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ABSTRACT: Solid-state batteries (SSBs) that incorporate the argyrodite-
Li6PS5Cl (LPSCl) electrolyte hold potential as substitutes for conventional
lithium-ion batteries (LIBs). However, the mismatched interface between the
LPSCl electrolyte and electrodes leads to increased interfacial resistance and
the rapid growth of lithium (Li) dendrites. These factors significantly impede
the feasibility of their widespread industrial application. In this study, we
developed a composite electrolyte of the LPSCl/polymer to enhance the
contact between the electrolyte and electrodes and suppress dendrite
formation at the grain boundary of the LPSCl ceramic. The monomer,
triethylene glycol dimethacrylate (TEGDMA), is utilized for in situ
polymerization through thermal curing to create the argyrodite LPSCl/
polymer composite electrolyte. Additionally, the ball-milling technique was
employed to modify the morphology and particle size of the LPSCl ceramic.
The ball-milled LPSCl/polymer composite electrolyte demonstrates slightly higher ionic conductivity (ca. 2.21 × 10−4 S/cm)
compared to the as-received LPSCl/polymer composite electrolyte (ca. 1.65 × 10−4 S/cm) at 25 °C. Furthermore, both composite
electrolytes exhibit excellent compatibility with Li-metal and display cycling stability for up to 1000 h (375 cycles), whereas the as-
received LPSCl and ball-milled LPSCl electrolytes maintain stability for up to 600 h (225 cycles) at a current density of 0.4 mA/cm2.
The SSB with the ball-milled LPSCl/polymer composite electrolyte delivers high specific discharge capacity (138 mA h/g),
Coulombic efficiency (99.97%), and better capacity retention at 0.1C, utilizing the battery configuration of coated NMC811//
electrolyte//Li-Indium (In) at 25 °C.
KEYWORDS: solid-state-battery, ball-milling, composite electrolyte, ionic conductivity, Coulombic efficiency

1. INTRODUCTION
The intense focus of research is on all-solid-state lithium-ion
batteries (ASSLBs) with solid electrolytes (SEs) owing to their
potential qualities such as high energy, high power density, and
enhanced safety compared to conventional LIBs.1−3 In spite of
the numerous advantages of ASSLBs, a lot of issues still need
to be solved before commercialization.4 Typically, SEs
demonstrate lower ionic conductivity (σ) compared to liquid
electrolytes.2 For instance, lithium phosphorus oxynitride
(LiPON), a frequently employed SE, exhibits an σ of ca.
10−6 S/cm. In contrast, a liquid electrolyte like lithium
hexafluorophosphate in ethylene carbonate and propylene
carbonate demonstrates a higher σ of ca. 10−2 S/cm at room
temperature.2

So far, extensive research has been conducted on SEs to
address their limitations. Various approaches have been
explored, including organic polymer electrolytes, inorganic
ceramic electrolytes, and inorganic−organic composite electro-
lytes.5−8 However, many polymer electrolytes face challenges
with modest room temperature σ due to their high degree of
crystallinity and low Li-ion transference number. Such as
poly(ethylene glycol) diacrylate (PEGDA), poly(ethylene

oxide) (PEO), polydopamine (PDA), polyacrylonitrile
(PAN), and poly(vinylidene fluoride) (PVDF) polymers
exhibit low-temperature σ, worse antioxidation, and poor
mechanical character.9−15 Furthermore, oxide-based inorganic
SEs, such as LiPON, garnets, Li1.3Al0.3Ti1.7(PO4)3 (LATP),
Li7La3Zr2O12 (LLZO), and La0.57Li0.29TiO3 (LLTO), have
shown improved conductivity (ranging from 10−3 to 10−4 S/
cm).2,16 Nonetheless, they are sensitive to moisture, prone to
reduction during charge−discharge (CD) cycles, react with Li-
metal, and tend to be brittle.2 However, researchers have
turned to sulfide-based SEs as an alternative to oxides. Sulfide-
based SEs exhibit extraordinary room temperature σ (ca. 2.5 ×
10−2 S/cm), which equals or surpasses that of most liquid
electrolytes.17,18 Investigations into sulfide-based SE systems,
including glasses, glass ceramics, and crystalline conductors,
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have opened up an exciting research field on SEs. However,
certain sulfide-based SEs such as LiGeP2S12 and LiSnP2S12
exhibit a strong reactivity with Li-metal, leading to the
formation of dendrites at the interfaces and results in the
decomposition of the SEs.19−21 To address this issue and
mitigate side reactions between the electrolyte and Li-metal, a
solution involving using Li-alloy and buffer layers between the
sulfide-based SEs and Li-metal has been studied.22−24

Unfortunately, this approach comes with a significant draw-
back, as it dramatically reduces the energy density of the cells
due to the low working voltage. Alternatively, sulfide-based SEs
like LiPSX (X = halides), Li3PS4, and LiP3S11 have also been
explored, and they display a reactivity with Li-metal, forming
an ionic-conductivity interface layer.25,26 This layer can serve
as a solid-electrolyte interface (SEI) layer, effectively
suppressing side reactions and creating a smooth pathway for
Li+ movement.27 Consequently, these types of sulfide-based
SEs present promising options for the development of high-
energy-density SSBs.

