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Abstract

Poly(ethylene oxide) (PEO)-based solid polymer electrolytes typically suffer from limited
ionic conductivity at near-room temperature and often require inorganic reinforcement.
Halide solid-state electrolytes such as LizInClg (LIC) offer fast Li* transport but are moisture-
sensitive and typically require pressure-assisted densification. Here, we fabricate a flexible
LIC-PEO composite electrolyte via slurry casting in acetonitrile with a small amount of
LiPFs additive. The free-standing membrane delivers an ionic conductivity of 1.19 mS cm ™!
at 35 °C and an electrochemical stability window up to 5.15 V. Compared with pristine LIC,
the composite shows improved moisture tolerance, and its conductivity can be recovered
by mild heating after exposure. The electrolyte enables stable Li | LIC-PEO | Li cycling for
>620 h and supports Li| LIC-PEO I NCM111 cells with capacity retentions of 84.2% after
300 cycles at 0.2 C and 80.6% after 150 cycles at 1.2 C (35 °C). Structural and surface analyses
(XRD, SEM/EDX, XPS) elucidate the composite microstructure and interfacial chemistry.

Keywords: solid-state electrolytes; LizInCls-PEO electrolyte; solution casting

1. Introduction

Many researchers regard all-solid-state batteries (ASSBs) as the ultimate solution for
future electrochemical energy storage media due to their advantages in safety and energy
density [1,2]. At this stage, the mainstream of solid-state electrolyte (SSE) research focuses
on polymers, oxides, and sulfides [3]. Among them, PEO in the SPE was applied to the
Bollore’s Bluecar as early as 2009 [4]. Moreover, the growth of dendrites can be significantly
inhibited at low current densities, which has led to greater attention [5,6]. However, the
low performance caused by high crystallinity at room temperature limits its practical
application; it usually needs to be compounded with other materials for use [2,7-12]. On
the other hand, halide solid-state electrolytes (HSSEs), such as LizYClg (LYC), Li3InClg
(LIC), etc., have received widespread attention in recent years due to their good overall
performance since 2018 [13,14]. Since halides are not as soft as polymers, they cannot work
under normal pressure in most cases [15,16]. The test method is similar to that of sulfide
and oxide SSEs, which must always be made into pellets by the powder compression
method under high pressure. The pellets are brittle, and the entire preparation and testing
process is cuambersome and challenging to promote.

Based on previous research on SPEs and HSSEs, we were inspired by work on com-
posite electrolytes and sought to combine LIC with PEO, successfully preparing a high-
performance polymer halide solid-state electrolyte. The entire preparation process is based
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on the solution casting method, using acetonitrile as the solvent and LiPF¢ as an addi-
tional electrolyte additive. This paper presents results obtained from a lab-made LIC-PEO
film with respect to mechanical properties and electrochemical performance. The cycling
and window-voltage resilience have been tested, as has the suitability for operation with
all-solid-state batteries featuring state-of-the-art cathodes. At the same time, various prop-
erties of LIC-PEO were verified by SEM, XRD, and other tests. The LIC-PEO SSE prepared
in this work shows good performance, has rarely been researched before, and has great
application potential.

2. Materials and Methods
2.1. Preparation of LIC-PEO and Composite Cathode

The anhydrous lithium chloride (LiCl, Innochem N.V., Westerlo, Belgium, 99.99%)
and anhydrous indium chloride (InCl3, Sigma-Aldrich Merck KGaA, Darmstadt, Germany,
98%) were dissolved in deionized water in the ratio of 3:1 (molar ratio) and dried at 100 °C
until most of the water evaporated, finally dried under vacuum at 200 °C for 6 h to obtain
LizInClg powder.

LIC-PEO is prepared by dissolving/dispersing LIC, PEO (poly(ethylene oxide), Sigma-
Aldrich Merck KGaA, Darmstadt, Germany, Mv = 6 x 10°), and LiPFg (Sigma-Aldrich
Merck KGaA, Darmstadt, Germany, 99.9%) in anhydrous acetonitrile (CH3CN, Sigma-
Aldrich Merck KGaA, Darmstadt, Germany, 99.8%). The mixture is first sonicated to prevent
flocculation and then stirred continuously for 24 h until completely dissolved/dispersed.
The resulting viscous slurry is cast onto a PTFE (polytetrafluoroethylene) plate, then dried
at 60 °C for 12 h and finally under vacuum for 4 h to obtain a LIC-PEO solid electrolyte
film. Each component is pre-weighed before synthesis. The amount of LiPFg in LIC-PEO
is controlled by the molar ratio of EO groups (—CH,—CH,O—) to lithium ions at 12 (i.e.,
EO/Li+ = 12:1). The content of LIC in the LIC-PEO film is varied across experiments, as
will be discussed later. The thickness of the LIC-PEO film is controlled by the volume of
anhydrous acetonitrile and the blade. It ranges from 20 to 200 um, can be easily peeled off
with tweezers, and retains its shape under bending.

