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All-solid-state batteries (ASSBs) with solid-state electrolytes (SSEs) have become a hot research topic in recent
years due to their high energy density and safety. However, most research is limited to the use of electrode and
electrolyte powders pressed together for testing purposes, and it is impossible to achieve the goal of mass pro-
duction by manufacturing complete batteries only via compression. Such a method might need extremely high
pressure to obtain a fully dense system composed of both electrodes separated by the electrolyte and the largest
the battery surface the highest the pressure demanded. Therefore, how to achieve mass production of SSEs while
maintaining quality control is the focus of current research. In this work, we selected LisInClg (LIC) as a solid-
state electrolyte added with a small amount of ethyl cellulose as the binder. A wet method was developed
accordingly using acetonitrile as solvent to fabricate thin LIC composite film SSE (LIC-ACE) directly on filter
membrane deposition. The prepared SSEs showed the following characteristics: easy to peel off from the
deposition support while maintaining structural integrity, and a high ionic conductivity of 0.76 mS cm™! at room
temperature. The structure, porosity and other properties were determined by SEM, XRD, and BET character-
ization. Finally, it can withstand more than 1000 h cycles without short circuit in symmetrical Li—Li cell test and
shows good electrochemical performance in the ASSBs test.

1. Introduction

Thanks to the growing awareness of the problems associated with
exhaust emissions from conventional fuel vehicles, measures to protect
the environment are increasingly being studied [1]. Most countries have
agreed to phase out the sale of petrol vehicles after 2030, while
hydrogen vehicles are still difficult to deploy on a large scale due to
safety and the cost of hydrogen storage [2]. Therefore, electric vehicles,
with their unique environmental friendliness and cost efficiency, are the
most promising alternative to fuel-powered vehicles in the future [3].
However, the conventional lithium-ion batteries used in electric vehicles
cannot yet meet the performance requirements of customers. Most
models still have a range of less than 600 km and are prone to electrolyte
leakage and the risk of fire in the event of a collision [4,5]. However,
ASSBs have a higher energy density and lower safety risk than con-
ventional lithium-ion batteries, so they have become a hot research topic
and represent the development direction for the next generation of
lithium-ion batteries [6,7].

Common SSEs can be classified into three main types depending on
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their composition: oxides, sulfides and polymers. Oxides have the lowest
production requirements but are not flexible and are difficult to bond
with electrode materials; sulfides have the highest ionic conductivity but
require stringent production conditions and raw materials [8]; polymers
are flexible and can form good surface contact with electrode materials
but usually have low ionic conductivity at room temperature [9].
Different types of electrolytes have their properties, so composite elec-
trolytes formed from a variety of different types of electrolytes often
perform better, but sometimes pose compatibility problems and make
synthesis more difficult [10].

Although halide solid-state electrolytes (HSSEs) have only come into
the focus of researchers since 2018 [11], they have good prospects for
application as they combine the properties of different electrolytes, can
be easily synthesized by ball milling, have high ionic conductivity at
room temperature, are cost-efficient, and have some flexibility and air
stability [12]. Moreover, some of the HSSEs can be synthesized on a
large scale by the liquid-phase method, and the whole synthesis process
only needs to be carried out under an inert gas atmosphere and below
400 °C [13,14].
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Since most SSEs test require the use of pellets, which must be pre-
pared by at least three powder pressings, the process is lengthy and
difficult to manage [15]. Inspired by the electrode slurry and liquid
phase deposition methods, we have improved the solution casting
method by mixing LIC, binder, solvent and other components into a
slurry and pouring it onto the surface of the filter membrane to produce
LIC-ACE films. The resulting samples can be easily peeled from the filter
membrane with tweezers, do not break when bent, and show good
resistance to humidity. They also have a high lithium ion conductivity of
0.76 mS cm ™! at room temperature and show good electrochemical
performance in symmetrical cells and ASSBs. In this study, high-
performance LIC-ACE films were fabricated by an improved solution
casting method that eliminates the need to press the LIC powder, greatly
reducing the time-consuming manufacturing of pellets, eliminating the
limitations imposed by the compressed surface, and further promoting
the practical development of SSEs.

2. Material and methods
2.1. Preparation of LIC-ACE film

The anhydrous lithium chloride (LiCl, Innochem, 99.99 %) and
anhydrous indium chloride (InCls, Sigma-Aldrich, 98 %) were dissolved
in deionized water in the ratio of 3:1 (molar ratio) and then dried under
vacuum at 100 °C until most of the water evaporated, and finally dried
under vacuum at 200 °C for 6 h to obtain the final product LIC.