Among the various sulfide-based SEs, argyrodite LPSCl
stands out as an attractive option due to its excellent σ (ca.
1.33 × 10−3 S/cm at room temperature) and low cost.28

Consequently, extensive research has been conducted on
LPSCl electrolytes, yielding promising results for their
applications in Li-ion and Li−S batteries.29−34 However, a
significant challenge in using argyrodite LPSCl in ASSLBs
applications is the interface instability between LPSCl and
electrodes. During CD cycling, LPSCl tends to oxidize, leading
to the production of elemental sulfur, polysulfides, phosphates,
and lithium chloride at the electrode interface.35,36 These side
products ultimately hinder the cycling stability and can result
in dendrite formation at the interface. Another important
drawback of LPSCl is its non-negligible electronic con-
ductivity, which allows for smooth electron transport through
the LPSCl electrolyte.37 Consequently, Li dendrites can be
directly deposited at the grain boundaries of LPSCl particles,
leading to a serious self-discharge issue.37

Recently, there has been significant use of poly(ethylene
oxide) (PEO) and its derivatives-based polymers in con-
junction with LPSCl to develop composite electrolytes aiming
to enhance electrochemical performance, mechanical strength,
and interfacial stability.3 Zou et al. reported on a composite
e l e c t r o l y t e c ompo s e d o f PEO , l i t h i um b i s -
(trifluoromethanesulfonyl)imide (LiTFSI), and LPSCl, which
exhibited high σ and excellent interfacial stability against Li-
metal.38 By preventing direct contact between LPSCl and Li
metal, the prepared cell demonstrated favorable Li plating-
stripping ability at a current density of 0.2 mA/cm2 at 60 °C.38

Huo et al. also improved cell performance by modifying PEO,
showing that a substituted terminal group of poly(ethylene
glycol) not only stabilized inner interfaces but also extended
the electrochemical window of the composite electrolyte.39

Despite the advantages of the aforementioned PEO-based
composite electrolytes, they are not yet suitable for practical
applications due to their low σ at room temperature and
dendrite formation at high current density.3 Addressing these
challenges, researchers recently prepared composite electro-
lytes using only polymer and LPSCl electrolytes without the
addition of any salts.37,40,41 Poly(p-phenylene oxide) (PPO),
poly(ethylene glycol) dimethyl ether (PEGDME), and PVDF
were used as the polymer matrix. It was observed that after the
polymer was added to the LPSCl electrolyte, the voids and
gaps among the LPSCl particles were filled. The polymer

formed a protective layer on the LPSCl particles, reducing
electronic conductivity through the LPSCl particle, ultimately
suppressing dendrite formation in the grain boundary, and
protecting LPSCl from moisture.37 As a result, the cycling
performance and capacity retention of the cell with polymer/
LPSCl composite electrolyte significantly increased.34 There-
fore, the engineering of polymer/LPSCl composite electrolytes
represents a promising strategy to develop dendrite and self--
discharge-free, as well as humidity-stable, ASSLBs.

In this research endeavor, we developed polymer/LPSCl
composite electrolytes for application in ASSLBs. The process
involved utilizing the TEGDMA monomer and LPSCl ceramic
as precursor materials, which were then subjected to in situ
polymerization. The aim was to enhance the interfacial
interaction between the SE and the electrodes. Additionally,
we explored the impact of ball-milling on the particle size and
morphology of LPSCl, investigating its effects on the
performance of the material. The resulting composite electro-
lytes exhibited several advantageous properties. These included
reduced sensitivity to air, exceptional σ, and diminished
electronic conductivity. To assess Li plating-striping perform-
ance, Li−Li symmetric cells were employed. Notably, the Li−
Li symmetric cell employing the composite electrolyte
demonstrated stable cycling for a remarkable duration of
over 1000 h (375 cycles) at a current density of 0.4 mA/cm2.

2. EXPERIMENTAL SECTION
2.1. Materials. The chemicals listed, including toluene, azobis-

(isobutyronitrile) (AIBN), and vapor-grown carbon fiber, were
received from Sigma-Aldrich and were used in their original state
without any further purification. TEGDMA was also received from
Sigma-Aldrich, dried using molecular sieves, and kept inside the
glovebox. Meanwhile, argyrodite LPSCl and lithium niobium oxide
(LiNbO3) (1 wt %)-coated NMC811 cathode powder were procured
from MSE Supplies in America. Furthermore, Li-metal foil, indium
(In), and polypropylene separator were obtained from Albemarle and
Celgard, respectively, and were kept in a glovebox for storage.
2.2. Instrumentations and Measurements. The chemical