The composite cathode was prepared by mixing NCM111 powder, super carbon 65,
PVDE, LIC, and LiPF6 with a weight ratio of 8:1:0.5:0.25:0.25 in N-methyl-2-pyrrolidone
(NMP), stirring evenly, casting onto an aluminum foil base material, drying at 60 °C for
24 h, and storing under appropriate conditions.

2.2. Sample Characterization

The microscopic morphology and structure of the samples were observed using
scanning electron microscopy, and the elemental distribution was determined using energy-
dispersive spectroscopy. Ion conductivity, Electrochemical Impedance Spectroscopy (EIS),
Cyclic Voltammetry (CV), and charge and discharge tests were performed on a Biologic
VSP Potentiostat (Grenoble, France). The microstructure was visualized with an EV40
scanning electron microscope (SEM) (Zeiss, Oberkochen, Germany). The crystal structure
was determined by X-ray diffraction (XRD) using a Rigaku MiniFlex X-ray diffractometer
with Cu K« radiation (A = 1.54178 A) (Tokyo, Japan). XRD patterns were processed using
JADE (https:/ /www.icdd.com/mdi-jade/, accessed on 24 November 2025). Background
subtraction was performed by polynomial baseline fitting. No aggressive smoothing
was applied. Information such as binding energy was collected using Al Ka source X-
ray photoelectron spectroscopy (XPS) at 15 kV and 20 mA on a PHI 5800 workstation
(Minneapolis, MN, USA).
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2.3. Electrochemical Performance Measurement

The ionic conductivity was measured using LIC-PEO films by constructing an SS
(stainless steel)/LIC-PEO/SS PAT-Cell (EL-CELL, Hamburg, Germany). The test bench
setup is shown in Figure S1. The test was performed over a frequency range of 100 mHz to
1 MHz with an amplitude of 20 mV.

The electrochemical stability of LIC-PEO was measured by linear sweep voltammetry
(LSV) using the cell structure Li/LIC-PEO/SS PAT-Cell at a scan rate of 1 mV /s from 2 V
to6 V.

The preparation process for Li symmetrical cells is similar, with the LIC-PEO film
sandwiched between two circular lithium foils, each 60 um thick, and tested in a coin cell.
LIC Li symmetrical cells were tested using a special pressurized test bench (Figure S2).
The experiment was performed by applying a constant current to both electrodes and then
recording the voltage changes.

The Li+ transference number (tr;;) was measured using the Bruce—Vincent-Evans
method in Li| LIC-PEO | Li symmetric cells at 35 °C [17]. After recording the initial EIS
spectrum, a DC polarization (AV = 10 mV) was applied until a steady-state current was
reached, after which a second EIS measurement was performed. The transference number

was calculated as:
_ L(AV —LRY)

s 1
it T L (aV - LR @

where Iy and I; are the initial and steady-state currents, and RO, R® are the interfacial
resistances before and after polarization, respectively. Reversed-polarity validation was
not performed in the current setup; however, the polarization was maintained until a
stable Is was reached, and the test was repeated on independently assembled cells to
ensure reproducibility.

The activation energy (E,) was computed by fitting the temperature-dependent ionic
conductivity to the Arrhenius relation:

D = Dy exp(——=) @)

Electrochemical cycling performance was evaluated using Li/LIC-PEO/composite
NCM111 coin cells on a NEWARE BT4008 (Shenzhen, China) instrument in galvanostatic
mode.

3. Results
3.1. Characterization of the Structure of LIC-PEO

The preparation process of the LIC-PEO sample is shown in Figure 1a. It needs to be
stirred until it is uniformly milky, then cast and dried, and finally, the edges are cut and
modified to obtain the final sample (Figure 1b). Cut pieces of LIC-PEO can remain intact
under bending (Figure 1c).

