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ABSTRACT: Interfacial degradation of Li6PS5Cl (LPSCl) with
oxide cathode materials during cycling, particularly the formation of
interfacial voids, leads to poor electrochemical performance. The
formation of these voids is driven by two distinct mechanisms: the
volumetric changes of oxide cathode materials during cycling and
the volumetric shrinkage of LPSCl due to oxidative decomposition.
However, the relative contribution of each route to void formation
remains ambiguous, especially for nanostructured cathode materi-
als. This study highlights the predominant influence of oxidative
decomposition of LPSCl on the nanostructured LiCoO2 surface in
the formation of interfacial voids when compared to the volumetric
changes of LiCoO2 between charging and discharging. The
interfacial degradation behavior is compared between bare
LiCoO2 and LiCoO2−Li2SnO3 core−shell nanoparticles. Both types of nanoparticles exhibit comparable absolute volume changes
of LiCoO2 during cycling, due to their similar particle sizes and reversible capacities, effectively ruling out the impact of volumetric
changes of LiCoO2 on void formation. However, LiCoO2−Li2SnO3 shows mitigated interfacial void formation compared to bare
LiCoO2, resulting in improved electrochemical performance. This is attributed to the fact that LiCoO2−Li2SnO3 suppresses the
oxidative decomposition of LPSCl due to the enhanced chemical stability of Li2SnO3 with LPSCl. This reveals that the oxidative
decomposition of LPSCl on the nanostructured LiCoO2 surface contributes more significantly to void formation than the volume
change of LiCoO2. These findings provide valuable insights into the degradation mechanisms of nanostructured cathode materials.

1. INTRODUCTION
Lithium-ion battery (LIB) technology, typically reliant on
organic solvent-based electrolytes, currently confronts chal-
lenges in simultaneously achieving high energy density and
safety for electric vehicles. To tackle these issues, there is a
growing interest in transitioning from conventional LIBs to the
next generation of all-solid-state batteries (ASSBs) using solid
electrolytes.1,2 Although various solid electrolytes, including
oxide, sulfide, and polymer-based ionic conductors, have been
explored for ASSBs, thiophosphate-based solid electrolytes,
such as Li6PS5Cl (LPSCl), have attracted intensive attention
due to their mechanical flexibility, high ionic conductivity, and
manufacturability.3−5 However, the transition to ASSBs also
encounters difficulties related to structural and mechanical
degradation at the interface between thiophosphate solid
electrolytes and layered oxide-based cathode materials. This
gradual interfacial degradation during cycling gives rise to an
increasing charge-transfer resistance and, eventually, poor
capacity retention.6−13

The interfacial degradation of the cathode in LPSCl-based
ASSBs is predominantly attributed to the narrow electro-
chemical stability window of LPSCl and the volume change of

oxide cathode materials during charging and discharging, as
illustrated in Scheme 1. First, the reductive and oxidative
decomposition of LPSCl at the interface between LPSCl and
the oxide cathode leads to the formation of a passivation layer
on the oxide cathode surface.8,14,15 This layer is composed of
sulfate, phosphate, and polysulfide.15,16 The accumulation of
these passivation layers during cycling impedes the kinetics of
charge transfer, resulting in an increase in interfacial resistance.
Second, mechanical degradation of the electrode, such as void
formation at the interface, occurs during cycling, which leads to
the loss of ionic and electronic contact of active materi-
als.9,17−20 Layered oxide cathode materials, such as LiCoO2
and Li[Ni1−x−yCoxMny]O2, undergo a volume change of
approximately 2−7% during charging and discharging.21−23

This volume strain accelerates the fatigue of not only the
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powder but also the electrode, eventually causing both the
pulverization of polycrystalline oxide particles due to
intergranular crack formation and the formation of interfacial
voids between the oxide cathode particles and LPSCl
particles.17,24−26 In addition to the volume change of oxide
cathode materials, LPSCl itself undergoes irreversible volume
shrinkage during charging, which leads to the formation of
interfacial voids. The oxidative decomposition of LPSCl during
charging is known to occur as follows8,27,28

