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ABSTRACT: Sulfide solid electrolytes (SEs) with high Li-ion conductivities
(σion) and soft mechanical properties have limited applications in wet casting
processes for commercial all-solid-state batteries (ASSBs) because of their
inherent atmospheric and chemical instabilities. In this study, we fabricated
sulfide SEs with a novel core−shell structure via environmental mechanical
alloying, while providing sufficient control of the partial pressure of oxygen.
This powder possesses notable atmospheric stability and chemical resistance
because it is covered with a stable oxysulfide nanolayer that prevents
deterioration of the bulk region. The core−shell SEs showed a σion of more
than 2.50 mS cm−1 after air exposure (for 30 min) and reaction with slurry
chemicals (mixing and drying for 31 min), which was approximately 82.8%
of the initial σion. The ASSB cell fabricated through wet casting provided an
initial discharge capacity of 125.6 mAh g−1. The core−shell SEs thus
exhibited improved powder stability and reliability in the presence of
chemicals used in various wet casting processes for commercial ASSBs.

■ INTRODUCTION

In recent years, all-solid-state batteries (ASSBs) have become
widely recognized as promising next-generation batteries
because of their high energy densities, wide range of operating
conditions, and high safety.1−5 Various solid electrolytes (SEs)
employed in ASSBs have been reported to be important
components for stable cell fabrication and operation.5−8 In
particular, sulfides are one of the most effective SE materials
because they have superior Li-ion conductivity (σion)
compared to other SEs. Moreover, they exhibit ductile
mechanical properties that are advantageous for formation at
room temperature.8−10 Recently, several sulfide SEs have been
discovered with a σion of more than 10 mS cm−1, which is
comparable to that of the liquid electrolytes used in
conventional Li-ion batteries.5,8,11,13 However, the atmospheric
and chemical stabilities of sulfides have not been examined in
detail. Generally, the high σion of sulfide SEs deteriorates on
account of the moisture and oxygen contents in the
atmosphere.14−21 Therefore, these SEs must be utilized in
specific equipment or spaces where moisture and oxygen are
extremely low.2,5,7,9,12 These difficulties must be overcome
because they increase the cost of material synthesis and
decrease the reliability of the ASSB material properties in
commercialization.
Numerous researchers have used the most common and

efficient methods for improving the atmospheric instability and

chemical vulnerability of sulfides. Specifically, they have
employed solid solution (or composite) processes with oxides
that comprise the same crystal structure and exhibit much
greater stability,18−22 i.e., Li2S−P2S5 partially substituted (or
mixed) with P2O5 (or metal oxides).18,20,21 However, as the
amount of oxide increases, the σion of the solid solution (or
composite) significantly decreases from 10−2 to 10−1 mS
cm−1.20,21 Furthermore, previous studies on improving the
atmospheric stability of sulfides with oxides (or oxysulfides)
were generally identified to incorporate oxides as the respective
starting materials in powder synthesis.18−22 This method
changes the bulk characteristics of sulfides by compositing
oxides and sulfides or by realizing a single oxysulfide phase in
all areas of the material. The above studies successfully
improved the atmospheric stability of sulfides by decreasing
the amount of H2S gas generation; nevertheless, most of these
studies could not prevent a significant decrease in σion or an
increase in elastic moduli owing to their inevitable oxide
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characteristics. As a completely different approach, recent
research has revealed the superior atmospheric stability of
sulfides by replacing a hard acid (here, P) with soft acids (Sn
and As).15−17 According to the concept of using hard and soft
acids and bases, the atmospheric stability can be improved by
changing the reaction preference and replacing the reactive
hard acid with soft acid cations. However, in that research, the
issue of the toxicities of new elements emerged, and the
stability of solvent/binder reactions beyond atmospheric
stability was not assessed.15,17

In the present study, we synthesized a novel core−shell
sulfide, i.e., oxysulfide-coated Li6PS5Cl argyrodite (hereafter
denoted as OScA), by applying environmental mechanical
alloying and controlling the oxygen partial pressure. We
determined that the OScA powder maintained excellent Li-ion
transport properties through improved atmospheric stability
and chemical resistance compared with pristine argyrodite
(Li6PS5Cl, hereafter referred to as PriA). Finally, by fabricating
ASSBs and characterizing their performance, we determined
the effectiveness of this novel oxysulfide nanolayer-coated
sulfide and its potential as an SE material.