According to the PEO content (10%, 20%, 30%, and 40% wt), the samples were des-
ignated as LIC-PEO-1, LIC-PEO-2, LIC-PEO-3, and LIC-PEO-4. The phase evolution of
LIC-PEO structures with varying PEO contents was studied using XRD. Most of the char-
acteristic peaks in the different LIC-PEO samples can be indexed to LizInCls (ICSD No.
89617, C2/m). The ICSD No. 89617 pattern is included only as a reference for peak in-
dexing, whereas all other traces correspond to experimentally measured XRD patterns.
The characteristic peaks at 13.5°, 34.2°, 49.2°, 28.1°, 29.5°, etc., are always present. Still,
their intensities and widths change with varying PEO content (Figure 1d). The larger
peak intensities at 28.1° and 29.5° can be attributed to LIC and a small amount of resid-
ual LiCl [18]. However, subsequent conductivity measurements proved that the residual
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amount was extremely small and did not affect performance. As the PEO content in-
creased, the low-intensity peak between 36° and 48° gradually disappeared. Compared
with the standard PDEF, the overall pattern shifted slightly toward a lower angle (Figure 1e).
This can be attributed to differences in tensile strength and other mechanical properties
between PEO and LIC [19,20]. As the material crystallizes, differences in density and
thermal expansion between the crystalline and amorphous phases create internal stress.
When the PEO solution covers the surface of Li3InCl6 grains and shrinks during drying
and solidification, the polymer may exert residual tensile stress on the inorganic grains.
The tensile stress is along the crystal plane, which is why the characteristic peak shifts
slightly to a lower angle. This stress becomes more significant with higher PEO content,
likely because PEO influences crystallization, leading to greater structural changes and
phase separation. The crystal structure of standard LIC in the Materials Project database
(https:/ /next-gen.materialsproject.org/, accessed on 2 January 2026) is shown in Figure S3.
The characteristic peak at 14.2°, representing the (001) plane, gradually disappeared, and
the peak intensity at 34.2°, representing the (131) plane, did not change significantly. This
shows that after PEO addition, the (131) plane still occupied a dominant position. On
the other hand, PEO and LIC formed a composite matrix in which LIC domains were
embedded or dispersed within a PEO-rich phase, and no molecular-level miscibility is
claimed based on the present data. The chemical environment and component fluctuations
at the interface will introduce microscopic strain fields, causing the lattice constants to differ
slightly across different regions. Additionally, the electrostatic and lattice interaction forces
that must be overcome for Li+ transport are further reduced, facilitating Li+ transport, and
reducing the impact of PEO addition on ion conductivity [21].
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Figure 1. (a) Synthesis process of LIC-PEO. (b) Digital photo of a well-stirred precursor. (c) Bending
test of LIC-PEO. (d) XRD patterns of LIC and LIC-PEO. Only the major reflections are marked
to preserve readability; minor/low-intensity peaks are not annotated due to space constraints.
(e) Details of the XRD pattern. The ICSD No. 89617 pattern is shown as a reference for peak indexing;
all other traces are experimental XRD patterns.

In the 15-30° (26) range, no pronounced amorphous halo centered around 22° (20)
could be unambiguously identified in the XRD patterns under the present signal-to-
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background conditions [22]. Therefore, we did not assign an amorphous PEO contribution
based on XRD in this work. For transparency, we provide the corresponding raw (unsub-
tracted) XRD patterns (LIC-PEO-1) in the Supplementary Materials (Figure 54), shown
on both linear and logarithmic intensity scales, so that they can be assessed directly for
potential weak broad features without relying on software background subtraction. The
reflections at 14.2° and 34.2° (26) are consistent with reported crystalline LIC features.
The reflections at 17.9° and 23.9° (20) are consistent with reported crystalline PEO fea-
tures [23,24]. Compared with the neat-PEO reference pattern [25], the characteristic PEO
crystalline reflections in the composite are weaker and broader, consistent with diminished
coherent diffraction from crystalline PEO (e.g., smaller coherent domains and/or micros-
train effects). We therefore avoid drawing any quantitative conclusion on PEO crystallinity
from XRD; a quantitative crystallinity assessment would require amorphous/crystalline
peak-area analysis and/or DSC. This conclusion is drawn qualitatively from the compar-
ison. The segmental motion of PEO chains can be enhanced in the LIC-PEO composite,
thereby facilitating Li* transport [26]. Notably, the XRD patterns of LIC-PEO show the
characteristic reflections of both LIC and PEO, and no additional crystalline impurity
phases were detected within the XRD detection limit, indicating that no major crystalline
reaction products formed during solution casting.

3.2. Characterization of Properties of LIC-PEO

The ionic conductivity of the LIC-PEO composites was evaluated using SS|LIC—
PEO | SS symmetric cells at 35 °C (Figure 2a). A non-monotonic composition dependence
was observed: the resistance decreased from LIC-PEO-1 to LIC-PEO-3 and increased
for LIC-PEO—4 (Figures 2a and S5). This trend reflects a balance between the intrinsic
high conductivity of the LIC phase and the effective ion-transport connectivity in a cast
composite film measured under limited stack pressure.
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Figure 2. (a) EIS plots of different samples of LIC-PEO at 35 °C. (b) Arrhenius plot of LIC-PEO-3.
(c) The electrochemical stability window of the LSV curve. (d) SEM image of LIC-PEO-3. (e) Digital
photo of LIC-PEO-3 before and after exposure (indicated with the red circle). (f) Plot of temperature
on LIC-PEO-3 hygroscopicity.

For LIC-PEO-1 (10 wt% PEO), the polymer content was insufficient to form a compli-
ant, continuous matrix that uniformly binds and separates LIC domains; as a result, particle
agglomeration and voids, along with poorer interparticle and interfacial contact, can lead to
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higher apparent resistance in impedance measurements [27-29]. Increasing the PEO fraction
to 20-30 wt% (LIC-PEO-2/3) improved film flexibility and contact compliance, enabling a
more homogeneous dispersion of LIC and more effective ionic transport across LIC-PEO
interfaces. Together with enhanced segmental motion in the polymer-rich interphase, this
yielded a more continuous, low-resistance pathway for Li+ migration, resulting in the
highest ionic conductivity for LIC-PEO-3 (1.19 mS ecm ! at 35 °C; Figures 2a and S5) [30].