To prepare the electrolyte film 95 mg of LIC and 5 mg of ethyl cel-
lulose (Sigma-Aldrich, 48.0 % (w/w) ethoxy basis and an average mo-
lecular weight of 100 g/mol) were added to 1 mL of anhydrous
acetonitrile (CH3CN, Sigma-Aldrich, 99.8 %), followed by slow magnetic
stirring until powders are completely distributed in the solvent. The
solution was slowly poured onto polymer filter membrane and vacuum
filtered for 1 h to remove most of the acetonitrile. The microstructure of
the filter membrane is shown in Fig. S1. Finally, the full dry sample is
obtained by heating at 80 °C for 12 h under vacuum. At this point, the
final sample, which we call LIC-ACE, is separated from the filter mem-
brane with tweezers and has the form of a translucent film under light.

2.2. Characterization

The microscopic morphology and structure of the samples were
observed by scanning electron microscopy and the elemental distribu-
tion was determined by energy dispersive spectroscopy. Ion conductiv-
ity, Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry
(CV), charge/discharge tests were performed on a Biologic VSP Poten-
tiation (France, Grenoble). The microstructure is visualized with a
scanning electron microscope (SEM) (Zeiss Germany). The crystal
structure was determined by X-ray diffraction (XRD) using Rigaku
MiniFlex X-ray diffractometer with Cu Ka radiation (A = 1.54178 A)
(Japan, Tokyo). Information such as binding energy was collected using
Al Ka source X-ray photoelectron spectroscopy (XPS) at 15 kV and 20
mA by PHI 5800 workstation (USA, Minneapolis). Stability under dry air
was measured by thermogravimetric analysis (TGA) on Mettler Toledo
Thermogravimetric Analyzer (Germany, Giessen). The specific surface
area and adsorption/desorption curves were determined by ASAP 2020
PLUS BET analyzer using krypton at 77.39 K (USA).

2.3. Electrochemical performance measurement

The ionic conductivity was measured using LIC-ACE films peeled
from the filter membrane by constructing SS (stainless steel)|LIC-ACE|SS
cells and maintaining a pressure of 294 MPa during the test. Other
electrochemical tests were performed by constructing ASSB, the cathode
part is made by simply mixing LIC and NCM111 powder at a weight ratio
of 3:7. At this time, the electronic conductivity of the composite cathode
under high pressure has met the experimental requirements. Since we
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mainly focus on the research of SSE, we need to keep other components
as simple as possible, and we do not add conductive agents. For the
specific assembly process, 20 mg of the cathode composite material was
placed on one side of the LIC-ACE film and then pressed with a pressure
of 147 MPa. Finally, the Li foil is placed on the other side of the LIC-ACE
film and pressed with a pressure of 98 MPa to obtain a sandwiched pellet
for electrochemical testing. The test bench setup for ASSBs test is shown
in Fig. S2. The activation energy (E,) was computed by fitting the
calculated diffusion coefficients to the standard Arrhenius form using
the following relation:

Ed
D = Dyexp| — RT

3. Results and discussions

3.1. characterization of structural of LIC-ACE

LIC-ACE was prepared by casting LIC slurry on the surface of polymer
filter by solution casting method. To evaluate the effect of different
solvents on the result, we tested different solvents to their polarity, and
the LIC-ACE, obtained using acetonitrile as the solvent, had the best
overall performance. To obtain a structurally strong and flexible film, we
added a small amount of amphiphilic binder such as ethyl cellulose (EC)
to help the film formation [16,17]. It has been verified by many ex-
periments with different amounts of EC added, it is finally determined
that the addition of EC 5 % is the best. The smooth and porous polymer
filter membrane was selected as the support for the LIC-ACE film.

The LIC-ACE appears under the light as a smooth milky film. By
bending the filter membrane it can first be separated from the LIC-ACE,
and then the complete LIC-ACE can be easily peeled off by using twee-
zers. Use punch to process LIC-ACE to get an edge-complete coin and
after bending there are wrinkles, but the overall structure is still intact
and there are no obvious breaks (Fig. 1a,b). We also tried to use tradi-
tional binders such as CMC and PVDF to prepare LIC film, but did not
perform well, the film cracked after solvent removal and was not flexible
(Fig. S3). This may be because the functional groups on the traditional
binder can only form a stable structure with better cross-linking bonds
with Li*, while other ions such as In®" cannot become good electron
acceptors [18].