structures of the prepared compounds were confirmed using
Fourier-transform infrared (FTIR) spectroscopy (Nicolet iS5,
ASB1100426, Thermo Fisher Scientific, Massachusetts, USA). The
crystallinity of the prepared SEs was examined by utilizing an X-ray
diffractometer [XRD, Rigaku-Ultima (IV)] featuring Cu Kα radiation
(1.5418 Å). The XRD experiment was executed over the 2θ range of
5−80°, employing a step size of 0.01°. For the XRD investigation, the
specimens were safeguarded within a hermetically sealed XRD holder.
A thermogravimetric analyzer (TGA, 1 STARe System from Mettler-
Toledo) was used to analyze the thermal properties of the prepared
SEs under an argon (Ar) atmosphere in the temperature range of
(30−800) °C at a heating rate of 10 °C/min. Differential scanning
calorimetry (DSC) was carried out, on a 1 STARe system from
Mettler−Toledo, in the temperature range of −80 to 250 °C at a
heating rate of 10 °C/min under an Ar atmosphere. The surface
characteristics, elemental compositions, and topographies of the
electrodes and SEs were studied through the scanning electron
microscopy (SEM, JEOL JSM-750F), while X-ray photoelectron
spectroscopy (XPS) was utilized for further analysis of the electrodes
and SEs. To perform XPS analyses, an air-free sample holder with Ag-
tape on the Si-substrate was placed inside an Ar-filled glovebox and
the electrodes were secured using the Ag-tape. The XPS experiment
was conducted using a Thermo Fisher K-Alpha Plus XPS/UPS
analyzer (operating pressure of 2.0 × 10−7 Pa) with a monochromatic
Al Kα X-ray (1.486 eV) source at The Molecular Foundry.

Meanwhile, electrochemical impedance spectroscopy (EIS) was
performed on an impedance analyzer (Biologic, Claix, France), with
an AC amplitude of 5 mV over a frequency range of 1 MHz to 100
mHz. Moreover, the electronic conductivity of the as-prepared SEs
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Scheme 1. Schematic Diagram of the Preparation and In Situ Polymerization of the Polymer/Ceramic Composite Electrolyte

Figure 1. FTIR spectra of (a) TEGDMA monomer and TEGDMA polymer and (b,c) ALPSCl, BLPSCl, ALPSCl−P, and BLPSCl−P electrolytes,
respectively. XPS spectra of prepared SEs: (d) S 2p and (e) P 2p.
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was determined by observing different current responses at varying
applied voltages (0.1 to 0.5 V) as a function of time. In the model cell,
stainless steel (SS)//electrolyte//stainless steel (SS), 200 mg of
powder SEs were placed between two stainless steel rods and then
pressed into a pellet under a pressure of 348 MPa, resulting in a
diameter of 12 mm.
2.3. Preparation of Polymer/Ceramic Composite Electro-

lyte, Composite Cathode, and SSBs Cells. The fabrication and
polymerization of the composite electrolytes are shown in Scheme 1.
To prepare a composite electrolyte made of polymer and ceramic,
TEGDMA, toluene, AIBN, and LPSCl were added. First, 0.25 g of
TEGDMA and toluene (10 wt %) in a small vial were mixed and
stirred for 10 min until the solution became uniform. Then, 1 g of
LPSCl was added to the solution and stirred for 4 h to evenly
distribute the particles. After that, AIBN (1 wt % of TEGDMA) was
added to the solution and stirred for 30 min. The resulting solution
was poured onto a poly(ethylene terephthalate) (PET) sheet to allow
the toluene to evaporate. Once the toluene was evaporated, we placed

the product into a poly(ether ether ketone) (PEEK) die sleeve and
applied 348 MPa pressure. The product was then heated at 80 °C for
4 h to complete the polymerization process. The whole experiment
was conducted inside an Ar-filled glovebox. In addition, to prepare
ball-milled LPSCl, the as-received LPSCl was placed in a ZrO2
container, along with a ZrO2 ball, and subjected to mechanical
milling using a planetary ball milling apparatus at a speed of 500 rpm
for a duration of 30 min. The prepared four electrolytes; as-received
LPSCl, ball-milled LPSCl, as-received LPSCl−TEGDMA polymer,
and ball-milled LPSCl−TEGDMA polymer are denoted as ALPSCl,
BLPSCl, ALPSCl−P, and BLPSCl−P, respectively.

For the assembly and electrochemical measurements of Li−Li
symmetric cells, the electrolyte weighing 0.2 g was initially
compressed at ca. 348 MPa using a PEEK die sleeve to form a
pellet. Subsequently, two pieces of Li metal foil with a diameter of 10
mm were placed on either side of the electrolyte pellet and pressed
with a pressure of ca. 50 MPa, and heated at 80 °C for 4 h to
complete the polymerization process (for composite electrolytes). Li

Figure 2. (a) TGA and (b) DSC analyses of prepared electrolytes. SEM images of (c) ALPSCl and (d) BLPSCl electrolytes. Cross-sectional SEM
images (e−g) and EDS and elemental mapping (h−k) of BLPSCl−P composite electrolyte.
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plating-stripping experiments were conducted at 25 °C using a
Biologic (Claix, France) system under 50 MPa applied pressure. The
current density were 0.4 and 0.5 mA/cm2. The specific operating
conditions for the designated cells were mentioned in the Supporting
Information section.

