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ABSTRACT: Poly(1,3-dioxolane) (PDOL)-based solid
electrolytes hold great potential for solid-state lithium (Li) metal
batteries due to their superior ionic conductivity at room
temperature. However, traditional PDOL electrolytes suffer
from inferior thermal stability, which has hampered their
practical application. In this work, a competitive coordination
mechanism is proposed to strengthen vulnerable ether oxygen
bonds in PDOL chains, thereby improving the thermal stability
of PDOL electrolytes. The strong coordination of Lewis base
ligands on Lig7sLasZry 75Tag2504, (LLZTO) surface with Li ions
weakens the ionic-dipolar interactions between PDOL chains
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and Li ions, conversely reinforcing the bond energy of ether oxygen bonds. Incorporating LLZTO into PDOL electrolytes
effectively enhances the thermal decomposition temperature from 110 to 302 °C. Li||LiFePO, full cell with a 12 ym ultrathin
PDOL hybrid electrolyte delivers enhanced discharge capacity and extended cycling life for 100 cycles at an elevated
temperature of 60 °C. This work provides critical insights into the development of thermally stable PDOL electrolytes for

safe solid-state Li metal batteries.

KEYWORDS: competitive coordination, solid-state battery, lithium metal, safety, electrolyte design

1 Introduction

Over the past few decades, lithium (Li)-ion batteries have
dominated the energy storage market due to their low cost and long
cycle life [1-3]. However, conventional Li-ion batteries, based on
intercalation chemistry are approaching their theoretical energy
density limits, failing to meet the escalating demand for high energy
density [4-6]. Furthermore, safety concerns arising from flammable
organic liquid electrolytes pose significant challenges [7-10]. Solid-
state batteries, that replace organic liquid electrolytes with
nonflammable solid-state electrolytes (SEs), offer a promising
solution to balance safety concerns and energy density [11-14].
Polymer electrolytes, particularly in-situ polymerized poly(1,3-
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dioxolane) (PDOL) electrolytes, have gained significant attention
among various SEs due to their lightweight, flexible nature, and
conformal interface contact [15-17]. Besides, PDOL electrolytes
exhibit remarkable room-temperature ionic conductivity of
~ 10° Scm”, comparable to conventional liquid electrolytes
[18-23]. Despite these advantages, the practical application of
PDOL electrolytes has been hampered by issues such as poor
thermal stability and unacceptable interface stability [24]. It is well
known that pure PDOL polymer demonstrates high thermal
stability, exceeding 300 °C [24]. Unfortunately, the coordination of
PDOL with Li ions (Li*) induces the transfer of the electron cloud
density from the oxygen atom to Li*, resulting in a decrease in the
bond energy of the ether oxygen (-C-O-C-) bond and
consequently, reduced thermal stability of PDOL ([25]. The
decomposition temperature of PDOL electrolytes is largely reduced
to less than 120 °C [26], seriously affecting the safety of batteries.
Therefore, there is an urgent need to enhance the thermal stability
of PDOL electrolytes for safe Li metal batteries [20].

Several strategies have been proposed to enhance the thermal
stability =~ of PDOL electrolytes, including crosslinking
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copolymerization and blending with inorganic fillers. For instance,
a thermally stable PDOL-based electrolyte was developed through
the copolymerization of DOL with 1,3-bis(3-glycidoxypropyl)
tetramethyl disiloxane (PSiDOL), resulting in crosslinking
frameworks that significantly increased the initial thermal
decomposition temperature of PSiDOL electrolyte from 110 to
202 °C [27]. However, the design of crosslinking structures also
hinders the movement of polymer segments, leading to a decrease
in Li-ion conduction. The room-temperature ionic conductivity of
PSiDOL electrolyte was only ~ 10° S-cm™. Another approach
involves incorporating inorganic fillers into the PDOL matrix to
improve thermal stability while maintaining room-temperature Li*
conductivity. Yang et al. employed yttria-stabilized zirconia (YSZ)
as functional fillers in PDOL electrolytes [25]. This approach
enhanced the thermal decomposition temperature of the PDOL-
YSZ electrolyte from 75 to 100 °C while retaining room-
temperature ionic conductivity of 2.75 x 10 S.cm™. However,
achieving intrinsic safety of PDOL electrolytes in battery energy
storage systems remains a challenge. Moreover, the mechanism for
enhancing the thermal stability of PDOL electrolytes is not yet clear,
making it difficult to guide the rational design of PDOL electrolytes
with high thermal stability.