The LIC-ACE film appeared in SEM images as densely stacked
nanorod clusters, with most of the rod-shaped monomers having a
diameter of 2-6 pm and a length of about 50 pm (Fig. 1¢). The monomers
are connected by bridges, forming a relatively dense network structure
that favors ion transport and provides structural strength (Fig. 1d). The
longitudinal stacking between layers is relatively dense, but there are
still some gaps and the densities can be further improved by applying a
suitable pressure [19]. And the edge thickness is about 26 pm, reaching
the thickness of commercial polymer separators (Fig. 1e). The results of
EDS mapping show that elements such as C, O, In and Cl are evenly
distributed. This shows that no material agglomeration occurred on the
surface of LIC-ACE and the EC is well deposited in the LIC-ACE film
providing mechanical stability and flexibility as the skeleton and does
not participate in ion transfer (Fig. 1f, S4). The micropores, which serve
as ion transport channels, are distributed over the entire surface, and
pores are also present in the cross-section to prevent ion blockage
(Fig. S5). In subsequent electrochemical tests, LIC-ACE will be used after
high-pressure compaction, and the porosity of the film will be further
reduced to avoid short circuits caused by direct contact between elec-
trodes penetrating the film [20,21]. But the remaining micropores still
allow Li* to pass evenly and rapidly through the electrolyte layer during
charging and discharging [22-24]. And reduces the uneven deposition
of lithium dendrites, which is one of the reasons for the good electro-
chemical performance [25]. The minimum thickness reachable with this
method is around 10 pm however some mechanical constraints rise
below 20 pm due to the reduced toughness that makes the cell
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Fig. 1. (a) digital photo of LIC-ACE after cut. (b) Bending test of LIC-ACE. (c) SEM image of particle size of LIC-ACE. (d) SEM image of LIC-ACE structure. (¢) SEM
image of edge thickness of LIC-ACE. (f) EDS element mapping of LIC-ACE.

assembling particularly difficult. Since it is synthesized by the liquid 3.2. Characterization of physicochemical properties of LIC-ACE
phase method, the thickness of the LIC-ACE film can be easily controlled,

which also facilitates subsequent electrochemical tests such as ionic The XRD results of LIC-ACE are shown in Fig. 2a, and most of the
conductivity. sharp characteristic peaks, such as 13.9°, 27.4°, 33.6° and 48.4°, can be
well indexed by LisInCle (ICSD No. 89167, C2/m) with the monoclinic

a' C 112 4 5%
— 50%
ICSD No. 89617
glos-
3 2
g ]
= 5,104+
s 2
= =
L |
100
26 T T T T
0 6 12 18 24
26(degree) Time (b)
d 100 e o 1= In 3d 446 .2
]
E s
g |
E a
K] 06 4 558 av 586 004 002 G5O 5BB 456 oV 454 452 450 448 446 444 44z
= Binding Eneray (ev) Binding Eneray (o\)
=
;;' < 2p Li1s
=
_ oo P
g
J k1
7
=
0 100 200 300 400 500 600 700
Temperature (°C) 202 o\ 200 288 286 284 282 280 204 ov 262 200 108 166 coev  se so sa a=