To prepare the cathode composite, coated NMC811 and LPSCl
electrolyte were taken with the weight ratio of 80:20 in mortar inside
the glovebox. Then, 2 wt % of vapor-grown carbon fiber was added
and mixed properly using a pestle. For Li-coated NMC811 full cell
testing, initially, 0.2 g of electrolyte was pressed into a pellet with a
pressure of about 348 MPa. Next, the cathode composite material was
evenly distributed on the surface of the electrolyte plate and pressed
under a pressure of about 348 MPa. A Li−In (3:7, wt %) foil was then
pressed onto the opposite side of the electrolyte and applied ca. 50
MPa pressure. The mass loading of the cathode composite material
was approximately 12 mg. The pellet was sandwiched between two SS
rods and heated at 80 °C for 4 h to complete the polymerization
process. All of these processes were carried out inside an Ar-filled
glovebox. The galvanostatic CD tests were conducted using a Biologic
system (Claix, France) at 25 °C under 50 MPa applied pressure. The
operating voltage range was from 2.4 to 4.2 V (vs Li+/Li).

3. RESULTS AND DISCUSSION
3.1. Characterizations of Prepared Electrolytes. The

cross-linked polymer cannot dissolve in commonly used NMR
solvents such as CDCl3, DMSO-d6, C4D8O, and D2O. Hence,
FTIR spectroscopy was employed to analyze the structure of
the LPSCl, TEGDMA monomer, and cross-linked TEGDMA
polymer. Figure 1a−c illustrates the FTIR spectra of ALPSCl,
BLPSCl, TEGDMA monomer, TEGDMA polymer, ALPSCl−
P, and BLPSCl−P, respectively. In the FTIR spectrum of the
TEGDMA monomer (Figure 1a), characteristic bands are
observed at 3000−2850 cm−1 (C−H stretching), 1640 cm−1

(C�C stretching), 1724 cm−1 (C�O stretching), 1465−
1375 cm−1 (C−H bending for −CH2− and −CH3), 1340−850
cm−1 (COC stretching), and 650−1000 cm−1 (C−H out-of-
plane bend).42 However, upon polymerization of the
TEGDMA monomer, only the C�C peaks disappear
completely (Figure 1a), while the other peaks remain
unchanged. This indicates the successful polymerization of
TEGDMA. In Figure 1b, ALPSCl, BLPSCl, ALPSCl−P, and
BLPSCl−P exhibit a characteristic FTIR band of PS4

−3 at 546
cm−1.43 The C�C band is diminished in the FTIR spectrum
of ALPSCl−P and BLPSCl−P (Figure 1c), indicating that
LPSCl does not hinder the polymerization of the TEGDMA
monomer.

The chemical states of the surface functional groups of the
prepared SEs were analyzed by using XPS analysis. The
corresponding deconvoluted S 2p and P 2p spectra for
ALPSCl, BLPSCl, ALPSCl−P, and BLPSCl−P electrolytes are
shown in Figure 1d,e, respectively. In the TEGDMA polymer
XPS spectra, there were no S 2p and P 2p spectra that
appeared, as shown in Figure S1. The S 2p and P 2p signals are
split into two components due to spin-orbit coupling.
Meanwhile, in the deconvoluted XPS spectra of the S 2p and
P 2p levels in ALPSCl and BLPSCl electrolytes, clear peaks
were identified at ca. (162.07 and 163.18) eV for S 2p3/2 and S
2p1/2, and at ca. (132.38 and 133.28) eV for P 2p3/2 and P
2p1/2, respectively. The observed peaks of P and S elements
were associated with the PS4

3− system.44,45 For the ALPSCl
and BLPSCl electrolytes, a second weak component at ca.
168.38 eV was detected in the S 2p spectra. This finding can be
explained by traces of the sulfite environment (SO3

2−) on the
surface, probably due to contact with traces of oxygen.44 On
the other hand, in the XPS spectra of ALPSCl−P and

BLPSCl−P composite electrolytes, this peak was not present,
suggesting that the polymer can protect the LPSCl particles
from moisture and form a less air-sensitive electrolyte.
Furthermore, the positions and intensities of the S 2p and P
2p peaks in ALPSCl−P and BLPSCl−P composite electrolytes
exhibited slight changes, possibly attributable to the inclusion
of polymer in the LPSCl ceramics.
3.2. Physiochemical Properties and Morphological