When the PEO fraction was further increased to 40 wt% (LIC-PEO-4), the composite
became polymer-rich and the LIC fraction decreased; consequently, the continuity and per-
colation of fast LIC-based pathways are reduced, and overall transport becomes increasingly
limited by the polymer phase, leading to a decrease in ionic conductivity. This optimum-
composition behavior is consistent with the general understanding of inorganic—polymer
composite electrolytes, where microstructural connectivity and mechanical compliance
jointly govern the measured conductivity [31-34]. Compared with PEO SSEs reported in the
past, the ionic conductivity of LIC-PEO-3 at low temperature was much higher [7,35-37],
even exceeding that of some pure LIC (Table S1). LIC-PEO-3 had the best performance and
was selected for further research. Unless otherwise stated, “LIC-PEO” hereafter refers to
the optimized composition (LIC-PEO-3).

The variation of ionic conductivity with temperature was also studied. The ionic
conductivity of LIC-PEO increased significantly at high temperatures due to the frequent
movement of PEO segments in the amorphous state (Figure 2b). The activation energy
(Ea) was calculated from the Arrhenius plot and Nyquist plots at different temperatures.
The Ea of LIC-PEO was 0.26 eV. In previous reports, the Ea of LIC is usually between 0.27
and 0.38 eV [16,38-40]. The lower activation energy than that of LIC indicates that the Li*
migration barrier is reduced under the synergistic effect of an appropriate amount of PEO
and lithium salt. In addition, t;;; was tested by DC polarization and EIS before and after
polarization. The results are shown in Figure S6, and the calculated ty;; was 0.405, which
was much higher than that of pure PEO SPE. The electrochemical stability window (ESW)
of the electrolyte determines whether the electrolyte can be adapted to the high-voltage
cathode. In the LSV test, the oxidation current of a typical PEO SPE electrolyte begins to
increase significantly around 4.2 V due to violent oxidative decomposition [41,42]. LIC
itself has a relatively wide ESW and has been shown to be compatible with most cathodes
in previous studies [43]. From the LSV curve, when the potential is below 5.15 V, the current
approaches 0. When the potential exceeds 5.15 V, the current begins to increase, indicating
that LIC-PEO starts to decompose (Figure 2c). The ESW of LIC-PEO measured by LSV is
almost 5.15 V. However, no conventional oxide cathode can achieve stable cycling at 5V,
and even LCO must be modified to operate at around 4.45 V. Therefore, the LIC-PEO ESW
already meets the current research needs.

The microsurface morphology of LIC-PEO was then confirmed by SEM (Figure 2d).
The white LIC in the SEM appeared mainly as rods, most of which were more than 50 pm
in length. These rods were evenly distributed or partially embedded on the surface of the
smooth gray PEO film and serve as a crucial component for efficient ion conduction. Higher-
magnification images also showed the tight binding of LIC to PEO. The LIC inorganic
phase tended to crystallize anisotropically under our solution-casting conditions, resulting
in elongated rod-like particles. In particular, as the solvent evaporates, LIC recrystallization
favors growth along specific crystallographic directions (consistent with its monoclinic
crystal structure), yielding needle-shaped crystals. Additionally, the presence of PEO may
moderate nucleation, but the inherent crystal habit of LIC leads to a predominantly rod-like
morphology in the composite. EDX results prove that LIC not only exists as rods on the
surface but is also evenly distributed inside the film, acting as part of the electrolyte filler
and effectively improving internal ion conductivity (Figure S7). A small amount of PEO
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was also distributed within the rod-shaped LIC to maintain surface flexibility. Together,
these factors enable LIC-PEO to exhibit high ionic conductivity at low pressure.