Herein, we proposed a competitive coordination mechanism to
enhance the thermal stability of PDOL electrolytes through strong
Lewis acid-base interactions between Lewis base ligands and
solvated Li'. Surface Lewis base sites on LisssLasZr, ;s Tagys0;,
(LLZTO) competitively interact with Li* in the electrolyte,
weakening the ionic-dipolar interactions between Li* and PDOL
chains (Fig. 1). This, in turn, strengthens the bond energy of
—C-O-C- bonds, thereby improving the thermal stability of PDOL
electrolyte. The thermal decomposition temperature of PDOL
hybrid electrolyte increases from 110 to 302 °C. As a result, an
ultrathin PDOL hybrid electrolyte with a thickness of 12 um and
enhanced thermal stability was developed through in-situ
polymerization of PDOL electrolyte within an ultrathin LLZTO-
coated ceramic separator. The incorporation of LLZTO fillers

PDOL

v lonic—dipolar interactions

effectively enhances the room-temperature ionic conductivity and
strengthens the mechanical performance of the hybrid electrolyte.
Li||LiFePO, (LFP) full cell exhibits stable cycling for 100 cycles at an
elevated temperature of 60 °C. This competitive coordination
mechanism opens up wide application prospects for the rational
design of thermally stable PDOL electrolytes in safe solid-state Li
metal batteries.

2 Results and discussion

2.1 Thermal stability and regulation mechanism of PDOL
electrolyte

The thermal stability of electrolytes is a critical factor in
determining the safety of batteries at high operating temperatures.
In PDOL electrolyte, the coordination of PDOL chains with Li*
induces the transfer of electron cloud density from the oxygen atom
to Li", thereby weakening the -C-O-C- bonds and decreasing the
thermal stability of PDOL electrolyte. Consequently, the PDOL
electrolyte begins to decompose at approximately 98 °C, with only
50 wt.% of PDOL remaining at 133 °C (Fig. 2(a)). In contrast, the
initial weight loss temperature of PDOL hybrid electrolyte
containing 10 wt.% nano LLZTO with an average size of 230 nm
(Fig. S1 in the Electronic Supplementary Material (ESM)) is delayed
to 264 °C, and the temperature of half-decomposition remains is
postponed to 305 °C. Differential scanning calorimetry (DSC) tests
were conducted to further demonstrate the thermal stability of
PDOL-based electrolyte. Similarly, pristine PDOL electrolyte
exhibits a pronounced endothermic peak at 109 °C, attributed to
the depolymerization of PDOL, while the endothermic peak of
PDOL-LLZTO hybrid electrolyte rises to 302 °C (Fig. 2(b)). It is
noteworthy that the mild endothermic peak below 100 °C is related
to the volatilization of residual DOL solvent. Consequently, these
results confirm that LLZTO significantly improves the thermal
stability of the PDOL hybrid electrolyte.
To analyze the thermal
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Figure1 Illustration of the competitive coordination mechanism to enhance the thermal stability of PDOL electrolytes.
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Figure2 (a) TGA and (b) DSC curves of PDOL and PDOL-LLZTO electrolyte. TGA-MS curves of (c) PDOL and (d) PDOL-LLZTO electrolyte. (e) FT-IR spectra of the
PDOL and PDOL-LLZTO electrolyte. (f) DFT calculations of adsorption energy of PDOL toward Li* in the PDOL-LLZTO hybrid electrolyte and (g) the corresponding

bond energies and bond lengths of -C-O-C- bonds.

thermogravimetric analysis-mass spectrometry (TGA-MS) was
employed to monitor the gaseous products from the decomposition
of PDOL electrolyte [28, 29]. As shown in Fig. 2(c), CH;CH,: (m/z
= 29) segments exhibit the highest ion current, indicating that the
terminal ether oxygen (-O-CH,CH;) bonds in PDOL chains are
most susceptible to cleavage. As -C-O-C- bonds are vulnerable to
attack, the decomposition of PDOL also generates -CH,CH,O- (m/z
= 44) and CH,CH,O- (m/z = 45) segments. Additionally,
formaldehyde (HCHO, m/z = 30) and DOL (m/z = 73) are caused
by the re-coupling of the broken -O-C- bonds. Although the
decomposition of PDOL-LLZTO hybrid electrolyte yields similar
products, the introduction of LLZTO significantly enhances the
decomposition temperature (Fig. 2(d)). This result indicates the
presence of LLZTO plays a crucial role in enhancing the thermal
stability of PDOL-LLZTO hybrid electrolyte.