■ RESULTS AND DISCUSSION
To fabricate the proposed sulfide SE coated with an oxysulfide
nanolayer, we introduced environmental mechanical alloying, a
new modification to the process of high-energy ball milling in
an inert atmosphere. We divided this process into three
planetary milling stages: (1) mixing the raw materials, (2)
alloying in an inert atmosphere, and (3) coating in an oxidizing
atmosphere. A detailed schematic of the environmental
mechanical alloying is shown in Figure 1a. In the first stage,
the Li2S, P2S5 and LiCl raw starting materials were mixed in
the molar ratio of 5:1:2. In the second stage, the mixture was
converted into glass−ceramic argyrodites by introducing high-
energy milling at an extremely low oxygen partial pressure for 8
h. In the third stage, the low oxygen partial pressure (Ar filled,
O2 ≤ 0.1 ppm) was substituted by a high oxygen partial
pressure (O2 ≈ 1.493 atm). This process deposited an
extremely thin oxide coating layer on the glass−ceramic
powders, thereby forming a core−shell structure that divides
the oxide and sulfide regions into their respective core and
shell structures. The shell structure was expected to have a high
chemical stability to prevent structural degradation of the core
sulfides and to increase the reliability of the powder during wet
casting processes and cell operations.
We investigated the crystal structure and σion of the PriA and

OScA samples for reference. The detailed X-ray diffraction
(XRD) patterns are shown in Figure 1b. Both samples after
high-temperature annealing at 500 °C clearly exhibit the
Li6PS5Cl argyrodite crystal phase with or without the
oxysulfide shell structure. The average σion of OScA is 3.02
mS cm−1 (standard deviation = 0.220) owing to the presence
of the surface oxysulfide nanolayer. This σion is 10.4% lower
than the average σion of PriA (3.37 mS cm−1; standard
deviation = 0.141). The activation energy of OScA
corresponds to 0.33 eV from the Arrhenius equation of σion.
This value generally agrees with the results of pristine
Li6PS5Cl, our PriA sample, and results in the literature (see
Figure S1).23−25 Additionally, we conducted cyclic voltamme-
try (CV) tests to investigate the difference in electrochemical
stability window between PriA and OScA (see Figure S2).
They identically show the well-known reduction and oxidation
peaks at 1.8 and 2.6 V, respectively. These peaks are positioned

at almost the same voltages as those of pristine Li6PS5Cl, as
reported in the literature.13,26,27

We utilized transmission electron microcopy (TEM), energy
dispersive X-ray spectroscopy (EDX), and X-ray photoelectron
spectroscopy (XPS) to verify the existence of the oxysulfide
nanolayer on the Li6PS5Cl core structure. Figure 2 shows the

Figure 1. (a) Schematic of the environmental mechanical alloying
process flow for preparing PriA and OScA powders. (b) XRD patterns
of PriA and OScA powders before and after annealing. Reference
XRD patterns of Li6PS5Cl (PDF #04-018-1429), Li2S (PDF #98-064-
2291), and LiCl (PDF #98-002-6909) are also marked.

