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HIGHLIGHTS

e Bridged LiIL@SiMS fillers create continuous fast-ion pathways in electrolyte.
e Room-temperature ionic conductivity of electrolyte increases by 17 times.

e Composite electrolyte shows superior dendrite inhibition ability for 6532 h.
e Composite electrolyte-based batteries display excellent cycling stability.
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ABSTRACT

Poly (ethylene oxide) (PEO)-based solid electrolytes with merits of flexibility, processability, and low cost
provide avenues for augmented cell safety and superior energy density. However, they suffer from low room-
temperature ionic conductivity, and inadequate mechanical strength, limiting their application in solid-state
lithium metal batteries (LMBs). In this work, a Li*-containing ionic liquid (LiIL)-functionalized silica molecu-
lar sieve (SiMS) (denoted as LiIL@SiMS) is developed as a multifunctional filler to modify PEO-based electro-
lytes. The confined LilLs within the SiMSs with interconnected “particle-to-particle bridging” networks work as
continuous fast-ion transport pathways, dramatically increasing the ionic conductivity (2.54 x 1074 vs.
1.41 x 10°° S em™! at room temperature) and electrochemical oxidation stability potential (4.65 vs. 3.88 V) of
electrolytes. Attributed to the three-dimensional (3D) continuous LiIL@SiMS distribution, the composite elec-
trolyte also exhibits superior mechanical properties with tensile strength and Young’s modulus reaching 2.17 and
19.11 MPa (vs. 0.60 and 0.21 MPa), respectively. Thus, the Li||Li symmetric cell assembled with the composite
electrolyte demonstrates durable cycling life of 6532 h, while the composite electrolyte-based Li||LiFePO4 cell
also displays excellent cycling stability. This study establishes an “particle-to-particle bridging” conductive
strategy for highly stable PEO electrolyte-based solid-state LMBs.

1. Introduction

organic liquid electrolytes, which suffer from volatility, leakage, flam-
mability, and explosion hazards [5-7]. Additionally, lithium dendrite

The triad of attributes of superior energy density, exceptional cycling
durability, and swift charging rates propels lithium-ion batteries into
critical roles such as portable electronics, life-sustaining medical in-
struments, spacecraft power units, and modular energy storage packs
[1-4]. However, commercial lithium batteries contain a large number of
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growth during charging process can penetrate separators, causing in-
ternal short circuits and ignition. Replacing liquid electrolytes by
solid-state electrolytes shows an important route to achieving
high-safety and high-energy-density lithium metal batteries (LMBs)
[8-12]. Compared with inorganic solid electrolytes, poly (ethylene
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oxide) (PEO)-based solid polymer electrolytes have obvious merits of
straightforward synthesis, excellent film-forming characteristics,
inherent flexibility, and conformal electrode/electrolyte interfacial
contact, thus showing potential for mass production by using existing
manufacturing infrastructure [13-16]. Nevertheless, their practical
utilization in solid-state LMBs remains hindered by insufficient ionic
conductivity at ambient temperature, deficient mechanical properties,
and narrow voltage operation range [17-20].

Adding inorganic nanoparticles into polymer electrolytes would
destroy the crystalline structure of polymers, and facilitate the polymer
segment movement, which will greatly increase the ionic conductivity of
polymer electrolytes [21-25]. Moreover, nanosized fillers have large
specific surface area and the surface is modified with various Lewis acid
groups [26,27]. According to Lewis acid-base theory, the adsorption of
anions (of lithium salts) on the Lewis acidic sites facilitates lithium salt
dissociation and enhances Li* transference numbers [28-30]. Nano-
fillers possessing elevated elastic modulus and thermal resistance can
enhance both the mechanical robustness and thermal endurance of
polymer electrolytes [17,31-34].

Silica-based molecular sieves (SiMSs) have abundant mesoporous
structure, high specific surface area and rich functional groups on the
surface, and thus are suitable as nanofillers for modifying polymer
electrolytes [35-37]. However, the ionic conductivity of composite
polymer electrolytes cannot be greatly enhanced, owing to poor ionic
conductance and incontinuous distribution of the nanoparticles in the
polymer matrices [38-41]. Apart from nanoparticle fillers,
Li*-containing ionic liquids (LiILs) are also considered as an important
additive, because of their elevated thermal decomposition thresholds
and high ionic conductivity, and solvation effect in polymer electrolytes
[42,43]. Nevertheless, the incorporation of LilLs would compromise
mechanical integrity and electrochemical stability of polymer electro-
lytes [44]. Thus, proper combination of SiMSs and LilLs with their ad-
vantages remains a challenge.