To elucidate the mechanism by which LLZTO enhances the
thermal properties of PDOL hybrid electrolyte, Fourier-transform
infrared spectroscopy (FT-IR) analyses were conducted (Fig. 2(e)).
The peak at 1132.26 cm™ is related to the stretching vibration of
—-C-O-C- bonds in PDOL. Upon incorporating LLZTO into
PDOL, this peak shifts to 1134.69 cm™, indicating that LLZTO
strengthens the -C-O-C- bonds [25, 30]. It is well known that the
surface of LLZTO possesses abundant Lewis base sites, which can
coordinate with Li* (Lewis acid sites) in the electrolyte through
Lewis acid-base interactions [31]. Thus, this reversibly weakens the
coordination between —~C-O-C- bonds and Li*. In other words,
the competitive coordination of LLZTO with Li* reinforces the
bond energy of -C-O-C- bonds.
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Density functional theory (DFT) calculations were further
performed to investigate the interactions of Li* and PDOL, as well
as between Li* and LLZTO. The adsorption energy of LLZTO with
Li* is found to be —5.021 eV, significantly higher than that of PDOL
with Li* at —0.594 eV (Fig. 2(f) and Fig. S2 in the ESM). This result
indicates that LLZTO has a reinforced ability to competitively
interact with solvated Li". Consequently, the adsorption energy of
PDOL with Li* in PDOL-(Li*-LLZTO) composite structure
decreases to —0.534 eV upon involvement of LLZTO in the
competitive coordination with PDOL-Li. The attenuated
adsorption energy of PDOL with Li* conversely results in enhanced
electron cloud density of the oxygen atom, thereby strengthening
the bond energy of the -C-O-C- bond in PDOL. Consequently,
the bond energy increases from 3.215 to 4.480 eV (Fig. 2(g)).
Moreover, the bond length of the -C-O-C- bond decreases from
1.413 to 1408 A. The elevated bond energy and reduced bond
length further demonstrate the enhanced thermal stability of PDOL
due to the competitive interactions of LLZTO with solvated Li".

2.2 Preparation and properties of thermally stable PDOL
hybrid electrolyte

Garnet-type LLZTO powders are widely employed as active fillers
in polymer electrolytes to improve their electrochemical
performance owing to their excellent thermal stability, high ionic
conductivity, and good chemical stability [32]. However, the energy
density, a crucial parameter of battery practical applications, is
heavily dependent on the thickness of solid-state electrolyte
membranes. Therefore, an ultrathin LLZTO-coated PE ceramic
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separator was first prepared through ultrasonic spraying of nano
LLZTO powders (Fig. S1 in the ESM) onto both sides of the
ultrathin PE separator [33, 34]. In comparison to traditional tape
casting, ultrasonic spray-coating can effectively suppress the
aggregation of LLZTO particles, enabling the formation of a
uniform LLZTO layer with controllable thickness. Subsequently,
PDOL hybrid electrolyte was obtained by in-situ polymerization of
PDOL precursor within the LLZTO-coated ceramic separator, as
illustrated in Fig. 3(a). Ultrasonic spraying-coating technology,
known for its uniform spray distribution and precise thickness
control, is widely applied in film preparation [35]. After ultrasonic
spraying, the ceramic separator is uniformly coated with nano-sized
LLZTO particles (Figs. 3(b) and 3(d)). The thickness of the LLZTO
layer on each side of the bare PE membrane is only 3 pm, resulting
in an ultrathin LLZTO ceramic separator membrane with a total
thickness of just 12 um (Figs. 3(c) and 3(e)).

Notably, the ultrathin LLZTO coating layer acts as a rigid
scaffold, not only enhancing the mechanical strength of electrolyte
membranes but also preventing the thermal shrinkage of the PE
separator under thermal abuse conditions, thereby averting the
occurrence of internal short circuits. Nanoindentation tests
demonstrate that the load-bearing capacity of the LLZTO ceramic
separator stabilizes at 14.2 GPa, which is 45% higher than that of
the original PE separator (Fig. 3(f)). High mechanical performance
also suggests an enhanced ability to inhibit the penetration of Li
dendrites during cell operation. Furthermore, the LLZTO coating
layer enhances the thermal stability of the PE separator. It can be
observed that the ceramic separator maintains its initial shape
without obvious thermal shrinkage even at an elevated temperature
of 150 °C, whereas the original PE separator undergoes severe
shrinkage at 120 °C (Fig. 3(g)). This observation indicates that the
LLZTO ceramic separator effectively mitigates safety hazards

(a) PE separator

Ultrasonic

o
spray-coating

(c) (e)

PE separator

LLZTO separator

LLZTO separator

associated with internal short circuits under thermal abuse
conditions [36].