According to previous research, LIC readily absorbs moisture in humid environments
to form corresponding hydrates, thereby reducing ionic conductivity and altering other
properties. Therefore, we also studied the hygroscopicity of LIC-PEO. Given PEO’s high
molecular weight and its encapsulation effects, after PEO absorbs moisture, a hydrogel
layer forms at the interface or within pores. This gel layer can “pre-capture” moisture and
slow subsequent moisture intrusion into the SSE film. The moisture resistance of LIC-PEO
can be improved theoretically, and the presence of a small amount of PEO crystalline
phase can also block moisture [44,45]. We placed LIC and LIC-PEO containing the exact
weight of LIC in dry, 5%, and 40% humidity environments at room temperature. The
weight changes of these samples were recorded using an electronic balance, and the ionic
conductivity was measured after different exposure times. To facilitate observation of
changes in transparency, a thinner LIC-PEO was prepared by controlling conditions, with a
thickness of 43 pm (Figure S8). When exposed to a dry environment, the weight of LIC-
PEO and LIC did not change; when exposed to a 5% humidity environment, the weight of
LIC-PEO and LIC initially changed slightly; when exposed to a 40% humidity environment,
the weight of LIC-PEO increased significantly in the first few minutes, but pure LIC in
the same conditions increased its weight faster by absorbing more moisture (Figure S9).
The trend in ionic conductivity was the same as that in mass. In dry and 5% humidity
environments, ionic conductivity changed only slightly (+-0.05 mS cm~!). Even at 40%
relative humidity, the ionic conductivity decreased significantly; however, at the same
exposure time, it remained higher than that of pristine LIC (Figure S10). The plot of Ea
change with time is shown in Figure S11. After being exposed to 40% humidity for 24 h
at room temperature, LIC-PEO showed slight stickiness, but the light transmittance and
geometric shape did not change significantly, with only a slight upwarping at the edges
(Figure 2e).

To investigate the effect of temperature on hygroscopicity, we measured the weight and
ionic conductivity of LIC-PEO at different moisture levels (after exposure to the laboratory
atmosphere for 1-24 h) and after further treatment of 1 h at various temperatures above
RT (Figure 2f). When the temperature reached 55 °C, the moisture was removed entirely
from LIC-PEQ, as confirmed by the weight curve. The similar ionic conductivity observed
after moisture removal indicates that the good ionic conduction structure of LIC-PEO was
successfully restored after moisture removal.

The improved moisture resistance of LIC-PEO can be attributed to the formation
of a dense network that wraps LIC, thereby essentially preventing moisture penetration.
Therefore, moisture is easily removed by simple heating, and LIC-PEO can be restored
to its original performance. In short, these results indicate that adding PEO improves
the moisture resistance of LIC. The weight and ionic conductivity measurements together
prove that LIC-PEO has better resistance to humid air than LIC.

Given the importance of symmetrical Li-Li cells for SSE stability testing, symmetrical
Li-Li cells were assembled for galvanostatic cycling testing to assess the cycling and lithium
deposition stability of the LIC-PEO electrolyte compared with LIC symmetrical Li-Li
cells [46]. Before testing, the resistances of the Li/LIC-PEO/Li and Li/LIC/Li cells were
measured. Even under pressurized conditions, the resistance of LIC remained significantly
higher than that of LIC-PEO, indicating that LIC-PEO has better interfacial wettability
with lithium metal (Figure S12). As shown in Figure 3a, the Li/LIC-PEO/Li cell showed
stable cycling over 620 h at a current density of 0.1 mA cm~2. In contrast, the overpotential
of the Li/LIC/Li cell increased to 2 V in only 40 h. Meanwhile, the overpotential of
the Li/LIC-PEO/Li cell increased from 0.025 V to 0.071 V. Figure 3b compares the EIS
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results before galvanostatic cycling and after 620 h of testing. As with the overpotential,
the resistance gradually increased, but the curve’s contour did not change significantly,
indicating interface deterioration due to regular Li plating /stripping. After 40 h of testing,
analysis of the disassembled cell revealed that the LIC pellet had undergone a significant
color change from white to purple-black and had become more brittle. Additionally, a thick
interfacial layer formed on the surface, indicating a substantial interaction between LIC
and lithium metal. Furthermore, trace amounts of oxygen, water, and other impurities
were found to participate in the reaction (Figure S13) [47].
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Figure 3. (a) Galvanostatic stripping/plating voltage profiles of a symmetric Li | LIC-PEO| Li cell
during 620 h cycling and amplified voltage profiles. (b) EIS plot of Li | LIC-PEO| Li cell at cycle 0 h
and 620 h. (c) Optical images of LIC-PEO after cycling of a symmetric Li-Li cell. (d) XRD patterns
of LIC-PEO in the pristine state and after Li| LIC-PEO | Li cycling, shown as a magnified view of
15-20° (20) to highlight subtle changes in the characteristic low-angle region. The pristine pattern
was collected from a replicate specimen from the same synthesis batch (not the identical piece used
for electrochemical testing). (e) SEM image of LIC-PEO after cycling of a symmetric Li-Li cell.