Figure 2. Surface structure characterization of (a) PriA and (b) OScA
powders. Compositional line profiles of elements (S, P, Cl, and O)
from each sample recorded along the arrow shown in each TEM
image.
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surface microstructure of the PriA and OScA samples obtained
from the TEM analysis and their element concentration
profiles along the scanned line (from surface to bulk). The
presence of this oxysulfide region was clearly observed in the
TEM image of the OScA sample, with a unique 50 nm-thick
nanolayer formed on the OScA surface. Further, the element
profiles of both samples in the TEM-EDX analysis show
different oxygen concentrations in their surface regions. The
OScA sample contains an oxysulfide layer with approximately
15 at.% sulfur to oxygen substitution, while the PriA sample
maintains a constant composition ratio across the surface and
bulk regions.
Figure 3 presents further evidence by identifying the

oxysulfide nanolayer using XPS analysis, which is a surface-
sensitive quantitative spectroscopic technique. In the PriA and
OScA samples, the P 2p peak corresponding to the binding
energy of PS4

3− is predominantly identified (at 131.63 eV).
The OScA sample shows another noticeable peak at 132.85 eV
along with the common PS4

3− peak. This new peak at 132.85
eV is confirmed by the POxSy binding energy related to P, O,
and S, which is consistent with the oxysulfide binding energy
reported in the literature.28−31 As shown in Figure 3b, the S 2p
peak of the OScA sample appears at 161.28 eV, which is
downshifted from the S-state of typical sulfides, suggesting the
formation of oxysulfides in our OScA sample. In addition, the
absence of sulfate species at about 168 eV also shows that both
S and O atoms are chemically bound to cations. We also
measured the Raman spectra to verify the presence of an
oxysulfide nanolayer, as shown in Figure S3. The wavenumber
of the OScA sample shifted to become higher than that of
PriA. This high Raman shift indicates that sulfur in PS4

3− was
replaced with a lighter element (here, oxygen).32 Conse-
quently, by comprehensively observing the microstructure and
composition, and by analyzing the surface species, we
confirmed the successful formation of ultrathin oxysulfide
layers on the Li6PS5Cl SEs. The formation was achieved by

controlling the oxygen partial pressure during our proposed
three-stage environmental milling process.
Because stability under real-world fabrication and operation

conditions is a key requirement of sulfide-based ASSB
materials, we characterized the atmospheric and chemical
stability of our pristine and oxysulfide-coated SE materials by
multiple methods. First, we assessed the atmospheric stability
of the PriA and OScA samples under relative humidity (RH)
35% condition at 25 °C. The degradation behavior of the
material observed with air exposure was investigated in terms
of the XPS-based surface analysis and changes in σion. The
results of the XPS analysis are shown in Figure 4a. Before and
after air exposure, the intensity of the O 1s peaks changed
significantly, whereas the C 1s binding energy peaks of the two
materials remained constant. As the OScA sample consists of
an inherent oxysulfide nanolayer, the O 1s peak did not change
after air exposure. However, the surface of the PriA sample
oxidized because the surface was exposed to moisture and
oxygen during air exposure. As a result, the O 1s peak rapidly
increased. Therefore, the surface oxysulfide nanolayer of OScA
prevented the atmosphere from degrading the surface of the
sulfides. The detection of a small residual oxygen peak could
not be avoided, even in an ultrahigh vacuum state, on account
of the inherent features of XPS, which precisely measured the
top surface of the sample.
Furthermore, the surface structure of the PriA sample

without a surface layer rapidly degraded after atmospheric
exposure. This deterioration was verified in terms of the
changes in σion before and after air exposure under RH 35% at
25 °C. The results are shown in Figure 4b. Both samples
exhibit the similar monotonic decrease in σion over 120 min.
However, the changes in σion observed within 15 min and the
degradation rate of air exposure are noteworthy (the
degradation rates of PriA and OScA samples are −58.0 and
−21.4 μS cm−1 min−1, respectively), as shown in an inset of
Figure 4b. Specifically, the σion of PriA rapidly decreased by