Binding Enorgy (oV) Binding Eneray (eV) Binding Eneray (V>

Fig. 2. (a) XRD pattern of LIC-ACE. (b) Typical crystal structure of LIC in the database. (c) Weight change plot of LIC-ACE at different humidity. (d) Thermogra-
vimetric analysis curve of LIC-ACE. (¢) O 1s,In 3d, C 1 s, Li 1 s and Cl 2p, xps spectra of LIC-ACE.
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rock-salt structure [26]. The typical crystal structure of Li3zInClg is shown
in Fig. 2b. Compared to the standard pattern, it is likely that the presence
of residual tensile stress causes the anisotropic shrinkage of the lattice
because EC has a high tensile strength (47-72 MPa), resulting in lattice
distortion and larger interplanar spacing so that the peaks shift slightly
to low angles. Among them, 13.9° and 33.6° represent the (001) and
(131) planes of LIC respectively, and the peak intensity at 33.6° is much
larger than that at 13.9°, indicating that the (131) plane is dominant.
Because of the heterogeneity, when the (001) plane is the main orien-
tation, it is difficult to arrange the single atoms in the unit cell to form a
standard lattice, and Li" needs to overcome the interaction between the
greater electrostatic force and the lattice [27]. Therefore, when the
(131) plane is the main orientation, it can assist the transport of Li™,
which helps to compensate the decrease in ionic conductivity caused by
the addition of EC. The peak around 5° can be retrieved as a small
amount of residual LiCl, and the intensity of the two peaks between 27
and 31° exceeds expectations, which can be attributed to the super-
position of LiCl and LIC [28,29]. The blunt peaks of low intensity at
9-12° and 19-22° can be retrieved as EC in LIC-ACE, indicating that EC
exists in an amorphous state and is deposited as a skeleton throughout
the sample [30]. It inhibits the excessive increase of crystallite size,
improves the ordering of crystalline phases and reduces the strain [31].
The higher noise before 30° compared to the reference can also be
explained by amorphous EC. The peak intensity of EC is low, does not
cause the angle shift of the LIC peak, indicating good compatibility of
LIC and EC in the case of acetonitrile as solvent. LIC-ACE presents a clear
XRD pattern in total, and the good orientation of the crystal planes is
maintained, proving that the solution casting method does not affect the
structure and crystallinity of LIC when EC is added.

In SSEs, it is usually difficult to keep the properties stable in the air
because of water absorption, oxidation, etc. The main problem plaguing
HSSEs is strong hygroscopicity, so moisture resistance is also one of the
important indicators for performance evaluation. LIC pellets show good
stability in dry air, but after only a few minutes of exposure to higher
humidity, they absorb moisture and become damp [30]. The slightest
touch can cause disintegration of the structure and will gradually
dissolve over time. We exposed LIC-ACE to air at 20 °C with 5 % and 50
% relative humidity at room temperature, and recorded the change in
sample weight (Fig. 2c). After 24 h of exposure at 5 % relative humidity,
the weight increase was very small, only about 0.5 %, so it can be
assumed that the weight of the sample remained relatively stable. After
24 h of exposure at 50 % relative humidity, the weight increased by 12.2
%, but the shape of the sample did not change and the rigidity was
maintained. Compared with LIC, which cannot exist stably in humid air,
although LIC-ACE also absorbs a small amount of water, its hygro-
scopicity has been significantly weakened, especially in a relatively
high-humidity environment. Moisturized LIC-ACE can also recover most
of performance after proper heat treatment, which is similar to LIC [26].
The stability of LIC-ACE in 50 % relative humidity was also measured at
higher temperatures. When the temperature was maintained at 50 °C,
there was a slight decrease in sample weight (about 0.1 %) in the first
few hours, which can be considered as the removal of a small amount of
moisture absorbed during the operation. Afterwards, the sample weight
remained unchanged until the end of the 24 h test (Fig. S6). This in-
dicates that the stability of LIC-ACE in humid air can be maintained by
heating, and the minimum maintenance temperature of 50 °C does not
cause a large consumption of energy. The stability of LIC-ACE at high
temperatures was verified by TGA, which was tested by heating the
sample from room temperature to 700 °C at a rate of 5 °C min . Until
the temperature exceeds 200 °C, the weight of the sample begins to
decrease, and EC begins to decompose, which proves that LIC-ACE has
sufficient resistance to high temperature, and the solvent can be
completely removed by heating at high temperature during the prepa-
ration process (Fig. 2d) [30]. LIC-ACE can remain intact at a tempera-
ture not exceeding 200 °C and has a certain resistance to air
environments. Further, the trouble of moisture in the air can be
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eliminated by lower heating temperatures.

The details of the LIC-ACE binding energy change were further
determined by XPS spectra (Fig. S7). The peaks of In 3ds/» at 446.2 eV
and In 3d3,; at 453.8 eV, Cl 2p at 199.2 eV, O 1 s at 532.5 and 533.6 eV,
are consistent with previous reported publications (Fig. 2e)
[12,27,32,33]. The peak of Li 1 s shifted from the reference 56.6-56.2 to
56.0 eV, which can be attributed to the introduction of low electro-
negativity carbon after the addition of EC, resulting in a decrease in
binding energy [34]. The peak of C 1s at 284.8 eV represents the C=C,
which may come from the micro-cleavage of EC after heating [35,36].
The peaks at 286.7 and 288.5 eV can correspond to Ols, representing
-COOH, -COH and -COC [37]. The XPS spectrum is consistent with the
XRD analysis results, which proves the reliability of LIC-ACE.