After the 620 h test, the LIC-PEO film showed only a thin, uneven red-purple interface
layer at the edge and still maintained its pre-test state (Figure 3c). The side reaction between
LIC and lithium metal was effectively suppressed after the addition of PEO. Because the
color of the LIC-PEO film changed after testing the symmetrical cell, XRD was performed
again (Figure 3d). The results showed that some characteristic peaks representing LIC and
PEO remained. PEO crystal peaks were assigned at 19.0° ((120) plane) and 23.4° ((112)
plane). Strong characteristic peaks at 13.5°, 29.5°, and 34.2°, etc., can be attributed to LIC.
However, the overall pattern changes were more pronounced, indicating that although
LIC-PEO can greatly slow the occurrence of side reactions compared with LIC, interface
degradation is inevitable, especially during repeated intercalation and de-intercalation
cycles of Li+. Some characteristic peaks with lower intensity disappeared. This may be
because amorphous byproducts produced during the operation of lithium metal and LIC-
PEO increased the background noise, making it impossible to distinguish the characteristic
peaks with low intensity [48]. The detailed image shows that the characteristic peaks of
PEO only changed in intensity (Figure S14). To evaluate the structural evolution of LIC-
PEO after Li| LIC-PEO | Li cycling, we compared the XRD pattern of the cycled electrolyte
with that of a pristine replicate specimen prepared from the same batch. In contrast to
Figure 1d,e, which shows full-range patterns to compare multiple compositions, Figure 3d
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presents only the 15-20° (260) window because this low-angle region is the most sensitive
for assessing characteristic changes upon cycling, and a magnified view improves visual
contrast. After testing, the main body of LIC-PEO still appeared as a gray, smooth film
under SEM. The damaged part was PEO erosion caused by the high-energy electron beam,
and no penetration traces caused by lithium dendrites were found. After manually tearing
apart part of the surface interface, the dense three-dimensional structure of LIC could be
seen (Figure 3e).

To further verify the changes in the composition of the pristine and used LIC-PEO
samples b, we also performed XPS analysis on both samples. The spectra were aligned on
the main carbon component of the PE/PP membrane (El-Cell FS-5P separator membrane),
C-C at 285.0 eV [49,50]. Considering that LIC-PEO is in the form of a film, the composition
uniformity of different parts of the pristine sample film was first verified. As shown in
Figure S15, the XPS spectra measured at various sampling points were very similar, and
further element concentration analysis also proves the uniformity of the pristine sample.

For the used samples, because the center and edge parts showed a significant color
difference, these two parts were also sampled and measured separately. We then compared
the pristine sample (red), the used sample near the edge area (green), and the used sample
in the center area (blue) (Figure 4a). The two used samples were more similar to each other
than to the pristine sample. The main difference between the pristine sample and the used
samples was a decrease in lithium from 40% to about 13%. The ratio of lithium to indium
was about 26 in the pristine sample. The used (edge) sample had less lithium than the used
(center) sample. The pristine sample also contained a larger amount of fluorine than the
used samples. The main differences between the two sampled areas in the used sample
were phosphorus and oxygen, which were present in larger amounts in the central area.
Silicon was present in the pristine sample and was reduced or absent in the used samples.
Small quantities of Si can be considered as introduced impurities.
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Figure 4. (a) Overall XPS spectrum of the LIC-PEO pristine and used sample. (b) In 3d, C 1s, O 1s,
and F 1s, XPS spectra of the LIC-PEO pristine and used samples. Color code is: Pristine sample in
red, Used (edge) in green and Used (center) in blue.

Further analysis of the characteristic peaks for each element, as shown in Figure 4b,
indicates that indium is predominantly in the In3+ state (green component), which may be
associated with the presence of In,O3 and LizOy4 (supported by the oxygen components)
but is also compatible with compounds like LixIn;_ O3 [51]. A secondary component
associated with the LiCl; phase was present in both the pristine and used (center) sam-
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ples [52,53]. This is consistent with the higher relative chlorine content in this sample. A
small component at lower binding energy corresponded to indium in the metallic (0) state
and was barely detectable.

The central carbon component (green) at 285.0 eV was due to the C-C bond in the
PE/PP membrane (El-Cell FS-5P). A small component at lower binding energy (283.8 eV,
red) may be due to adventitious carbon or metallic carbides. Additional components
appeared at higher binding energy and can be assigned to C-OH, C-O, and PEO (286.6 eV,
light blue); C=0/0-C-O and O=C-O (288 eV); and O=C-O (289.1 eV, purple). Oxygen
contained at least two different species, one centered around 532.4 eV associated with
0/C0O3/0-C=0 and one centered around 533.6 eV, which may be due to C-O/0O-C=0. All
of these can be attributed to PEO and to the products after the reaction [54]. The main
fluorine component (red) in the pristine sample was centered at 685.7 eV and was due to LiF.
Additional components at higher binding energies (686.2-686.8, green) were due to LiPF6
and various dissociation compounds, LixPFyOz. The appearance of oxygen-containing
compounds was due to side reactions between LiPF6 and components such as PEO.

In summary, the reduction in lithium content indicates that lithium dendrite deposition
is not severe. There is also the possibility that a certain amount of ions is lost during sample
stripping. The color difference at the center of the used sample can be attributed to
enrichment in oxygen and phosphorus and to their reactions with lithium. Changes in
the composition of phosphorus and oxygen support this. XPS results demonstrate that
the element distribution and binding energies change to some extent before and after use.
Although the side reaction between LIC-PEO and lithium metal is inevitable, it can be
suppressed over long-term operation, and the performance far exceeds that of pure LIC.