Figure 3. (a) P 2p XPS spectra for PriA and OScA samples. The blue region corresponds to the peak of the PS4
3− anion cluster; the red region is

the POxSy peak. (b) S 2p XPS spectra for PriA and OScA samples. The red and blue regions correspond to the peaks of Li−S−Li and P−S−Li
bonds, respectively.
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approximately 21.7%, whereas the σion of OScA remained
almost unchanged (less than 4.53% decrease). These results
indicate that the thin oxysulfide nanolayer formed on the
OScA powder suppressed the rapid deterioration of the sulfide
SEs. These sulfide SEs exhibited uniform performance for a
certain period of time after the initial exposure to the
atmosphere. We confirmed the presence of a thick oxysulfide
layer formed by providing more oxygen through control of the
coating mill speed, as shown in Figure S4. Although it was
possible to coat thicker and higher oxygen contents layers at
coating mill speeds of 500 and 700 rpm, the decrease in the
initial σion of the OScA sample was inevitable. The initial σion
decreases as oxygen forms a thick film and oxygen penetrates
deep into the bulk. Such OScA samples with thick oxysulfide
layer have a low deterioration rate under the condition of RH
35%, but their actual σion is lower than that of PriA, limiting
their practical merits. The relevant impedance spectra and
detailed σion results of PriA and OScA as a function of the air
exposure time at RH 35% condition are provided in Figure S5
and Table S1. Considering these time-dependent results
obtained from harsh RH 35% condition at 25 °C, we conclude
that the new OScA powder can maintain uniform material
performance for conditions required to complete cell
production.
In addition to the results on atmospheric stability, we

verified the chemical resistance of the new material during the
wet casting process. As shown in Figure 5a, the chemical
resistance was characterized by reacting the PriA and OScA
samples with solutions that were developed by combining
various solvents and organic binders and then measuring σion.
First, the solubilities of the individual combinations of solvents
and binders, which have been widely used in the slurry casting
process for ASSBs, were examined.33−37 Subsequently, only the

combinations that completely dissolved the samples were
selected, i.e., toluene with ethylene-vinyl acetate (EVA), xylene
with EVA, acetonitrile (ACN) with nitrile-butadiene rubber
(NBR), ethyl propionate (EP) with EVA/NBR, ethyl acetate
(EA) with NBR, and diethylene glycol dimethyl ether
(DEGDME) with polymethyl methacrylate (PMMA)/poly-
vinylidene fluoride (PVDF). After the reaction with various
solvent−binder solutions (room temperature vortex mixing for
1 min and high-temperature drying for 30 min), the σion of the
two electrolytes were measured, and the ratios between the
measured and initial values were obtained, as shown in Figure
5b. OScA exhibits generally better stability than PriA in
nonpolar and polar solvent solutions. In particular, OScA
showed a considerably smaller decrease in σion than PriA in
ACN-based and EA-based solutions, which are more polar
than xylene (polar indices of ACN, EA, and xylene are 5.8, 4.4,
and 2.5, respectively).38,39 Unlike typical sulfide SEs that show
structural degradation owing to the nucleophilic attack of
highly polar solvents,36,40−42 the OScA material exhibited some
resistance to both solvents and binders. This is because the
oxysulfide nanolayer formed on the powder surface effectively
suppressed the direct chemical reaction between the sulfides
and organics, including the solvent and binder.
Among the results shown in Figure 5b, the results obtained

using the combination of the EA solvent and NBR binder were
quite interesting. In accordance with the typical properties of
the sulfides that are vulnerable to highly polar solvents, the
observed decrease in σion was ∼37% in the PriA sample and
less than 8% in the OScA sample, which exhibited a σion ratio
of 0.9. An important point is that EA has higher polarity than
EP; however, the low boiling point (BP) of EA is advantageous
for drying,43 which can reduce the amount of the residual

Figure 4. Atmospheric stability tests of PriA and OScA powders. (a)
O 1s and C 1s XPS spectra of the PriA and OScA samples. Samples
were tested before (solid lines) and after (dashed lines) air exposure
for 30 min under RH 35% at 25 °C. (b) Variations in σion with RH
35% condition at 25 °C and air exposure time up to 120 min.