Analyses of Prepared Electrolytes. Thermal stability
analysis was conducted on the LPSCl ceramic, cross-linked
TEGDMA polymer, ALPSCl−P, and BLPSCl−P electrolytes,
as indicated in Figure 2a. Both ALPSCl and BLPSCl ceramics
displayed minimal weight loss of approximately 1.42% up to
658 °C and showed ultra-high thermal stability up to 800 °C,
which is due to the high crystallinity of the ceramics.46 On the
other hand, the cross-linked TEGDMA polymer exhibited an
initial weight loss of around 70% within the temperature range
of 105−336 °C, which could be attributed to the partial
decomposition and carbonization of the polymer.47 Sub-
sequently, a second weight loss of 97% was observed in the
temperature range of 337−440 °C, resulting from the complete
decomposition of the polymer. Additionally, both composite
membranes, namely, the ALPSCl−P and the BLPSCl−P,
displayed a two-step weight loss of ca. 25% between 219 and
658 °C. This weight loss can be attributed to the
decomposition of the polymer within the composite electro-
lytes, indicating the presence of 25 wt % TEGDMA polymer in
the composite electrolytes. However, the thermal stability of
both composite electrolytes was lower than that of the LPSCl
ceramic but higher than most conventional liquid electro-
lytes.48 Therefore, the thermal stability of the as-prepared
composite electrolytes is adequate for their practical
application in LIB systems.

The Tg values of the as-prepared electrolytes were
investigated by DSC analysis, as shown in Figure 2b. Both
ALPSCl and BLPSCl electrolytes showed no obvious
exothermic and endothermic behavior up to 200 °C, due to
their high thermal stability and crystallinity (Figure S2).46 The
Tg values of the TEGDMA polymer and composite electrolytes
were ca. 120 and 138 °C, respectively.

The surface morphology, EDS, and elemental analysis of the
as-prepared electrolytes were investigated, as depicted in
Figures 2c−k and S3. The ceramic electrolyte plays a crucial
role in the preparation of highly conductive composite
electrolytes. The SEM image illustrates that the BLPSCl
ceramic, after ball milling, exhibits reduced aggregation and
particle size compared to those of the ALPSCl electrolyte
(Figure 2c,d). SEM images of the composite electrolytes,
ALPSCl−P and BLPSCl−P, reveal the incorporation of LPSCl
particles (Figure S3a,b), which are enveloped by the polymer
matrix. Following the in situ polymerization of TEGDMA, the
morphology of the LPSCl particles undergoes minimal change,
gradually becoming coated by the TEGDMA polymer. This
polymer filling within the grain boundaries of the LPSCl
particles ensures smooth Li+ transport and electronic insulation
at these boundaries.37 Moreover, the LPSCl ceramic is evenly
dispersed throughout the polymer matrix in the BLPSCl−P
composite electrolyte and is devoid of any aggregation (Figure
2f). Notably, this uniform distribution of the LPSCl ceramic
and polymer facilitates easy movement of Li+ in the BLPSCl−P
composite electrolyte.37 Cross-sectional images, elemental
mapping, and EDS analysis of the BLPSCl−P composite
electrolyte are presented in Figure 2e−k. It is evident that the
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Figure 3. (a) Ionic and (b) electronic conductivities of the prepared SEs at 25 °C. (c) Main challenges of LPSCl electrolyte. (d) Impact of polymer
on composite electrolyte. (e) Ionic conductivity vs temperature curves of the prepared SEs. (f) ln(ionic conductivity) vs the inverse of absolute
temperatures.

Table 1. Comparison of the Li+ Conductivities at 25 °C of Some Reported Solid Composite Electrolytes with the Prepared
Composite Electrolytesa

polymer matrix ceramic salts σ, (S/cm) refs

PEGDME LPSCl LiTFSI, LiFSI 4.5 × 10−5 39
PEO LPSCl LiTFSI 3.5 × 10−5 49
PEGDME LPSCl 3.9 × 10−4 37
NBR LPSCl LiTFSI 4.0 × 10−4 50
PEGDMA-co-LiSTFSI LiCGC 1.6 × 10−8 51
PL@LCSE LLZO 1.5 × 10−6 52
PVDF Li6.75La3Zr1.75Nb0.25O12 LiClO4 9.2 × 10−5 53
poly(dimethylsiloxane) LATP@PEGDA 2.4 × 10−6 54
PAN LLTO LiClO4 2.4 × 10−5 3
poly(methyl methacrylate) Li6.75La3Zr1.75Nb0.25O12 LiClO4 2.2 × 10−5 3
PEO LLZO LiTFSI 8.9 × 10−5 3
PEO LATP 6.8 × 10−6 3
TEGDMA polymer ALPSCl 1.65×10−4 this work

BLPSCl 2.21×10−4

aPEGDME = polyethylene glycol dimethyl ether, NBR = nitrile butadiene rubber, PEGDMA = poly(ethylene glycol) dimethacrylate, LiSTFSI =
lithium 4-styrenesulfonyl-(trifluoromethylsulfonyl)imide, LiCGC = lithium-ion-conducting glass ceramic powder, PL@LCSE = PEO + Ta-doped
garnet Li6.4La3Zr1.4Ta0.6O12 + lithium 4-styrenesulfonyl-(trifluoromethylsulfonyl)imide, and LATP@PEGDA = Li1.3Al0.3Ti1.7(PO4)3 particles +
poly(ethylene glycol) diacrylate.
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TEGDMA polymer forms a layer that envelopes the entire
LPSCl particle in the composite electrolyte. This polymer layer
can obstruct electronic conduction through the grain
boundaries of the LPSCl particles, ultimately safeguarding
the solid-state cell from severe self-discharge and dendrite
formation.37