In this work, LiIL (i.e., 1-ethyl-3-methylimidazolium bis (tri-
fluoromethylsulfonyl) imide, EMIMTFSI)-containing SiMSs (denoted as
LIIL@SiMSs) are exploited as a multifunctional filler to improve the
electrical, mechanical and electrochemical properties of PEO-based
electrolytes (Fig. 1la). SiMSs (i.e., SiOp with amino functionalized
groups) possess abundant pore structures (larger pore diameter of
3.419 nm than those (7.9 and 7.6 A) of EMIM " and TFSI ions [42]) and
exceptional adsorption capacity, enabling the LiIL infiltration with the
help of electrostatic interaction and capillary effect. Compared to the
pristine PEO-lithium bis(trifluoromethane)sulfonimide (LiTFSI) elec-
trolyte (denoted as PL), the confined LilLs within the bridging SiMS
networks serve as continuous fast-ion transport pathways, greatly
increasing the ionic conductance and mechanical strength of the
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polymer electrolyte (Fig. 1b). Furtherly, the confinement of LilLs in the
SiMSs prevents the leakage of LilLs, broadening the electrochemical
window of the PEO-LiTFSI-LiIL@SiMS composite electrolyte (denoted as
PL-LiIL@SiMS). Consequently, the PL-LIIL@SiMS composite electrolyte
demonstrates exceptional lithium dendrite resistance, enabling great
improvement in LMBs cycling stability.

2. Experimental section
2.1. Preparation of LIIL@SiMSs

2 g dried LiTFSI (>99%, Aladdin) was added in 2.73 g EMIMTFSI
(99.9%, InnoChem), and then stirred at 40 °C until complete melting of
LiTFSI to obtain LilLs. After that, LiILs and SiMSs (XFNANO) were mixed
with different mass ratio (0.5:1, 1:1, 1.5:1, 2:1, 2.5:1 and 3:1), grinded
with a mortar for 10 min (to ensure complete filling of LilLs in SiMSs),
and treated at 80 °C for 12 h in vacuum to obtain LiIL@SiMSs.

2.2. Preparation of composite electrolytes

LiIL@SiMSs were added in 36 mL N, N-dimethylformamide (DMF)
(>99.9%, InnoChem), ultrasonicated for 4 h, and then magnetically
stirred for 4 h to obtain homogeneous LiIL@SiMS dispersions. LiTFSI
(>99%, Aladdin) and PEO (Sigma-Aldrich, Mw = 600,000) was then
added in the LIIL@SiMS dispersions and stirred until complete dissolu-
tion to obtain PEO/LiTFSI/LIIL@SiMS mixture solutions. Total mass of
LiIL@SiMSs, PEO, and LiTFSI was 2.5 g with an EO:Li* molar ratio of
18:1. The mixture solutions were poured into a PTFE mold and vacuum-
dried at 60 °C for 72 h, peeled from the mold, and hot-pressed at 50 °C
for 12 h to obtain the composite electrolyte membrane of PL-
LIIL@SiMSx (x = 1, 5, 10, or 15). For comparison, the PEO-LiTFSI
electrolytes containing SiMSs, LilLs, or LilLs and SiMSs were labeled
as PL-SiMS, PL-LilL, or PL-LiIL+SiMS, respectively. The electrolyte
membranes were cut into circular discs of 19 mm in diameter using a
slicer, and then kept in an argon-containing glove box (HyO/
O, < 0.1 ppm) for subsequent use.

2.3. Material characterizations

Microstructural characteristics of electrolytes and Li electrodes were
examined via a Hitachi SU8010 field emission scanning electron mi-
croscope (SEM). A FEI F20 field emission transmission electron micro-
scope (TEM) coupled with an energy-dispersive X-ray spectroscope
(EDS) was utilized to characterize the microstructure of SiMSs and
LiIL@SiMSs. The crystal structure of the electrolytes were characterized
using a Bruker AXS D8 Focus X-ray diffractometer (XRD). Thermal be-

Fig. 1. Schematic descriptions of (a) preparation process of PL-LIIL@SiMS electrolyte and (b) ionic transport mechanism.
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haviors were assessed by using a Hitachi STA7300 simultaneous ther-
mogravimetry/differential thermal analyzer (TG/DTA) under nitrogen
atmosphere. Crystallinity of the polymer electrolytes was determined by
a DSC6000 differential scanning calorimeter (DSC). Crystallinity (y.)
was calculated by using Equation (1):

%o = (AH/y x AHpgo) x 100% €]
Where AH was the electrolyte enthalpy change, AHpgo was the melting
enthalpy of pure PEO (213.7 J g~1), and y was the mass fraction of PEO
in the electrolyte. Full pore analysis of SiMSs before and after LilL filling
was conducted on a Quantachrome Autosorb IQ instrument with
degassing condition set at 100 °C for 8 h. A constant strain rate of
2 mm min~! was applied via a JB-126A universal testing machine to
evaluate mechanical tensile properties of the electrolyte membranes.