Figure 5. Chemical resistance tests of PriA and OScA powders. (a)
Schematic illustration of chemical resistance tests with various
solvents and binders. (b) Comparison of the σion ratio after chemical
resistance tests. The σion ratio is the σion obtained after the chemical
reactions divided by σion,0, where σion,0 is the initial σion. The green
dashed line indicates that the σion ratio is greater than 0.9.
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organic content. Moreover, the results of using toluene and
xylene need to be noted. Both solvents containing EVA binder
showed similar notable differences in PriA and OScA. Toluene
has slightly higher polarity than xylene; however, it has a low
BP,37 which is good for drying. Therefore, in choosing a
solvent, it is necessary to consider the effects of both polarity
and BP. Lastly, our experimental results showed that the binder
polarity is also a very important consideration in wet casting.
Because PVDF binders have C-F functional groups, they have
higher polarity than other binders,44 resulting in the very low
σion of the PriA and OScA materials. In contrast, NBR, which
has lower polarity than PVDF, shows a small decrease in σion.

44

As a result, we confirmed that the OScA material has higher
usability for polar solvents (e.g., EA and toluene) than the
nonpolar solvents (e.g., xylene) commonly used for wet casting
process. Thus, this material is suitable for a process with more
favorable conditions for wet casting (use of various binders,
control of the binder content with high solubility, and
improvement of casting quality using highly adhesive bind-
ers).36,37,45

To characterize the cell performance, as described in the
following section, we selected and applied a combination of EA
solvents and NBR binders. EA, which is typically not used as a
solvent because of its relatively high polarity, has a low boiling
point (77 °C) and a high vapor pressure (∼9.73 kPa at 20 °C).
These characteristics provide the advantage of easy and rapid
slurry drying.46 The OScA material developed in this study
showed extremely high chemical resistance in EA solvents
combined with the NBR binders. Consequently, cell
fabrication and characterization were possible with these
components.
Figure 6 shows the microstructure and cell performance of

an ASSB cell prepared using the OScA material as an SE. As
described in the experimental section and Figure 6a, the ASSB
cell was prepared by wet casting the electrolyte (PriA or
OScA) and composite cathode [LiNbO3 coated Li-
Ni0.6Co0.2Mn0.2O2 (Nb-NCM), SE, and vapor-grown carbon
fiber (VGCF)] in the form of a tape sheet and bonding them
by employing a uniaxial lamination process. As shown in
scanning electron microscope (SEM) images of Figure 6b, we
confirmed that the ASSB cell microstructure was well prepared

with no noticeable interface cracks and macropores in the
laminated tape sheets. Figure 6c,d shows the initial charge/
discharge capacity and cycle performance over 200 cycles of
the ASSB cells prepared using OScA and PriA. The initial
discharge capacity of the ASSB cell with OScA was 125.6 mAh
g−1 (areal initial discharge capacity of 0.711 mAh cm−2) and a
discharge capacity of 81.36 mAh g−1 was maintained even after
200 cycles. However, the ASSB cell with PriA showed a poor
initial discharge capacity of 52.7 mAh g−1, which decreased to
less than 30.96 mAh g−1 after 200 cycles. This notable
difference in the performance of the cells with PriA and OScA
can be attributed to the significant degradation of PriA during
the wet casting process on account of the polar EA solvent. On
the contrary, we confirmed that the oxysulfide nanolayer,
which formed on the surface of the OScA powder, was
observed to enhance the chemical resistance to the polar
solvent and binder, which rendered OScA extremely suitable
for the entire wet casting process.