3.3. Ionic Conductivity and Electronic Conductivity of
Prepared Electrolytes. To evaluate σ of the electrolytes, a
SS//electrolyte//SS type symmetric cell was prepared under
pressure and used AC impedance measurement technique at
the temperature range of (−20 to 70) °C. The details of the σ
measurement are described in the Supporting Information
section and the obtained fitted EIS spectra of the LPSCl and
composite electrolytes at 25 °C are shown in Figure S4. The σ
value of the ALPSCl ceramic was ca. 1.086 × 10−3 S/cm at 25
°C (Figure 3a). While the σ was increased after ball-milling,

reaching the value of ca. 1.187 × 10−3 S/cm for BLPSCl at 25
°C (Figure 3a), due to the changes in crystallinity, particle size,
and aggregation. However, the σ value of ALPSCl−P and
BLPSCl−P composite electrolytes were ca. 1.65 × 10−4 and
2.21 × 10−4 S/cm at 25 °C (Figure 3a), respectively, which are
higher or comparable to those of other conventional polymer/
ceramic composite electrolytes (Table 1).3,39,49−54 Figure 3b
shows the electronic conductivity of the prepared SEs at 25 °C.
The details of the measurement are discussed in the
experimental Section 2.2 and also shown in Figures S5 and
S6. The electronic conductivities of the SEs, including ALPSCl,
BLPSCl, ALPSCl−P, and BLPSCl−P, were ca. 4.45 × 10−9,
4.54 × 10−9, 3.70 × 10−10, and 3.92 × 10−10 S/cm, respectively,
at 25 °C. The non-negligible electronic conductivities of
LPSCl electrolytes lead to smooth electron transport through
the LPSCl pellets, resulting in Li-dendrites depositing directly

Figure 4. (a,b) Li plating-striping curves at 0.5 mA/cm2 current density for ALPSCl and BLPSCl electrolytes. (c−e) Li plating-striping curves at 0.4
mA/cm2 current density for ALPSCl and BLPSCl electrolytes. (f) Li plating-striping curves at 0.4 mA/cm2 current density for ALPSCl−P and
BLPSCl−P electrolytes.
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at the grain boundaries and causing serious self-discharge
(Figure 3c). However, polymer/LPSCl composite SEs
suppress the dendrite growth by reducing electronic
conductivity.37 By incorporation of polymer into ALPSCl
ceramic, the reduction in σ and electronic conductivity for
ALPSCl−P was 84.86 and 91.69%, respectively. Similarly, for
BLPSCl−P, the reductions were 81.72% for σ and 91.35% for
electronic conductivity. These results suggest that the polymer
has a greater impact on reducing electronic conductivity
compared to σ in the composite electrolytes. The polymer/
ceramic composite electrolyte can transport the Li+ smoothly
while blocking the electron transport at the grain boundary,
which helps suppress self-discharge and enhances cycling
stability (Figure 3d).37,39,41 More importantly, the polymer
covered on the surface of LPSCl functions as a protection layer
to separate LPSCl and moisture, which improves humidity
stability.

The σ values of ALPSCl and BLPSCl ceramics were ca. 5.99
× 10−5 and 6.04 × 10−5 S/cm at −20 °C. While the σ was
gradually raised with increasing temperature (Figure 3e),
reaching the value of ca. 7.57 × 10−3 and 7.87 × 10−3 S/cm at
70 °C. Accordingly, the σ values of the composite electrolytes
were ca. 8.34 × 10−6 S/cm and 8.36 × 10−6 S/cm for
ALPSCl−P and BLPSCl−P, respectively, at −20 °C. While
with the increase of temperature, both of the composite
electrolytes exhibited higher σ, ALPSCl−P and BLPSCl−P,
showed enhanced σ values of ca. 1.37 × 10−3 and 1.49 × 10−3

S/cm, respectively, at 70 °C (Figure 3e). Additionally, in order
to investigate the temperature dependency of the electrolytes’
σ, we created a graph by plotting the ln σ against the reciprocal
of absolute temperatures, as illustrated in Figure 3f. This graph
displayed a linear correlation between ln σ and temperature,
closely resembling the typical Arrhenius plot. This analysis
yielded activation energy (Ea) values of approximately 0.21,
0.20, 0.25, and 0.23 eV for the ALPSCl, BLPSCl, ALPSCl−P,
and BLPSCl−P electrolytes, respectively. The relatively low Ea
values for these electrolytes are in line with the observed high
σ.
3.4. Compatibility of Prepared Electrolytes with Li-