2.4. Electrochemical measurements

The electrochemical impedance test was conducted on stainless steel
(SS)||SS cells by using a Zahner electrochemical workstation in a fre-
quency range of 1 M-10 mHz. The impedance spectra were fitted using
a Zview software to obtain the required resistance values. The calcula-
tion formula for the ionic conductivity (6) of the electrolytes was
described as follows:

U_L
" RxA

(2)

Where L denoted the thickness of the electrolytes, R denoted the elec-
trolyte impedance, and A denoted the contact area between the elec-
trolytes and the SS gaskets. Furthermore, the activation energy (E,) was
calculated according to the calculation formula as follows:

A _E
0 = —e RxT
T

3

Where A denoted the pre-exponential factor, R is the ideal gas constant
(8.314 Jmol ! K’l), and T denoted the absolute temperature. Electro-
chemical stability windows of electrolytes were characterized via linear
sweep voltammetry (LSV) by using a CHI660E electrochemical
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workstation with a scanning rate of 1 mV s 1.

The critical current density (CCD) of Li||Li batteries was tested by
using a Neware battery testing system. Cycling stability was evaluated at
0.1 mA cm~2 with 1 h stripping/plating steps at 60 °C. The LiFePO,
(LFP) electrode consists of 80 wt% LFP active material, 10 wt% poly-
vinylidene fluoride binder, 9.7 wt% conductive carbon black and 0.3 wt
% multi-walled carbon nanotubes as additional conductive additives.
The active material loading was maintained at approximately
2.0 mg cm™? for all cathodes. Solid-state Li||[LFP cells were cycled at
various current densities of 0.1, 0.2, 0.3, 0.5 and 1C within 2.5-3.8 V to
determine the rate capability (1C = 170 mAh g™1), and also cycled at
0.1C and 60 °C to determine the cycling stability. Solid-state Li||
LiNig 6Cog.2Mng 205 cells were prepared with Li foil anodes and
~1.4 mg cm 2 LiNig Cog 2Mng 202-containing cathodes (MGL NEW
MATERIALS) and cycled between 2.8 and 4.2 V at 30 °C using different C
rates (1C = 180 mAh).

3. Results and discussion
3.1. Physicochemical properties of LiIL@SiMSs

SiMSs were mixed with LilLs with various mass ratios (0.5:1, 1:1,
1.5:1, 2:1, 2.5:1 and 3:1 of LiIL:SiMS) to prepare the LiIL@SiMS particles
and then compressed for pellets (Fig. 2a-b). When the proportion of
LilLs was relatively low, the appearance of SiMSs had no obvious
change. However, when the LiIL:SiMS mass ratio increased to 2.5:1, the
viscosity of the powders increased, and they were easy to agglomerate
into small particles. Meanwhile, a large number of LilLs leaked on the
LiIL@SiMS pellets. Thus, the LiIL:SiMS mass ratio should be lower than
2:1.

The effect of LiIL:SiMS mass ratio on the ionic conductivity of the
LiIL@SiMS pellets was then investigated (Fig. 2c). As the LiIL content
increased, the ionic conductivity of the LiIL@SiMS pellets gradually
increased, because of fast-ion pathways in the pellets. At a LiIL:SiMS
mass ratio of 2:1, the ionic conductivity increased to 1.67 x 107> S cm ™
at 30 °C. Further increase of the LilL content yielded negligible
improvement in the ionic conductivity, because of the pores were fully
filled with LilLs. To maximize LiIL loading while avoiding leakage risks
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(and nanoparticle aggregation), the LiIL:SiMS mass ratio of 2:1 was
selected for subsequent studies.