■ CONCLUSIONS
In summary, a novel core−shell SE material that exhibited
notable atmospheric stability and chemical resistance was
prepared via an environmental mechanical alloying technique,
in which the oxygen partial pressure was controlled. The
annealed OScA powder, a sulfide SE coated with a 50 nm-thick
oxysulfide nanolayer as a protective layer, initially had an
average σion of 3.02 mS cm−1 at 25 °C. This core−shell SEs
showed a σion of more than 2.50 mS cm−1 after air exposure
(30 min, RH 35% at 25 °C) and reaction with slurry chemicals
(EA with NBR; room temperature vortex mixing for 1 min and
high-temperature drying for 30 min), which was approximately
82.8% of the initial σion. These results were interesting,
considering that the σion of the PriA sample without the
oxysulfide nanolayer was degraded by 35% or more.
Based on these results, we fabricated ASSB cells with OScA

and PriA by employing a wet casting process using the polar
solvent EA and NBR as a binder. We evaluated the charge and
discharge performance. The initial discharge capacity of the
cell with OScA was 125.6 mAh g−1, which was approximately
138% higher than that of the cell with PriA. Furthermore, the
cell with OScA was considerably more stable even after 200

Figure 6. (a) Schematic illustration and (b) cross-sectional SEM image of an ASSB (cathode/SE/Li−In) cell used for electrochemical performance
tests. (c) Charge/discharge profiles of the 1 and 200 cycles at 0.1 C. (d) Discharge capacity and Coulombic efficiency during 200 cycles of PriA and
OScA cells at 0.1 C.
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cycles. These results provide new possibilities for improving
the atmospheric and chemical stabilities of sulfide SE materials,
and they are expected to contribute to a major breakthrough in
the commercialization of ASSBs.

■ METHODS
Powder Preparation. The starting materials, i.e., Li2S

(Aldrich, 99.9%), P2S5 (Aldrich, 99%), and LiCl (Aldrich,
99%), were mixed according to a stoichiometry of 5:1:2. For
preparing the PriA sample, the mixture was placed in a ZrO2
bowl (P5 Premium Line, Fristch) along with 3 mm ZrO2
beads. It was milled at 700 rpm for 9 h under extremely low
partial pressure of oxygen (i.e., argon atmosphere; O2 ≤ 0.1
ppm). In contrast, the OScA sample was milled at 700 rpm for
8 h under the same atmosphere (O2 ≤ 0.1 ppm), and then the
obtained powder was additionally milled for 1 h at 300 rpm in
a high partial pressure of oxygen (O2 ≈ 1.493 atm). A
container lid with gas inlet pipes was used to apply the high
pressure oxygen gas (purity 99.999%), and the container was
sealed with a clamp to withstand high pressure. After the
milling process, both samples were added to quartz tubes and
heated to 500 °C for 2 h (ramp rate = 10 °C min−1) in an
argon atmosphere. Then, the quartz tubes were rapidly cooled
to room temperature. The final products were ground into a
fine powder using an agate mortar. The relevant schematic
illustration showing the process flow of PriA and OScA
powders is shown in Figure 1a.
Powder Characterization. The crystal structures of the

as-milled and final samples were characterized by utilizing a
powder X-ray diffractometer (D8 Advance, Bruker) with Cu
Kα radiation (λ = 1.540598 Å). The samples were placed on a
silicon zero background holder and covered with a Kapton
polyimide film to prevent possible moisture and oxygen
uptake. XRD patterns were collected over a 2θ range of 10−
70° at intervals of 0.02°. The thickness of the coating layer for
the OScA sample was determined from the line profiles
obtained from TEM (Talos F200X, FEI; Titan TM 80-300,
FEI) and EDX (Super-X EDS system, Bruker; PV97-61850-
ME, EDAX) mapping. The sample was placed on a copper
TEM grid coated with a carbon film. The TEM grid was placed
in a double-tilt vacuum transfer holder (model 648, GATAN)
to prevent exposure to the atmosphere. XPS (PHI 5000
VersaProbe, ULVAC PHI) was performed on the PriA and
OScA samples to accurately identify the elemental composition
of the surfaces of the samples. High-resolution scans were
collected in the Li 1s, P 2p, O 1s, S 2p, C 1s, and Cl 2p energy
regions with a monochromatic Al Kα source (1486.6 eV) at a
base pressure of 2 × 10−7 Pa. The binding energy was
calibrated with the C 1s peak (set to 284.6 eV). Raman spectra
measurements of the PriA and OScA samples were conducted
with a spectrometer (LabRam Aramis spectrometer, Horiba
JobinYvon) using a wavelength of 514.5 nm. The Raman
spectroscopy data were collected in the frequency range of 0 to
700 cm−1, and each spectrum was measured at a resolution of
0.5 cm−1 for 60 s. All Raman spectra were corrected with
multiline baseline correction. For evaluating the Li metal
stability of the PriA and OScA samples, CV measurements of
asymmetric cell (Li/SE/SE-carbon/Pt) were performed from
−0.04 to 5 V with a scan rate of 0.2 mV s−1 at 25 °C. This
rigorous CV setup, which was presented in recent papers,13,26