Li PS Cl LiCl
1
2

P S
5
2

S 5Li 5e6 5 2 5+ + + ++
(1)

The molar volumes of LPSCl and its oxidative decom-
position products, consisting of LiCl, P2S5, and S, are 163.64
and 114.55 mL mol−1, respectively. This indicates that the
partial volume of LPSCl in the cathode electrode significantly
shrinks due to electrochemical oxidative decomposition during
charging. As a result, voids form at the interface between
LPSCl powders and oxide cathode powders. Moreover,
chemical oxidation of LPSCl on the cathode surface also
contributes to accelerating interfacial void formation. The
resulting oxidative decomposition products of LPSCl, includ-
ing sulfates and phosphates, exhibit increased brittleness and a
higher Young’s modulus due to changes in bond dissociation
energy and ion packing density compared to pristine
LPSCl.29−31 This increased brittleness and stiffness pose
challenges in maintaining contact between oxide cathode
particles and LPSCl particles, particularly during volume
changes in the repeated charge and discharge processes.
Since void formation at the interface disrupts the intimate
contact between LPSCl and oxide cathode particles, the
electrochemical performance of LPSCl is significantly
influenced by interfacial void formation.20 However, although
previous literature has proposed two routes for interfacial void
formation�(i) volume change of oxide cathode materials
during cycling and (ii) volume shrinkage of LPSCl due to
oxidative decomposition�the critical contribution of each
route to interfacial void formation remains ambiguous.32−36

This lack of clarity is attributed to the difficulty in isolating the
individual effects of these routes during cycling, as both occur
simultaneously in conventional systems. Moreover, there has
been limited exploration into the interfacial failure modes of

nanostructured cathode materials, especially in relation to the
electrochemical decomposition of LPSCl on the cathode
surface as compared to the volume changes of active
materials.10,11 In this regard, a comparative analysis of this
aspect is essential for enhancing the electrochemical perform-
ance of nanostructured electrode materials in ASSBs.

In this study, we elucidated the significant role of the
oxidative decomposition of LPSCl on the nanostructured
LiCoO2 surface in contributing to interfacial void formation,
relative to the volume changes of LiCoO2 during charging and
discharging. We compared the interfacial degradation behavior
between bare LiCoO2 and LiCoO2−Li2SnO3 core−shell
nanoparticles. Given that both types of nanoparticles exhibited
similar particle size distributions and reversible capacities, we
inferred that they undergo comparable absolute volume
changes of LiCoO2 during charging and discharging. However,
Li2SnO3 demonstrated enhanced chemical stability with LPSCl
compared to LiCoO2. For this reason, nanostructured
LiCoO2−Li2SnO3 significantly mitigated the oxidative decom-
position of LPSCl on the cathode surface in contrast to bare
LiCoO2, thereby suppressing interfacial void formation.
Consequently, LiCoO2−Li2SnO3 exhibited reduced formation
of electrochemically inactive dead volume within the
composite cathode during cycling, leading to improved
electrochemical performance. This finding emphasizes the
critical role of oxidative decomposition of LPSCl in the cell
failure of nanostructured LiCoO2.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Materials. Bare LiCoO2 and surface-regulated

LiCoO2−Li2SnO3 core−shell nanoparticles were synthesized through
a sol−gel method. The precursors, including LiNO3 (Aldrich, 99%),
Co(NO3)2·6H2O (Aldrich, 98%), and SnCl2 (Alfa, 98%), were
dissolved in ethanol. The molar ratio of the precursors was Li/Co/Sn
= 1.03(1 + x):x:1 − x, where x = 0 for bare LiCoO2 and 0.05 for
LiCoO2−Li2SnO3 core−shell. To chelate all of the cations, citric acid
(Aldrich, 99%) was added to the mixture. The resulting solutions
were stirred for 3 days at 60 °C to obtain highly viscous gels, which
were then dried in a vacuum oven at 80 °C overnight. The obtained
powders were heated in air at 300 °C for 5 h to induce combustion
and then further heated in air at 900 °C for 10 h. During heating, Sn-
doped LiCoO2 initially formed below 900 °C. This was followed by
the plane-selective phase segregation of Sn-doped LiCoO2 into