The same EC showed a surface area of 6.279 m? g ! and a total pore
volume of 0.1 cm® g~ in past tests [38]. According to the Kr adsorption/
desorption isotherm test, The curve is similar to the type IV isotherm,
and there is no saturated adsorption platform, indicating that the pore
structure is irregular [39]. BET surface area of LIC-ACE containing 5 %
EC is 1.6818 m? g1 and the total pore volume is 0.04 cm® g~! (Fig. S8).
Since LIC is dispersed in the skeleton made of EC as a filler, the signif-
icant decrease in the BET surface area and total pore volume indicates
that the pores of the sample have been almost uniformly filled by LIC
[40]. It is worth noting that since EC only accounts for 5 % of the total
mass of LIC-ACE, and the surface area of LIC is always less than 1 m? g1,
but the final BET surface area still reaches 1.6818 m? g~!, which also
proves that the strategy is successful and the final sample still retains a
relatively good surface area that can provide more contact surface for
ion transfer.

3.3. Characterization of electrochemical performance of LIC-ACE

The ionic conductivity of LIC-ACE was first measured using the
impedance spectrum of the symmetrical cell of SS|LIC|SS. The ionic
conductivity values of LIC and LIC-ACE at room temperature are shown
in Fig. 3a, where ionic conductivity at room temperature is 0.76 mS
cm . Equivalent circuit for EIS fitting show in Fig. S9. For comparison,
the ionic conductivity of the LIC is 1.09 mS cm . The ionic conductivity
of LIC and LIC-ACE with different thicknesses is shown in Table S1, all
measurements were carried out at steady state, and the average value
was taken as the standard ionic conductivity. In other studies, the ionic
conductivity of LIC is between 0.79 and 1.49 mS cm ™, which is at a
similar level to LIC-ACE [12,27,41,42]. The activation energy (E,) of Li*
migration reflects the level of the ion migration barrier and is calculated
from the Arrhenius plot obtained from the Nyquist diagram at different
temperatures, the LIC-ACE shows that the E, is 0.289 eV (Fig. 3b). Due to
the different details of the synthesis method, the activation energy of LIC
is slightly different in studies, and the E, is usually between 0.27 and
0.35 eV [12,43,44]. Although the activation energy increases after the
addition of EC, but is still at the same level compared to the activation
energy of LIC in other studies, so the Li" migration is almost unaffected
on this side.

The symmetrical Li—Li cell without buffer layer was then con-
structed to verify the interfacial stability of the LIC-ACE/Li metal. At
first, with the gradual increase of current density, the overpotential in-
creases slowly from 0.2 mA cm ™2 before reaching 0.8 mA cm ™2, so it can
be considered that the critical current density is 0.8 mA cm 2 (Fig. 3c).
Equivalent circuit for EIS fitting show in Fig. S10. The Li plating/strip-
ping voltage profile show that the LIC-ACE cell could cycle stably for
approximately 900 h, with the overpotential always increasing slowly
and relatively smoothly without short-circuiting (Fig. 3d,e). During
cycling, a stable interface gradually forms and the growth of lithium
dendrites is limited to acceptable limits. However, after 900 h of cycling,
the overpotential suddenly increases abnormally and after a few cycles
the increase exceeds the sum of the previous 900 h, indicating a rapid
deterioration in the stability of the interface. The test results of EISat 0 h
and 1000 h also prove this point, and the resistance at 1000 h is almost
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Galvanostatic stripping/plating voltage profiles of symmetric Li |LIC-ACE| Li cell during 1100 h cycling. () Amplified voltage profiles at 50-54 and 920-924 h. (f)
EIS plot of Li |LIC-ACE| Li cell at cycle 0 h and 1000 h.