Thermally stable and ultrathin PDOL hybrid electrolyte was
synthesized through in-situ polymerization of PDOL precursor
within LLZTO ceramic separators. Figure 4(a) illustrates the
polymerization mechanism wherein the aluminum cation of
aluminum trifluoromethanesulfonate (Al(OTf);) initiates the ring-
opening polymerization of DOL monomers, ultimately converting
it into transparent solid-state PDOL electrolyte [37]. 'H nuclear
magnetic resonance (NMR) spectroscopy reveals new peaks at
3.59 ppm and 4.63 ppm for PDOL and PDOL-LLZTO electrolytes,
corresponding to the oH and fH atoms in PDOL, respectively (Fig.
4(b)) [24]. Similarly, *C NMR spectroscopy detects new peaks at
66.87 and 95.19 ppm, attributed to -O-CH,-CH,-O- and
-O-CH,-O groups in PDOL chains, respectively (Fig. S3 in the
ESM). These results confirm the successful ring-opening
polymerization of the DOL monomer. Additionally, no other
characteristic peaks are observed in X-ray diffraction (XRD)
spectroscopy apart from the peaks corresponding to LLZTO and
PDOL (Fig. S4 in the ESM), verifying the good compatibility
between LLZTO and PDOL. Moreover, the LLZTO ceramic
separator exhibits a reduced contact angle and rapid wetting
towards DOL precursors compared to the original PE separator,
indicating excellent affinity of LLZTO with DOL (or PDOL)
molecular (Fig. 4(c) and Fig. S5 in the ESM). Consequently, the
porous ceramic skeletons are uniformly infiltrated by PDOL
electrolyte, forming a continuous Li* conducting pathway (Fig. 4(d)
and Fig. S6 in the ESM).

Ton conduction and Li* transference number (#;;,) are crucial for
battery performance. The Li-ion conductivity of ultrathin PDOL-
LLZTO hybrid electrolyte reaches 2.12 x 10 Scm™ at room
temperature, higher than that of pristine PDOL electrolyte (1.06 x

PDOL hybrid electrolyte
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PDOL

) _

LLZTO separator
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o _— ».
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Figure3 (a) Diagram of the preparation process of the ultrathin PDOL hybrid electrolyte. (b) and (d) Surface and optical images (inset) for the PE separator before and
after ultrasonic spray-coating LLZTO nanoparticles. (c) and (e) Cross-sectional images for the PE separator before and after ultrasonic spray-coating LLZTO
nanoparticles. (f) Nanoindentation profiles of original PE separator and LLZTO-coated ceramic separator. (g) Thermal shrinkage behaviors of original PE separator and

LLZTO-coated ceramic separator at 25, 120, and 150 °C.
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Figure4 (a) Polymerization mechanism of DOL initiated by Al(OTf); and digital images before and after polymerization. (b) 'H NMR of DOL monomer, PDOL
electrolyte, and PDOL-LLZTO hybrid electrolyte. (c) Contact angle test of original PE separator and LLZTO-coated ceramic separator. (d) Surface SEM image of PDOL-
LLZTO hybrid electrolyte. (¢) Impedance plots of the PDOL and PDOL-LLZTO hybrid electrolytes at room temperature. (f) Chronoamperometry profiles for the PDOL
and PDOL-LLZTO hybrid electrolytes at room temperature. The inset figures are impendence plots before and after polarization.

10" Sem™) (Fig. 4(e)). This enhancement is attributed to the
improved infiltration of DOL precursors into porous ceramic
separators. Moreover, the existence of LLZTO accelerates Li-ion
percolation along the LLZTO-PDOL interface. LLZTO fillers, with
sufficient surface Lewis base sites, facilitate Li salt dissociation,
thereby enhancing the Li carrier concentration (Fig. S7 in the ESM).
In addition, LLZTO can capture TFSI" anions due to the
interactions between LLZTO and anions, leading to the immobility
of anions. As a result, PDOL-LLZTO hybrid electrolyte exhibit an
increased f,;+ of 0.67 (Fig. 4(f)). The enhanced ¢,;+ indicates reduced
concentration polarization, which promotes uniform Li deposition.
The linear sweep voltammetry (LSV) measurements further
demonstrate an expanded electrochemical window of up to 4.70 V
for PDOL hybrid electrolyte compared to 4.00 V for pristine PDOL
electrolytes (Fig. S8 in the ESM). These results suggest that ultrathin
PDOL hybrid electrolyte hold significant promise for high-energy-
density battery applications.