The microstructure of the SiMSs before and after the LiIL filling was
also studied. TEM characterizations revealed that the LiIL@SiMSs still
remained the chained structure with “particle-to-particle bridging”,
which would be beneficial for facilitating the ion transport (Fig. S1 and
S2). The EDS mappings of Si, O, S, N, and F elements confirmed the
effective filling of LilLs in the SiMSs. The resultant isotherms and full
pore analysis measurements further proved that the pristine SiMSs had
an average pore diameter of 3.419 nm and large specific surface area of
177.271 m? g~! and pore volume of 1.257 cm® g ! (Fig. 2d—f). However,
after the filling of LilLs to form the LiIL@SiMSs, the specific surface area
drastically decreased to 1.449 m? g}, and the pore volume dropped to
0.027 cm® g1, This further confirmed that the LilLs were successfully
filled in the pores of the SiMSs. Because of the filling of LiILs in the pores
of the SiMSs and the formation of large voids between the aggregated
LiIL@SiMSs, the pore diameter increased from 3.419 nm to 28.392 nm.

3.2. Morphology of electrolytes

The LiIL@SiMSs were incorporated in PEO-LiTFSI electrolytes for
preparing PL-LiIL@SiMS composite electrolytes with various LiIIL@SiMS
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content of 0-20 wt% (Fig. S3), and their ionic conductivities were
measured at different temperatures (Fig. S4). The ionic conductivity of
the electrolytes progressively increased with the LiIL@SiMS content,
due to the increase of the fast-ion transport channels. The ionic con-
ductivity of the composite electrolytes increased from 5.88 x 107> to
2.54 x 1074 S cm™! at 30 °C, when the LIIL@SiMS content increased
from 5 to 15 wt%. Because of the severe deformation of the electrolyte
with 20 wt% LiIL@SiMS loading, the optimal LiIL@SiMS loading for the
composite electrolyte was selected to be 15 wt%. Apart from the com-
posite electrolyte with 15 wt% LiIL@SiMSs (denoted as PL-LiIL@SiMS in
the following sections), the PL electrolytes with 5 wt% SiMSs (denoted
as PL-SiMS), 10 wt% LilLs (denoted as PL-LiIL), and 5 wt% SiMSs and
10 wt% LilLs (denoted as PL-LiIL+SiMS) were also prepared as control
samples.

As shown in Fig. 3, the PL electrolyte has a rough surface. There are
many pores in the PL-LiIL and PL-LiIL+SiMS electrolytes (indicated by
white circles), which should be attributed to the incorporation of the
LilLs (evaporation during the electrolyte desiccation process). Similar to
the PL-SiMS electrolyte, there are no visible pores in the PL-LiIIL@SiMS
electrolyte membrane, because of the encapsulating of LilLs within the
pores of SiMSs. The elimination of pores would be helpful for enhance
the mechanical strength of the electrolytes (See the following Fig. 4g).

Fig. 3. SEM images of (al-a4) PL, (b1-b4) PL-SiMS, (c1-c4) PL-LilIL, (d1-d4) PL-LiIL+SiMS, and (el-e4) PL-LIIL@SiMS electrolytes at the surface (al-a3, b1-b3, c1-c3,

d1-d3 and el-e3) and cross section (a4, b4, c4, d4 and e4).
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LiIL@SiMS electrolytes.

3.3. Electrical, mechanical, and thermal properties of electrolytes

Electrochemical impedance spectra were obtained for calculating the
ionic conductivity of the electrolytes (Fig. S5). The pure PL electrolyte
showed a low ionic conductivity of 1.41 x 107> S cm™! at room tem-
perature with a high E, value of 0.90 eV (Fig. 4a-b). The incorporation
of the SiMSs and LilLs resulted in the increase of the ionic conductivities
t0 5.32 x 107° and 6.99 x 107> S ecm ™! for the PL-SiMS and PL-LilL

electrolytes, respectively, due to the solvation effect by the additives.
Simultaneous addition of the SiMSs and LiILs led to the increase of the
ionic  conductivity of the  PL-LiIL+SiMS electrolyte to
1.12 x 1074 S em™. In comparison, the PL-LIIL@SiMS electrolyte
exhibited a room-temperature ionic conductivity of 2.54 x 107 S cm™,
which was 18 times higher than that of the pure PL electrolyte. This
should be attributed to the confinement of LilLs in the pores of the
“particle-to-particle bridging” SiMSs and the generation of the
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continuous fast-ion pathways. Meanwhile, the PL-LiIL@SiMS electrolyte
showed the lowest E, value of 0.55 eV among all the electrolytes, sug-
gesting the fast ion transport in the PL-LiIL@SiMS electrolyte.