improves the interface contact between the SE and electrode to
effectively verify the electrochemical stability window. The σion
results at 25 °C were measured using a frequency response

analyzer (model 1260, Solartron) and electrochemical interface
equipment (model 1287, Solartron). All samples were
uniaxially cold-pressed under 300 MPa for analyzing σion.
The σion of a pellet was measured by applying a voltage of 100
mV in a frequency range of 102 to 106 Hz. Variations of σion
with temperature (up to 120 °C) were measured by applying
the same cold-pressed pellet and impedance setup.
Atmospheric stability tests were performed by using a

constant temperature and humidity chamber (Rcom Max 50,
Rcom). We established the chamber conditions (relative
humidity, RH, of 35% at 25 °C), and 0.2 g of the as-annealed
OScA and PriA powders in the vial bottle (4 mL volume) were
exposed to the controlled atmosphere. The chemical stability
of both samples was measured using various types of solvents
and binders such as DEGDME, EA, p-xylene, toluene, ACN,
EP, PMMA, PVDF, EVA, and NBR. The slurry was prepared
by stirring and dissolving the electrolyte, solvent, and binder at
a weight ratio of 50:49.3:0.7 for 1 min using a vortex mixer. All
slurries except the DEGDME-based slurry (at 280 °C) were
dried on a hot plate at 240 °C for 30 min. All samples
synthesized and prepared in an inert gas atmosphere (O2 ≤ 0.1
ppm).

Cell Fabrication and Characterization. The composite
cathode consisted of four components; the active material
(Nb-NCM), the PriA or OScA SE, a conductive agent
(VGCF), and a binder (NBR), at a weight ratio of
60:36:4:1.37. Each mixture was placed in a stainless steel
bowl with stainless steel balls and EA and then dispersed for 9
min using a vibration mixing mill (MM400, Retsch). The
slurry for the PriA or OScA SE layer was created using the SE
powder, NBR, and EA and mixed using a vibration mixing mill
under operation condition. The electrode and electrolyte were
cast on an aluminum foil and a polyimide film, respectively.
The two castings were created with a thickness of 200 μm via
an auto caster and dried for 3 h at room temperature. The cast
electrolyte layer (CEL) was fed into a 10 mm mold and
compressed at 151 MPa. The cast composite cathode and CEL
were placed into the same mold facing each other and pressed
at 267 MPa. As the counter electrode, Li−In powder was
added on the other side of the SE pellet, and the three layers
were pressed at 98 MPa. The three-layered pellet was
assembled into a CR2032-type coin cell for electrochemical
characterization. The cell performance was tested in a voltage
range of 2.0−3.6 V (vs Li) at 25 °C using a battery testing
system (4300 K Desktop, Maccor). The current density at a C-
rate of 1C was set as 180 mA g−1, and the specific capacity was
calculated based on the weight of NCM in the coin cell. The
cells were charged in the constant−current/constant−voltage
(CC-CV) mode and discharged in the CC mode. The interface
between the composite cathode and the electrolyte layer of the
cell was observed using a SEM (Quanta 3D, FEI) at 30 kV.
The sample was prepared by tilting the cell at 52° using an ion
beam from a Ga+ source, and the surface of the sample was
milled with a focused ion beam.
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