Metal. Figure 4a−f illustrates the cycling stability of Li-metal
symmetric cells using ALPSCl and BLPSCl ceramic electro-
lytes at 25 °C. The experimental details can be found in the
Supporting Information section (Figure S7). Both cells, with
ALPSCl and BLPSCl electrolytes, showed different behaviors
at 0.5 mA/cm2 current density (Figure 4a,b). Notably, the cell
with ALPSCl electrolyte displayed wedge-shaped voltage
plateaus at a current density of 0.5 mA/cm2 due to the
increasing Li+ transport resistance during lithium deposition,
leading to uneven lithium plating (Figure 4a). This uneven
plating/stripping, along with the solid-solid point contact and
volume changes in the Li-metal anode, resulted in a continuous
decrease in the effective contact area between the Li-metal
anode and LPSCl electrolyte.55 Consequently, the limited
contact area contributed to higher local current density and
exacerbated the uneven deposition of lithium metal, thereby
promoting dendrite growth in the SE.55 Conversely, the cell
with BLPSCl electrolyte exhibited a potential curve indicating
a uniform current distribution on the BLPSCl electrolyte at a
current density of 0.5 mA/cm2 (Figure 4b). Figure 4c−e shows
the voltage−time profile of ALPSCl and BLPSCl electrolytes at
0.4 mA/cm2 at 25 °C. The cells with ALPSCl and BLPSCl
electrolytes exhibited low cycling stability up to 600 h (225
cycles) and this low cycling stability is responsible for the Li

deposition in the bulk LPSCl, reduction of Li+ at the grain
boundaries of the LPSCl electrolyte.37 However, compared to
ALPSCl, the BLPSCl electrolyte showed better, uniform,
smooth, and dendrite-free Li-deposition. The improved
performance of the ball-milled electrolyte can be attributed
to its distinct morphology, smaller particle size, and reduced
aggregation compared to the ALPSCl electrolyte. The effect of
a polymer on the suppression of Li dendrites was also
investigated (Figure 4f). The cells containing polymer/ceramic
electrolytes demonstrated improved Li plating/stripping
cycling performance, allowing them to operate for up to
1000 h (375 cycles) at 0.4 mA/cm2. However, the disparity in
cycling stability between the composite electrolytes and LPSCl
electrolytes can be attributed to different Li deposition models.
The grain boundary of the LPSCl particle serves as a pathway
for Li deposition, facilitating easy electron transfer between
adjacent LPSCl particles without any barriers.37 Consequently,
continuous Li deposition and the growth of Li dendrites along
the grain boundaries ultimately lead to a short circuit.37 In
contrast, the incorporation of the TEGDMA polymer in the
LPSCl ceramic electrolyte obstructs electron transport at the
grain boundaries,37 resulting in suppressed Li dendrite growth
in the bulk LPSCl and improved cycle life for Li−Li symmetric
cells. The TEGDMA polymer shields the grain boundary of the
LPSCl ceramics, impeding the movement of electrons between
LPSCl particles.37 However, the electrochemical performance
of Li−Li symmetric cells with LPSCl/polymer composite
electrolytes demonstrates excellent Li plating-stripping per-
formance, surpassing or matching that of other SSBs (Table
S1). In addition, incorporating the polymer led to an increase
in overpotential due to the reduced σ, which can be
detrimental to high-rate capability.

As shown in Figure S8a,b, the cell resistance of the Li−Li
symmetric cells with ALPSCl and BLPSCl electrolytes was
increased for the first few cycles and then stabilized, which can
be attributed to the interfacial reactions between Li and LPSCl
and interphase formation.37,56−58 The corresponding EIS
results during cycling of the ALPSCl−P and BLPSCl−P
composite electrolyte confirmed the high stability and Li
dendrite-free behavior. As shown in Figure S8c,d, the slight
increase in cell resistance during the first few cycles reflected
the SEI formation process at the Li/SE interface, but the
stabilized resistance after the first few cycles supported the
stable Li plating/stripping behavior. Moreover, the cell
utilizing BLPSCl−P composite electrolyte exhibited superior
characteristics, such as lower over potential and smoother Li
deposition behavior, compared to the ALPSCl−P composite
electrolyte. These improvements can be attributed to the
reduced particle size and altered morphology resulting from
the ball milling of the LPSCl electrolyte. These findings align
perfectly with the results obtained from σ, electronic
conductivity, XRD, XPS, and SEM analyses. The huge
difference in Li plating-stripping behavior with and without
polymer further highlights the positive effect of the polymer on
suppressing Li dendrite growth.
3.5. Battery Performances of Prepared Electrolytes.