Surface and cross-section EDS mappings of PL-LiIL@SiMS electrolyte
(Fig. S6) revealed uniform dispersion of N, O, F, Si and S elements
throughout the polymer matrix, indicating that the LiIL@SiMS fillers
were homogeneously distributed without significant aggregation. TEM
observation (Fig. S2) showed that these fillers retained a particle-to-
particle bridging morphology, which provided the structural basis for
forming interconnected networks. Additionally, N, adsorption-
desorption isotherms of SiMSs and LiIL@SiMSs (Fig. 2d-f) confirmed
that the pores of SiMSs were completely filled by LiIL, transforming the
insulating SiMSs into conductive building blocks. The critical role of this
continuous structure was further evidenced by the significantly higher
ionic conductivity of PL-LIIL@SiMS compared to PL-LiIL+SiMS, where
the LiIL. was simply mixed without pre-organization. Collectively, these
results demonstrated that the uniformly dispersed LiIL@SiMS fillers
with particle-to-particle bridging created a three-dimensional inter-
connected network that served as continuous fast-ion pathways, ac-
counting for the exceptional ionic conductivity of the PL-LIIL@SiMS
electrolyte.

To further evaluate the Li™ transport characteristics, the Li* trans-
ference number (z1}) of the electrolytes was determined (Fig. S7). The
PL-LiIL@SiMS electrolyte exhibits the highest ; value of 0.55, signifi-
cantly higher than those of PL (0.17) and PL-SiMS (0.36). The high
717 value means the effective immobilization of TFSI™ and facilitation of
Li" transport, which would effectively mitigate the concentration po-
larization, and contribute to the superior dendrite suppression and long-
term cycling stability of Li| |Li cells.

Density functional theory (DFT) calculations were performed to
study the binding energies between SiMS and PEO, TFSI~ and Li", as
shown in Fig. 4c. The calculated binding energy (Ep,) of SiMS-TFSI™ is
—11.96 eV, which is stronger than that of SiMS-Li" (-5.78 eV). The
results indicate that SiMS can anchor TFSI™ through strong hydrogen
bonding interactions and promotes the dissociation of LiTFSI, leading to
an increased concentration of free Li*. The calculated binding energy of
SiMS-PEO is —8.69 eV, indicating the presence of hydrogen bonding
between the SiMS and PEO, which can reduce the crystallinity of PEO
and improve the ionic conductivity of the electrolyte.

To unravel the underlying principles of the improved ion transfer in
the composite electrolytes, XRD and DSC measurements were performed
(Fig. 4d-e and S8). The pure PL electrolyte showed sharp X-ray
diffraction peaks at 19° and 23°, which were corresponded to the
characteristic peaks of crystalline PEO. The peak intensity greatly
decreased after the addition of the LilLs and SiMSs. Especially, the PL-
LIIL@SIiMS electrolyte had the lowest peak intensity, indicating the
greatly reduced PEO crystallinity in the composite electrolytes. DSC
curves in Fig. 4e showed that the PL electrolyte showed a high glass
transition temperature (Tg) of —43.61 °C. The PL-SiMS, PL-LiIL, and PL-
LilL+SiMS electrolytes showed much lower Ty values of —53.34,
—57.62, and —60.75 °C, respectively, because of the solvation effect of
the LilLs and SiMSs. The low T, values also indicate the fast movement of
the PEO segments, which is beneficial for increasing the ionic conduc-
tivity. It should be mentioned that the Ty value of PL-LIIL@SiMS elec-
trolyte (—57.59 °C) was higher than that of the PL-LiIL4SiMS
electrolyte, because of the confinement of the LilLs in the pores of the
SiMSs, and the weakening of the solvation effect by the LilLs. Moreover,
the PL-SiMS, PL-LiIL, and PL-LiIL+SiMS electrolytes had much lower
PEO crystallinities of 32.0%, 23.0%, and 28.4% than the pure PL elec-
trolyte (38.5%), respectively (Fig. S8). Similarly, the PL-LiIL@SiMS
electrolyte had higher PEO crystallinity of 29.3% than the PL-
LiIL+SiMS electrolyte, because of the LilL confinement in the SiMS
pores.

As shown in Fig. 4f, linear sweep voltammetry (LSV) measurements
disclosed that the addition of the SiMSs and LilLs made the electro-
chemical oxidation stability increase from 3.88 V to 5.31 and 4.43 V,
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respectively. Moreover, both the PL-LilL+SiMS and PL-LiIL@SiMS
electrolytes exhibited high oxidation stability potentials of 4.65 V.

