the gradient structure of the SEL. Taken together,
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Fig. 7. (a) Voltage curves of the Li/hybrid electrolyte/NCM cell during cycling at 55 °C, and (b) comparison of cycling performance for Li/NCM cells employing
different solid electrolytes at 0.5C and 55 °C. (c) Voltage profiles of the Li/hybrid electrolyte/NCM cell obtained at different current densities at 55 °C. (d) Rate
performance of Li/NCM cells using different solid electrolytes at 55 °C. SEM images of lithium electrodes retrieved from Li/NCM cells with (e) polymer electrolyte

and (f) hybrid electrolyte after 100 cycles.

these results indicate the formation of a dual-layer SEL an organic-rich
outer layer derived from electrolyte decomposition and an
inorganic-rich inner layer dominated by LiF and LisN. Functionally, LisN
provides fast Li ™ transport pathways, while LiF — with its high surface
energy, low electronic conductivity, and facile Li* migration — sup-
presses parasitic reactions and dendrite formation [44]. Compared with
the polymer electrolyte, the hybrid system containing LLZAO promotes
the preferential formation of LiF and Li3N, yielding a more stable SEL
Although reductive decomposition of the ionic liquid (Pyr;3-TFSI) may
occur, the concurrent enrichment of inorganic species mitigates side
reactions and ensures long-term cycling stability.

The Li/NCM cells (active mass loading: 6.1 mg cm™2) were assem-
bled using different solid electrolytes, and their cycling performance was
evaluated at 55 °C. During the first preconditioning cycle at 0.1C, the
cell with the hybrid electrolyte delivered a high initial capacity of 198.3
mAh g1 (Fig. 7a), which is greater than the 186.5 mAh g™ recorded for
the polymer electrolyte system (Fig. S10a). Following two initial pre-
conditioning cycles at a rate of 0.1C, the Li/NCM cells were subse-
quently cycled at 0.5C. The resulting voltage profiles of the cells with
hybrid electrolyte and polymer electrolyte during cycling are presented
in Fig. 7a and Fig. S10a, respectively, and a comparison of the cycling
performance between the two cells is presented in Fig. 7b. As depicted in
figure, the capacity of the cell using the polymer electrolyte dropped to
just 3.0 % of its initial value after 200 cycles. In contrast, the hybrid
electrolyte-based cell demonstrated a high initial discharge capacity of
168.3 mAh g~ ! and preserved 89.0 % of this capacity (149.8 mAh g™%)
after 400 cycles, along with maintaining a high coulombic efficiency of
99.97 % over the entire cycling. The enhanced cycling stability of the

cell employing the hybrid electrolyte can be attributed to its high elec-
trochemical stability, favorable interfacial properties, and mechanical
robustness, which collectively suppress the dendritic growth of lithium
and side reactions at the interface. Fig. 7c and S10b show the charge-
discharge profiles of cells employing the hybrid electrolyte and the
polymer electrolyte across a range of C rates, with the corresponding
rate capability summarized in Fig. 7d. As the C rate increases, both cells
exhibit the expected decrease in discharge capacities, arising from
increased polarization within the cell. Notably, at every tested C rate,
the hybrid electrolyte cell maintains smaller overpotentials and higher
capacity retention than the polymer electrolyte cell. This superior high
rate performance is consistent with the hybrid electrolyte’s higher ionic
conductivity and lower interfacial resistance, which reduce the ohmic
and charge transfer components of polarization and sustain rapid Li*
flux at the electrode/electrolyte interface. Mechanistically, the LLZAO-
reinforced hybrid electrolyte provides continuous Li* conduction
pathways and a more stable, low-impedance interface, allowing deeper
utilization of active materials before reaching voltage limits. Conse-
quently, the hybrid electrolyte cell exhibits superior performance
throughout the entire range of C rates. Fig. 7e and f presents surface SEM
images of the lithium anodes retrieved from the Li/NCM cells with
polymer electrolyte and hybrid electrolyte after 100 cycles, respectively.
As shown in the images, the lithium anode cycled in the polymer elec-
trolyte exhibits a large number of lithium dendrites, which result from
inhomogeneous lithium deposition and stripping. In contrast, the
lithium anode in the hybrid electrolyte-based cell displays a smooth and
dense surface. The favorable interfacial properties and high mechanical
strength of the hybrid electrolyte promote uniform lithium deposition
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and stripping, thereby suppressing dendrite growth during cycling and
leading to superior cycling performance. Fig. S11 shows the cycling
stability of the Li/NCM cell with hybrid electrolyte at 0.2C and 25 °C.
Although the initial discharge capacity at ambient temperature is lower
than that at 55 °C, the cell maintains 129.2 mAh g~! after 300 cycles
(88.3 % retention), followed by large capacity fading, indicating stable
cycling behavior within this range.

To evaluate thermal safety, the open circuit voltage (OCV) of
charged solid-state cells with different electrolytes was monitored at
160 °C. As presented in Fig. S12, the hybrid electrolyte-based cell
exhibited stable OCV behavior for up to 120 min. In contrast, the OCV of
the polymer electrolyte-based cell dropped to 0 V after 33 min, indi-
cating short-circuit of the cell. Dimensional stability of the solid elec-
trolytes was tested by maintaining them at 160 °C for 1 h. As illustrated
in Fig. S13, the hybrid electrolyte mainta3ined its structural integrity
and original size at 160 °C. In contrast, the polymer electrolyte exhibited
melting and significant thermal shrinkage, which resulted in short-
circuit of the cell with polymer electrolyte. These results reveal that
the use of the hybrid electrolyte significantly enhances the thermal
safety of the Li/NCM cells.

4. Conclusions

In our study, we prepared a mechanically robust hybrid electrolyte
reinforced with a three-dimensional fibrous LLZAO membrane. The
incorporation of LLZAO nanofibers provided continuous and efficient
lithium-ion conduction pathways while enhancing the mechanical
integrity compared to polymer electrolytes. Owing to the synergistic
effect between the inorganic and polymer components, the hybrid
electrolyte exhibited high ionic conductivity, improved electrochemical
stability, and good interfacial compatibility with the lithium electrode.
As a result, the symmetric Li/Li cells employing the hybrid electrolyte
exhibited stable cycling over a period of 1000 h, with no notable in-
crease in overpotential or evidence of short-circuiting caused by den-
dritic lithium growth. The Li/NCM solid-state cell incorporating the
hybrid electrolyte exhibited a high initial capacity and retained 89.0 %
of its capacity after 400 cycles at 0.5C and 55 °C, indicating outstanding
cycling stability. Additionally, the high thermal stability of the LLZAO-
based hybrid electrolyte ensured safe operation without short-circuiting
at 160 °C. Our results highlight the potential of the hybrid electrolyte as
a solid-state electrolyte for high-performance all-solid-state lithium
batteries (ASSLBs), offering long cycle life and enhanced safety.
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