3.3. Characterization of Electrochemical Performance of LIC-PEO

The electrochemical performance of LIC-PEO ASSB was also verified in the experi-
ments. The cyclic charge and discharge results under different currents are also important
indicators of SSE performance. Therefore, ASSBs with LIC-PEO as the electrolyte were
prepared using a lithium-foil anode and a composite NCM 111 cathode. The cells are
termed Li/LIC-PEO/NCM. The electrochemical performance was evaluated at 35 °C and
0.2 C. The Coulombic efficiency of the first cycle was 91.81%, and after the first cycle, it
was always over 99%, except for some unusual cycles (Figure 5a). After activation, the
cell exhibited a specific discharge capacity of 152. 7 mAh g~! and delivered a specific
discharge capacity of 128. 6 mAh g~! for 300 cycles, with a capacity retention of 84.2%
(Figure 5b). The overcharging reflects kinetic limitations from initial interface imperfections,
not material instability. The slightly higher charge capacity observed in the initial cycles
is likely related to interfacial polarization and incomplete contact in the assembled state.
The profiles gradually stabilized after several cycles, consistent with improved interfacial
wetting /compaction during cycling. The EIS curves before and after cycling are shown
in the figure. The bulk resistance in the high- frequency region decreased slightly after
cycling. This can be attributed to cycling activating the PEO polymer chain and opening
additional ion channels. The interface resistance in the low- frequency region gradually
increased. On the one hand, this is due to the continuous deterioration of the interface
during cycling. On the other hand, it may be due to the generation of a small amount of SEL
The overall resistance of LIC-PEO increased after cycling (Figure 5c). The LIC-PEO film
after the 0.2 C cycle still appeared relatively smooth under SEM. However, after increasing
the magnification, some noticeable cracks could be found in the dense LIC structure. At
higher magnification, microcracks could be observed within some LIC domains (Figure 5d).
Such cracking may interrupt local ion-transport pathways and increase resistance, which is
consistent with the gradual capacity fade during long-term cycling.
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Figure 5. (a) Plot of the first charge and discharge cycle and CE. (b) Cycling performance and CE of
LIC-PEO ASSB at 0.2 C. (c) EIS plot of LIC-PEO ASSB before and after cycles. (d) SEM image after the
0.2 C cycle.

The Li/LIC-PEO/NCM cells could also stably cycle at 1.2 C. The Coulombic efficiency
of the first cycle was 78.97% (Figure S16). After activation, the cell exhibited a specific dis-
charge capacity of 100.4 mAh g~! and delivered a stable specific capacity of 81.4 mAh g~!
over 150 cycles, with a capacity retention of 81.1% (Figure 6a). Higher current densities are
always a challenge for ASSBs, as lithium dendrites are more easily generated and can grow
on a three-dimensional scale until a short circuit occurs. Therefore, SSEs that also act as
separators must resist dendrite penetration and inhibit their growth. After the cyclic test,
the cell was disassembled, and the LIC-PEO film was peeled off. Under optical microscopy,
the film’s flexibility was reduced, the main part remained white, and some areas showed
silver and gray spots (Figure 6b). The surface exhibited relative roughness due to prolonged
high-current cycling, during which a portion of the lithium was unevenly deposited on
the film surface in the form of dendrites. Despite this, LIC-PEO maintained a capacity
retention of over 80% after 150 cycles at a current rate of 1.2 C, with no occurrence of short
circuits or sudden capacity degradation. The decrease in Coulombic efficiency at 1.2 C was
the result of the combined effects of interface degradation and lithium dendrite growth.
Interface degradation leads to continuous consumption of active lithium, which hinders
ion transport and increases impedance; lithium dendrites lead to the accumulation of dead
lithium and a short-circuit risk; and dead lithium and lithium consumed by side reactions
cannot be recovered during discharge. Notably, previous studies on LIC-based solid-state
electrolytes have not achieved comparable performance under 1.2 C cycling conditions,
further demonstrating the exceptional cycling stability of Li/LIC-PEO/NCM cells at high
C-rates. This indicates that PEO presence reduces lithium dendrite penetration into the SSE
film. Although lithium dendrites continued to grow, the LIC-PEO film remained soft and
sufficiently tough, and the overall cell structure remained stable and continued to conduct
ions well. Although LIC itself is very hard and seems to resist penetration, past studies
have shown that tiny pores can also allow lithium dendrites to pass, and the flexibility of
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PEO will enable it to cover the surface of LIC and minimize the presence of pores [55,56].
In addition, since the layers were in very close contact after testing, some surface damage
occurred during separation, which also increased the film’s surface roughness. XRD mea-
surements were performed on the LIC-PEO film before and after 1.2 C cycling (Figure 6c).
The results show that most of the characteristic peaks representing LIC and PEO in the XRD
pattern after cycling still existed, with only the intensities changing. Among them, the fa-
vorable (131) plane still dominated. The peak width of the characteristic peak representing
PEO had not changed significantly compared with before cycling, and the peak intensity
only slightly decreased. Some new weak peaks could be confirmed as NCM, which may
arise from a small amount of powder falling off the cathode during cycling; this can be
reduced by improving the coating process in the future. The XRD results suggest that the
main crystalline features of LIC and PEO are retained after cycling, with no new dominant
crystalline phases detected within the XRD detection limit.
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Figure 6. (a) Cycling performance and CE of LIC-PEO ASSB at 1.2 C. (b) SEM image after 1.2 C cycle.
(c) XRD patterns of LIC-PEO before and after cycles at 1.2 C (d) EIS plot of LIC-PEO ASSB before and
after cycles at 1.2 C. (e) Rate capacity of LIC-PEO ASSB.