Mechanical properties of the solid electrolytes were characterized
(Fig. 4g). The pure PL electrolyte showed low ultimate tensile strength of
0.60 MPa and Young's modulus of 0.21 MPa. However, the incorpora-
tion of the LilLs and SiMSs resulted in the increase of the ultimate tensile
strength and Young's modulus to 0.91 and 8.30 MPa for the PL-LiIL
electrolyte and 2.30 and 19.90 MPa for the PL-SiMS electrolyte,
respectively. The simultaneous addition of the LiILs and SiMSs endowed
the PL-LiIL+SiMS electrolyte with high tensile strength of 1.61 MPa and
Young's modulus of 10.00 MPa. Because of the confinement of the LilLs
in the SiMS pores, the PL-LiIL@SiMS electrolyte demonstrated higher
tensile strength of 2.17 MPa and Young's modulus of 19.11 MPa than the
PL-LiIL+SiMS electrolyte.

To assess the thermal stability, the electrolyte discs were subjected to
isothermal exposure at different temperatures (Fig. S9). As the temper-
ature increased from 30 to 90 °C, the shape of all the electrolyte films
showed no significant change. However, when the temperature
increased to 120 °C, the PL and PL-LiIL electrolytes completely melted,
whereas the PL-SiMS, PL-LilL+SiMS, and PL-LiIL@SiMS electrolytes
maintained their structural integrity without shape change, due to the
high thermal stability of the SiMSs additives.

3.4. Resistance against Li dendrites of electrolytes

To study the dendrite suppression effect of the electrolytes, Li||Li
symmetric cells were assembled and tested at increasing current den-
sities (Fig. 5a—-c). The pure PL electrolyte-containing Li||Li cell showed a
CCD value of 0.25 mA cm™2. With the incorporation of high-modulus
SiMSs in the PL electrolyte, the CCD value of the Li|PL-SiMS|Li and Li|
PL-LIL@SiMS|Li cells increased to 0.30 mA cm 2, demonstrating
effective lithium dendrite suppression capability, which should be
attributed to the much high mechanical modulus of the PL-SiMS and PL-
LiIL@SIiMS electrolytes (Fig. 4g).

To further evaluate the durability of the electrolyte membranes
during lithium stripping/deposition cycles, long-term cycling of the Li||
Li symmetric cells at 0.1 mA cm ™2 was performed (Fig. 5d—f). The Li|PL|
Li cell displayed pronounced voltage oscillations peaking at 0.164 V,
followed by obvious short circuiting after 616 h of operation. This fail-
ure is commonly attributed to the low ionic conductivity and insufficient
mechanical strength of the PL electrolyte, causing uneven lithium
deposition, dendrite formation, and penetration of the electrolyte
membrane. The noticeable potential fluctuations observed in the Li||Li
cell (Fig. 5d) is indicative of interfacial instability during cycling, which
should be attributed to the continuous formation and rupture of the solid
electrolyte interphase (SEI) layer, driven by the low mechanical strength
(Young's modulus of 0.21 MPa) and insufficient ionic conductivity and
Li* transference number of the PL electrolyte. These deficiencies led to
uneven Li™ flux distribution and local current density inhomogeneities,
resulting in non-uniform Li deposition/dissolution and persistent SEI
reconstruction. In comparison, though the severe voltage oscillations,
the Li|PL-SiMS|Li cell possessed a longer cycling life of 4167 h, because
of the improved ionic conductance and mechanical strength of the PL-
SiMS electrolyte. Especially, the Li|PL-LIIL@SiMS|Li cell maintained a
stable voltage plateau throughout over 6532 h at 0.10 mA cm 2
(Figs. 5f) and 500 h at 0.20 mA em ™2 of cycling (Fig. S10), demon-
strating exceptional interfacial compatibility between the composite
electrolyte and lithium metal electrodes.