2.3 Interface compatibility and Li deposition behaviours

The compatibility of PDOL hybrid electrolyte with Li metal anode
was verified in Li||Li symmetric cells. As shown in Figs. 5(a) and
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5(b), the PDOL hybrid electrolyte exhibit a higher critical current
density (CCD) of 1.9 mA-cm™ than that of PDOL electrolyte
(1.2 mA-cm™), implying a considerable capability of PDOL hybrid
electrolyte in inhibiting Li dendrites. Moreover, the Li|PDOL-
LLZTO|Li symmetric cell demonstrates an extended cycling
lifespan of 200 h with a steady overpotential of 40 mV at
0.5 mA-cm™ and 0.5 mAh-cm™ In contrast, a sudden internal short
circuit induced by Li dendrite penetration occurs for Li|PDOL|Li
symmetric cells after cycling for 100 h (Fig. 5(c)). The
electrochemical impedance spectrum measurements were
conducted to further evaluate the interface impedance evolution.
The Li|PDOL-LLZTO|Li symmetric cells show a reduced initial
interface resistance, which remains significantly lower even after
cycling (Fig. S9 in the ESM). This result provides strong evidence
for good interface compatibility between PDOL-LLZTO hybrid
electrolyte and Li metal anode.

The morphologies of the Li metal anode after cycling were also
performed (Figs. 5(d) and 5(e), and Fig. S10 in the ESM). Li|PDOL-
LLZTO|Li cell shows dense and smooth Li morphologies, while
mossy dendrites are observed for the Li|PDOL|Li cell. Moreover, a
thinner Li deposition layer is also witnessed in the Li|PDOL-
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Figure5 (a) CCD tests of the Li||Li symmetrical cells using (a) the PDOL-LLZTO hybrid electrolyte and (b) the PDOL electrolyte at room temperature. (c) Long-term
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LLZTO|Li cell, verifying the enhanced interfacial stability and
excellent capability in regulating Li deposition and suppressing Li
dendrites. Consequently, the presence of the LLZTO layer not only
promotes Li transportation but also rectifies the distribution of Li*.
Furthermore, the high-modulus LLZTO layer as a rigid barrier
physically suppresses the Li dendrites. Therefore, the PDOL-
LLZTO electrolyte induces uniform Li deposition and achieves long-
term cycling stability in the Li||Li symmetric cells.

24 Electrochemical performances of full cells

To evaluate the performances of PDOL-LLZTO hybrid electrolyte
in a practical battery system, Li||LFP full cells were fabricated by in-
situ polymerization of PDOL. As shown in Fig. 6(a), the Li||LFP cell
employing PDOL-LLZTO hybrid electrolyte exhibits enhanced rate
capacity at all current densities from 0.1 to 1 C. It is obvious that the
discharge capacity of LilPDOL-LLZTO|LFP cell is higher than the
cell employed PDOL, reaching 163.8 mAh-g™ at 0.1 C. When the
current density gradually increases to 1 C, the capacity of the
Li[PDOL-LLZTO|LFP cell remains 142.0 mAh-g", compared to the
capacity of the LilPDOL|LFP cell decaying to only 121.4 mAh-g™.
The capacity of the Li|lPDOL-LLZTO|LFP cell quickly recovers to
its initial level when the current density returns to 0.1 C (Fig. 6(b)).
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In contrast, the Li|PDOL|LFP cell shows reduced discharge capacity
and rate performance. Long-term cycling tests of Li||LFP cells were
also conducted. The Li||[LFP cell employing PDOL-LLZTO
electrolyte exhibits stable cycling over 320 cycles with an average
Coulombic efficiency of 99.59% and a high capacity rention of
93.3% at 0.5 C (Figs. 6(c) and 6(d)). In comparison, the capacity of
the LilPDOL|LFP cell decreases to 130.4 mAh-g" after 231 cycles.
Interestingly, no obvious increase in interface impedance is
observed for the Li|[PDOL-LLZTO|LFP cell after 320 cycles.
Conversely, the Li|PDOL|LFP cell presents an increased trend in
the impedance with increasing cycles (Fig. 6(e)). These results
indicate the enhanced compatibility of PDOL-LLZTO hybrid
electrolyte with Li anode, as well as improved interfacial Li kinetics,
which is attributed to fast Li-ion percolation and reduced interface
polarization induced by high Li-ion transference number.