We also detected changes in the EIS curve before and after 1.2 C cycling. These changes
were similar to those observed after 0.2 C cycling (Figure 6d). A minor but notable change
was the increase in the ohmic resistance (Rs) in the high-frequency region after cycling.
This may reflect a failure to achieve the expected electrode activation at high current
density, which may have exacerbated interfacial degradation. Consequently, progressive
cell deterioration during cycling likely contributed to the overall rise in both Rs and charge
transfer resistance (Rct), as reflected in the enlarged semicircle and upward shift of the
entire Nyquist curve. However, due to the good stability of LIC-PEO, it still performed well
under high current. Compared with the LIC-PEO film after the 0.2 C cycle, the film after
the 1.2 C cycle had higher tortuosity and more lithium deposition, which can be attributed
to the higher charge and discharge rates at high current density, which generate more
lithium dendrites. In addition, the expansion and contraction of each component were
accelerated, and the film thus became curved, making it more adaptable to rapid volume
changes during expansion.

Furthermore, more rate performance measurements were conducted. The reversible
specific discharge capacities were 152.9, 135.1, 105.2, and 75.3 mAh g’1 at02C,05C,1C,
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and 2 C, respectively (Figure 6e). The cell still delivered a high specific discharge capacity of
151.2 mAh g~! when the discharge rate was reset to 0.2 C. This demonstrates excellent rate
performance. It can maintain about 50% of its maximum capacity at 2 C and fully restore it
when reset to 0.2 C. This indicates that the various components of the cell have intimate
interfacial contact and a large number of conduction channels that assist ion migration at
high current densities.

4. Conclusions

A new composite SSE containing LIC and PEO was prepared by a simple slurry-
casting method. Among them, PEO provides good support, with LIC evenly distributed on
the surface and a certain amount distributed inside, forming a good ion-transfer network
and effectively improving performance. Subsequently, a series of tests was carried out
on SSE films with different component contents to determine the optimal ratio. The best
LIC-PEO SSE exhibited an ionic conductivity of 1.19 mS em 1 at 35 °C, ty;, of 0.405, and an
electrochemical stability window of more than 5 V, which was better than most SPEs at this
temperature. Due to its flexibility, it can operate without intense external pressure, and its
moisture resistance and the stability of the metal anode were greatly improved compared
with LIC. It can work stably for more than 620 h in Li-Li symmetrical cell tests. At 35 °C,
the cell showed a capacity retention of 84.2% after 300 cycles at 0.2 C, as demonstrated
by galvanostatic cycling. XRD/XPS provide complementary insights into the structural
integrity and interfacial chemistry after cycling. It also shows good cycle stability at 1.2 C,
with a capacity retention of 80.6% after 150 cycles. At a current density of 2 C, it could
maintain 50% of the maximum specific capacity. In summary, the LIC-PEO composite SSE
performed well, but there is still much room for improvement in performance, cost, etc.
Therefore, this study has significant guidance for the design of practical ASSEs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries12010021/s1, Figure S1. Structure of test bench setup
for ionic conductivity; Figure S2. Image of test bench setup for LIC; Figure S3. Crystal structure of
standard LIC in the database of Materials Project; Figure S4. Partial enlargement of XRD pattern;
Figure S5. Comparison of ionic conductivity between LIC and LIC-PEO-3 and 10 sample measurement
results with standard error; Figure S6. Li+ transference number measurement of the LIC-PEO;
Figure S7. EDX of LIC-PEQ; Figure S8. Measuring LIC-PEO thickness by electronic caliper; Figure S9.
Measuring LIC-PEO thickness by electronic caliper; Figure S10. Plots of ionic conductivity as a
function of exposure time and humidity; Figure S11. The plot of Ea with time; Figure S12. EIS plots
of LIC and LIC-PEO in Li-Li symmetrical cell; Figure S13. Digital photos of LIC pellet before and
after testing; Figure S14. Partial enlargement of XRD pattern; Figure S15. Overall XPS spectrum of
LIC-PEQ pristine sample as a homogeneity check; Figure S16. Plot of the first charge and discharge
cycle and CE. Table S1. The comparison of Ionic conductivity of different LIC electrolytes from
representative works [16,21,39,57-60].
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