ASSB structure b C
Composite cathod 1t
omposite cathode | 2 S0¢h
o z
3 i,
3.5 FE
¢
& I
)
- 0
3.01
Li metal
14
0 50 100 150 30 35 40
Capacity (mAh g) Voltage (V vsLi'/Li)
d 300 € m f 200 .
PN ST
Ro  Ram L . hd -
r =g ] st —&— Capacity
b —gam10th 4, 1607 1504 La0 &
200 4 = Fitting curve of 1st = — =
=== Fitting curve of 10th ‘o 2
a s E— 1204 s ] = Seoven L6 S
z 02C A | !
= El L S 02cC ‘.;:l' 100 =
N = 0sC £ -
o ~ b4 =
100 4 & - 1c § - 40 E
: 5 Fﬁ;" © 0 #— Capacity E
& 40 —#— Coulombic Efficiency Lo -
0 01— T . x T 0 T T T T 0
100 200 300 0 5 10 15 20 25 0 10 20 30 40 50
Y AR (%)) Cycle number Cycle mmber

Fig. 4. (a) Schematic of LIC-ACE ASSB structure (b) Voltage profiles of LIC-ACE ASSB at different cycles. (c) CV curves at 1 mV s~1 after the first cycle and 50 cycles

of LIC-ACE ASSB. (d) EIS, fitting plot and equivalent circuit of LIC-ACE ASSB after the first cycle and after 10 cycles. (e) rate capacity of LIC-ACE ASSB. (f) Cycling
performance and CE of LIC-ACE ASSB.



H.-x. Mei et al.

doubled (Fig. 3f). LIC is thermodynamically unstable in direct contact
with lithium metal, so previous works have often used sulfides as a
buffer layer to improve the interfacial contact. We relied on a skeleton of
EC to mitigate side reactions and short-circuiting caused by lithium
dendrite penetration. Compared with the low performance of LIC sym-
metric cells in previous studies, the 900 h stability cycle proved this
strategy to be effective [34,41].

The ASSB is assembled by NCM111-LIC mixed cathode, Li metal
anode, and LIC-ACE. The initial discharge capacity of ASSB is 122.3 mAh
g ! at 0.2 C, under the same conditions, the profile of the charge-
discharge curve does not change significantly with increasing number
of cycles (Fig. 4b). The charge-discharge plateau caused by the revers-
ible phase transition can be observed in both the charge-discharge curve
and the CV curve (Fig. 4c). The trend of the CV curve measured after
50th is similar to the 1st, indicating the stable cycle performance of the
overall electrode-electrolyte system. But the whole system changed a lot
after 50th, which caused the oxidation peak and reduction peak in the
CV curve to shift significantly compared with the 1st, and the integral
area became smaller [45,46]. It also represents the capacity decrease,
which is also consistent with the results of the charge/discharge process.

The EIS plot measured after 10 cycles still shows good performance
compared to the first cycle, with only a slight change in the high-
frequency range and instead a decrease in resistance in the low-
frequency region, also indicating the structural stability of the LIC-
ACE (Fig. 4d). It is tentatively concluded that the cathode is gradually
activated during the charge/discharge process and wets itself with the
LIC-ACE, resulting in better interfacial contact, so that the mass transfer
resistance between the layers decreases. At various current rates of 0.2,
0.5, 1, and 2C, the discharge capacities of LIC-ACE ASSB are 122.2,
104.4, 83.6, and 63.3 mAh g}, respectively (Fig. 4e). After the 2 C cycle
test, it was cycled again at 0.2C, and the discharge capacity returned to
111.2 mAh g}, illustrating the good capacity retention and rate per-
formance of LIC-ACE ASSB. After 50 cycles, the capacity retention rate is
84.8 % and the coulombic efficiency (CE) of the first cycle is 94.5 %.
After 5 cycles, CE can be stabilized at more than 99 %, and after 40
cycles, CE fluctuated but remains at 98 % (Fig. 4f). The high capacity
and CE show good cycle stability, indicating that there are fewer side
reactions during cycling.

4. Conclusion

In summary, this research has successfully demonstrated the feasi-
bility of producing LIC-ACE films as SSEs through a modified solution
casting method. The final sample was prepared by simply mixing LIC
and EC in acetonitrile and then casting. The LIC-ACE film exhibited high
ionic conductivity and good flexibility. LIC-ACE films have high ionic
conductivity, and good flexibility and show good moisture resistance in
dry air at various temperatures. The skeleton made of EC has good high-
temperature performance, LIC are also uniformly filled in the skeleton.
The electrochemical performance proves that it has good stability with
electrode materials and good compatibility with Li metal, which can
effectively reduce the occurrence of side reactions. LIC-ACE films can be
synthesized on a large scale by the liquid phase method, saving the time
needed to press the powder in the production step, which further pro-
motes the practical development of SSE.
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