To investigate change in resistance during the cycling process,
electrochemical impedance measurements were conducted on the Li||Li
symmetric cells before cycling, after 600 h of cycling, and after the
completion of the long-term cycling test (Fig. 5g-i). Before cycling, the
Li|PL|Li cell exhibited a much higher Ry value of 427.2 Q compared to
the Li|PL-SiMS|Li (224.0 Q) and Li|PL-LIIL@SiMS|Li (202.1 Q) cells,
indicating that the incorporation of fillers effectively reduced the initial
interfacial barrier. After 600 h of cycling, the Ry values of all the cells
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Fig. 5. Critical current density tests of (a) PL, (b) PL-SiMS and (c) PL-LIIL@SiMS electrolyte-based Li||Li cells at 60 °C. Galvanostatic cycling curves of (d) PL, (e) PL-
SiMS and (f) PL-LIL@SiMS electrolyte-based Li||Li cells at 0.10 mA cm~2 and 60 °C. Electrochemical impedance spectra of Li||Li cells based on (g) PL, (h) PL-SiMS
and (i) PL-LiIIL@SiMS electrolytes before and after Li stripping/plating processes. SEM images of the surfaces of the cycled Li electrodes paired with (j) PL, (k) PL-

SiMS and (1) PL-LiIL@SiMS electrolytes.

decreased due to improved electrolyte/electrode interfacial contact,
with the Li|PL-LiIL@SiMS|Li cell still showing the lowest R¢ value
(25.6 Q). After the full cycling test, distinct evolution patterns emerged.
The Li|PL-SiMS|Li cell exhibited a substantial R¢ value increase from
224.0 Q to 932.5 Q after 4167 h. In contrast, the Li|PL-LIIL@SiMS|Li cell
showed only a slight increase from 202.1 Q to 541.4 Q even after 6532 h.
This stable interfacial resistance throughout the extended cycling
directly explains the superior long-term cycling stability of the PL-
LiIIL@SiMS electrolyte.

Fig. 5j-1 shows the surficial SEM images of the lithium electrodes of
the cycled Li| |Li cells. The lithium electrodes paired with the PL and PL-
SiMS electrolytes exhibit a large number of mossy and spherical lithium
dendrites, which are harmful to the long-term cycling stability of the
cells. In contrast, the lithium electrodes paired with the PL-LIIL@SiMS
electrolyte is smooth without obvious lithium dendrite growth, con-
firming the stronger lithium dendrite inhibition ability of the PL-
LiIL@SiMS electrolyte. The chemical composition of the SEI layer was
analyzed by XPS (Fig. S11). The C 1s spectrum of the Li electrode cycled
with the PL electrolyte shows distinct —CF3 and C=0 peaks, indicating
high organic content from incomplete decomposition, while these peaks
are absent for the Li electrode paired with the PL-LIIL@SiMS electrolyte.

Moreover, for the Li electrode cycled with the PL electrolyte, only a
weak LiF signal is detected in the F 1s spectrum. In contrast, the Li
electrode cycled with the PL-LiIL@SiMS electrolyte exhibits a strong LiF
peak together with a distinct Li3N signal in the N 1s spectrum. The LiF-
rich SEI provides high mechanical strength to physically suppress
dendrite growth, while the presence of LisN enhances Li™ conductivity
at the interface. This robust and highly conductive SEI layer is key to the
exceptional interfacial compatibility and long-term cycling stability of
the PL-LIIL@SiMS electrolyte-based cells.

3.5. LMB cycling performance

To evaluate the practical application of the electrolytes, solid-state
Li||LFP cells were assembled and tested at 60 °C under various current
densities (Fig. 6a—c, S12 and S13). The Li|PL|LFP and Li|PL-SiMS|LFP
cells exhibited rapid capacity decay at 0.2-0.3C, accompanied with
the irreversible capacity loss even when returning to 0.1C. In contrast,
the Li|PL-LiIIL@SiMS|LFP cell demonstrated superior rate performance,
delivering higher discharge capacities of 175.8, 164.0, and 116.8 mAh
g 1at0.1, 0.2, and 0.3C, respectively, because of the fast-ion pathways
in the PL-LIIL@SiMS electrolyte. Observing the charge-discharge
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Fig. 6. (a) Rate performance of solid-state Li||LFP cells at 60 °C. Charge/discharge voltage profiles of (b) Li|PL|LFP and (c) Li|PL-LiIIL@SiMS|LFP cells at various
rates. (d) Cycling performance of solid-state Li||LFP cells at 60 °C and 0.1C. Charge/discharge voltage profiles of (e) Li|PL|LFP and (f) Li|PL-LIL@SiMS|LFP cells.
Comparison of (g) room-temperature ionic conductivity of electrolytes and cycle life of Li||Li cells, and (h) Li| |LFP cell performance reported in open literatures [11,

13,19,40,41,45-50]. More details are given in Table S1.

voltage profiles of the Li|PL-LIIL@SiMS|LFP cell at various rates, the
relatively flat plateau is observed at around 3.45 V at 0.1C in the charge
process, indicating negligible electrode polarization. As the current
density increases to 0.2C and 0.3C, the charge potential plateau shifts to
around 3.50 and 3.55 V, respectively, because of the strengthened ohmic
polarization and electrochemical polarization, while the tails at the end
of the charge processes is typical characteristic of concentration polar-
ization arising from limited Li* diffusion. When the rate returns to 0.1C
after high-rate cycling, the charge potential plateau stabilizes at around
3.50 V with a mild slope, suggesting partial irreversible polarization
accumulation, likely due to SEI evolution or interfacial degradation.