To further demonstrate the electrochemical performance of the
PDOL-LLZTO hybrid electrolyte under harsh working conditions,
the Li||LFP cells cycled at elevated temperatures of 60 °C. The
LilPDOL-LLZTO|LFP cell delivers an initial discharge-specific
capacity of up to 159.6 mAh-g™ and retains a discharge capacity of
139.7 mAh-g after 100 cycles at 0.5 C, while the Li|PDOL|LFP cell
experiences significant capacity decay in the initial cycles (Fig. 6(f)).
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Figure6 (a) Rate capability and (b) voltage profiles of the Li||LFP cell with PDOL and PDOL-LLZTO electrolytes. (c) Cycling stability and (d) voltage profiles of the
Li||LFP cells with PDOL and PDOL-LLZTO electrolytes at 0.5 C at room temperature. (¢) Impedance plots of the LijPDOL|LFP and Li|PDOL-LLZTO|LFP cells before
and after cycling. (f) Cycling stability of the Li||LFP cells employing PDOL and PDOL-LLZTO electrolytes at an elevated temperature of 60 °C. (g) Photos of Li|PDOL-

LLZTOILFP pouch cell lighting a red LED under mechanical abuse conditions.

The improved high-temperature performance can be attributed to
the enhanced thermal stability of PDOL hybrid electrolyte when
coupled with LLZTO due to the strengthened —~C-O-C- bond in
PDOL induced by the competitive coordination of LLZTO with Li*.
In addition, the prototype Li||LFP pouch cell was also fabricated
(Fig. 6(g)). Remarkably, despite being subjected to bending or
cutting, the pouch cell was still able to power an light-emitting
device (LED) array, demonstrating reliable safety performance and
potential for practical application.

Therefore, this work highlights a promising approach to
improving the thermal stability of PDOL electrolytes for safe solid-
state Li metal batteries through the competitive coordination of
Lewis acid-base interactions. In addition to LLZTO, other fillers
with Lewis basic sites, such as Li,;Al,sGe,s(PO,); (LAGP) and
Li, 4Aly,Ti; (PO,)4 (LATP), can also enhance the thermal stability
of PDOL-based electrolyte through the competitive coordination
mechanism. However, it is essential to thoroughly evaluate their
chemical and electrochemical stability with PDOL electrolytes and
Li anode. Overall, a bright future of high-safety solid-state Li metal
batteries looks promising, but more efforts are still needed.

3 Conclusions

In summary, the competitive coordination mechanism of solvated
Li* is demonstrated to enhance the thermal stability of PDOL
electrolytes. The strong Lewis acid-base interactions between
LLZTO and Li* weakens the coordination of Li* with PDOL chains,
resulting in reinforced bond energy of the vulnerable -C-O-C-

Tsinghua University Pre

(@ i~ 7 ma | Sci@pen

94907220 (7 of 9)

bonds in PDOL. Consequently, the thermal decomposition
temperature of PDOL increases from 110 to 302 °C. An ultrathin
PDOL-LLZTO hybrid electrolyte, with a thickness of 12 pm and
improved thermal stability, was prepared through in-situ
polymerization of PDOL within an ultrathin LLZTO-coated
separator. Due to the incorporation of LLZTO fillers into PDOL,
the wultrathin hybrid electrolyte exhibits enhanced room-
temperature ionic conductivity (2.12 x 10* S:em™) and a high Li*
transference number (0.67). Li||Li symmetric cells demonstrate an
extended cycling life of over 200 h with a low overpotential.
Moreover, Li||[LFP cells with ultrathin PDOL-LLZTO hybrid
electrolyte also cycle stably for over 100 cycles at an elevated
working temperature of 60 °C. Therefore, this work provides novel
insights to guide the design of thermally stable electrolytes for safe
solid-state Li metal batteries.

Electronic Supplementary Material: Supplementary material
(further details of the preparation of ultrathin PDOL hybrid
electrolyte and materials characterization) is available in the online

version of this article at https://doi.org/10.26599/NR.2025.
94907220.
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