The battery performance of the prepared electrolytes was
examined using an all-solid-state cell that had a coated
NMC811//electrolyte//Li−In configuration at a temperature
of 25 °C. The choice of coated NMC811 as the cathode
material was based on its high energy density, cycling
performance, and theoretical capacity (180 mA h/g at
0.1C).6,59 The cells’ CD plots were measured by applying
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constant currents (0.1, 0.2, 0.3, and 0.5C) across the potential
range of 2.4−4.2 V. The C rate was determined using the
weight of the active cathode material (12 mg). Figure 5a
illustrates the CD plots of the cells at 0.1C, up to a potential of
4.2 V, while Figure 5b,c depicts the changes in discharge
specific capacity (Csp) and Coulombic efficiency as the number
of CD cycles increases at 0.1C. At a rate of 0.1C, the Csp values
of the solid-state cells with ALPSCl, BLPSCl, ALPSCl−P, and
BLPSCl−P electrolytes were approximately 115, 125, 134, and
138 mA h/g, respectively (Figure 5a). These values are
comparable to or higher than those reported for other SEs
(Table S1). Figure S9a,b depicts the EIS curves for the all-
solid-state lithium cells prepared with four different SEs, both
before cycling and after 50 cycles at 0.1C. It is observed that
the cell resistance for all four cells experienced a slight increase.
This increase can be attributed to interfacial reactions between
lithium and LPSCl, along with the formation of an
interphase.37,56 Furthermore, after 50 CD cycles, the LIB
with these electrolytes exhibited Csp values of around 65, 73,
87, and 90 mA h/g for ALPSCl, BLPSCl, ALPSCl−P, and
BLPSCl−P electrolytes, respectively, at 0.1C. The capacity was
decreased by approximately 44, 42, 37, and 38% of the initial
Csp (Figure 5b). Additionally, the BLPSCl−P electrolyte
demonstrated excellent cycling and electrochemical stability,
showing promise for the development of high-voltage
ASSLIBs. Additionally, the rate capability of the cells was
investigated at various current densities from 0.1 to 0.5C, as
shown in Figure S10. The cell with BLPSCl−P electrolyte
delivered a capacity of over 59 mA h/g at a high current
density of 0.5C, and no short circuit was observed. The
Coulombic efficiencies of the cell using ALPSCl, BLPSCl,
ALPSCl−P, and BLPSCl−P electrolytes were approximately
94.05, 95.82, 99.85, and 99.97%, respectively, during the first
CD cycle (Figure 5c). These efficiencies significantly improved
to approximately 98.08, 99.80, 99.98, and 99.99%, respectively,
after 50 CD cycles owing to the enhanced interfacial contact
between the electrode and electrolyte.60,61 More importantly,
both at the initial and following 50 cycles, the cells utilizing

composite electrolytes, specifically ALPSCL−P and BLPSCL−
P, demonstrated higher Coulombic efficiencies compared with
cells employing individual ALPSCl and BLPSCL electrolytes.
Additionally, the fluctuation in Coulombic efficiency observed
in cells with ALPSCl and BLPSCl electrolytes is higher than
that in cells with ALPSCl−P and BLPSCl−P composite
electrolytes. This phenomenon is indeed common in solid-
state batteries with LPSCl electrolytes.44,57 These observations
strongly suggest that the composite electrolytes exhibit
substantial electrochemical stability and enduring cycling
performance within a potential range of up to 4.2 V.

4. CONCLUSIONS
We synthesized composite electrolytes based on LPSCl
ceramic and polymer to suppress Li dendrite growth and
self--discharge in SSBs. We utilized the TEGDMA monomer
for in situ polymerization via thermal curing to prepare the
composite electrolyte. Additionally, we employed ball-milling
to modify the LPSCl ceramic’s particle size and morphology.
At 25 °C, the BLPSCl−P electrolyte exhibited slightly higher σ
of 2.12 × 10−4 S/cm compared to the ALPSCl−P composite
electrolyte’s σ of 1.65 × 10−4 S/cm. The electronic insulating
properties of the TEGDMA polymer reduced the overall
electronic conductivity of the composite electrolyte, effectively
inhibiting the reduction of Li+ by electrons to Li-metal at the
grain boundaries. Consequently, both composite electrolytes
demonstrated excellent compatibility with Li-metal, maintain-
ing stable cycling for 1000 h (375 cycles), in contrast to
ALPSCl and BLPSCl electrolytes, which remained stable for
only 600 h (225 cycles) at a current density of 0.4 mA/cm2.
Furthermore, the SSB using the BLPSCl−P composite
electrolyte achieved a high Csp of 138 mA h/g, initial
Coulombic efficiency of 99.97%, and good capacity retention
at 0.1C and 25 °C. Apart from enhancing Li dendrite
suppression and self-discharge mitigation, the TEGDMA
polymer coating also shielded LPSCl from moisture, thereby
improving humidity stability. To enhance the electrochemical
performance of these composite electrolytes, our ongoing

Figure 5. (a) CD plots of the as-prepared electrolyte solutions based on the coated NMC811//SE//Li−In cell at 0.1C rate. (b) Specific discharge
capacity plots of the cells as a function of the CD cycles at 0.1C. (c) Coulombic efficiency of the cells with as-prepared SEs as a function of the CD
cycles.
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research in the laboratory is centered on developing cathode
materials and compositions with well-matched energy band
positions. Additionally, our research delves into the electro-
lyte−electrode interface and thoroughly investigates dendrite
growth using optical microscopic images. We believe that our
technique and composite electrolytes hold great promise for
the advancement of practical ASSLBs with enhanced safety and
stability.
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