Long-term cycling stability tests of the Li||LFP batteries were con-
ducted at 0.1C and 60 °C (Fig. 6d—f and S14). During the first three
cycles, the discharge capacities of the cells increased, because of the
improvement in the electrolyte/electrode interfacial contact and the
activation of the LFP electrodes. Both the Li|PL|LFP and Li|PL-SiMS|LFP
cells delivered rapid capacity decay. By comparison, the Li|PL-
LiIL@SiMS|LFP cell exhibited exceptional cycling stability, delivering
an initial discharge capacity of 137.5 mAh g ! and a high capacity
retention of 92.4% after 58 cycles. This is attributed to the high ionic
conductivity and superior mechanical strength of the PL-LIIL@SiMS
electrolyte. Furthermore, the Li|PL-LiIL@SiMS|LFP cell had an initial
discharge capacity of 138.9 mAh g~! at 60 °C and 0.3C (Fig. S15). After
30 cycles, the cell still maintained a capacity retention of 89.4%.

To investigate the electrochemical behavior within the Li||LFP

batteries, electrochemical impedance measurements were conducted
before and after the cycling process (Fig. S16). The impedance spectra
were consisted of semicircles in the mid-high frequency regions and
linear tails in the low-frequency regions. The ohmic resistance (R.) and
charge transfer resistance (R.t) values were obtained via a Zview soft-
ware by an equivalent circuit fitting. The Li|PL-LiIL@SiMS|LFP cell
showed a lower R, value of 93.3 Q than the Li|PL|LFP (99.9 Q) and Li|
PL-SiMS|LFP (142.5 Q) cells before the cycling. Even after the cycling
process, the Li|PL-LIIL@SiMS|LFP cell also showed a lower R value of
2882.2 Q than the Li|PL|LFP (7426.8 Q) and Li|PL-SiMS|LFP (4309.7 Q)
cells. This explains why the Li|PL-LIIL@SiMS|LFP cell exhibited better
rate performance and cycling stability. Besides, we can conclude that the
capacity fading originated from the formation of SEI layers and the poor
electrode/electrolyte interfacial contact during the charge-discharge
processes, based on the analyses of XPS and EIS results (Fig. S11 and
516).

Table S1 presents a comparison of the electrolyte properties in this
work with other existing literatures. Compared to other PEO-based solid
electrolytes, the PL-LiIL@SiMS electrolyte exhibits a significantly higher
room-temperature ionic conductivity (Fig. 6g). Additionally, the Li||Li
cells based on the PL-LiIIL@SiMS electrolyte demonstrate exceptional
long-term cycling stability. The cycling performance of the Li|PL-
LiIL@SiMS|LFP (Fig. 6h) and Li|PL-LiIIL@SiMS|LiNigCog 2Mng 202
(Fig. S17) cells further confirms the application potentials in high-
voltage LMBs.
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4. Conclusions

In summary, a multifunctional LiIL@SiMS filler was exploited to
comprehensively improve PEO-based electrolytes. Because of the for-
mation of continuous fast-ion pathways within the SiMSs with “particle-
to-particle bridging” networks, the ambient-temperature ionic conduc-
tivity increased by 18 times to 2.54 x 10~ S cm ™! for the PL-LIIL@SiM$S
electrolyte. The electrochemical oxidation stability potential and me-
chanical strength also increased from 3.88 V and 0.60 MPa to 4.65 V and
2.17 MPa, respectively, due to the confinement of LilLs in the SiMSs and
the 3D continuous LiIL@SiMS arrangement in the electrolyte. Conse-
quently, the Li|PL-LIIL@SiMS|Li cell showed much longer cycling life of
6532 h than the Li|PL|Li cell (616 h). Furthermore, the PL-LiIL@SiMS
electrolyte-based LMBs exhibited better rate performance and cycling
stability, showing great application prospect.
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