Scheme 1. Schematic Illustration of the Interfacial Degradation Modes of LPSCl at the Cathode Surface in LPSCl-Based
ASSBs
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LiCoO2−Li2SnO3 core−shell at 900 °C, due to the thermodynamic
instability of Sn-doped LiCoO2 at this temperature. Li2SnO3 powders
were synthesized through a solid-state method. The mixture of tin
oxalate (Aldrich, 98%) and Li2CO3 (Aldrich, 99%) was calcined at
800 °C for 3 h under an oxygen atmosphere with heating and cooling
rates of 2 °C min−1. For the synthesis of Li3YCl6 powders, mechanical
ball milling was carried out using a mixture of LiCl (Alfa, 99.9%) and
YCl3 (Alfa, 99.999%). The mechanochemical milling was performed
at 500 rpm for 20 h with 10 mm ZrO2 balls (10 mm ZrO2 ball/
precursor powder = 30:1 as a mass ratio). Prior to use, all powders,
except for the solid electrolytes, were dried in a vacuum oven at 200
°C. All chemicals were stored in an Ar-filled glovebox with an oxygen
concentration of less than 0.5 ppm and a water concentration of less
than 0.1 ppm.
2.2. Cell Fabrication for All-Solid-State Batteries. All-solid-

state cells consisted of trilayers: a composite cathode pellet, a solid
electrolyte pellet, and an anode. For the preparation of the composite
cathode, LiCoO2 and LPSCl powders were mixed with a weight ratio
of LiCoO2/LPSCl = 13:7. A Li metal foil (100 μm in thickness,
Honjo, Japan), a lithium−indium (Li−In) alloy, and a Li4Ti5O12
composite anode were utilized as anode electrodes, depending on the
purposes of the electrochemical cells. (i) Li metal was used as the
anode when evaluating the electrochemical performance of LiCoO2
(Li|LPSCl|LiCoO2), (ii) the Li−In alloy was used as the anode for in
situ X-ray diffraction (XRD) and in situ electronic resistance
measurement (Li−In|LPSCl|LiCoO2), and (iii) Li4Ti5O12 was used
as the anode for operando electrochemical pressiometry measure-
ments (Li4Ti5O12|LPSCl|LiCoO2) because Li4Ti5O12 is a zero-strain
material. The Li−In alloy electrodes were prepared by laminating Li
metal (20 μm in thickness, Honjo, Japan) and indium metal (50 μm
in thickness, MTI Korea Co.). The Li4Ti5O12 composite anode was
prepared by using Li4Ti5O12, LPSCl, carbon additives (Super C65),
and solvate ionic liquid (Li(G3)TFSI, where LiTFSI = lithium
bis(trifluoromethanesulfonyl)imide) and G3 = triethylene glycol
dimethyl ether in a weight ratio of 10:9:1:0.1.

We assembled the bulk-type cells to evaluate the electrochemical
performance of ASSBs as follows. The bulk-type cells feature a cell
configuration of Li|LPSCl|LiCoO2. The solid electrolyte layer was
initially prepared by pelletizing 150 mg of LPSCl at 145 MPa.
Subsequently, composite cathode powders were evenly spread onto
the solid electrolyte pellet and pressed at 360 MPa. The mass loading
of LiCoO2 was approximately 7.35 mg cm−2. The composite cathode
was approximately 45 μm in thickness and 1.3 cm in diameter. A
metal foil was then attached to the other side of the solid electrolyte
layer pellet. The bulk-type cell assembly involved applying a torque of
5 Nm. No additional pressure was applied during cycling. The
homemade cells were assembled applying a torque of 10 Nm for in
situ XRD and operando electrochemical pressiometry analyses. No
additional pressure was applied during cycling. For operando
electrochemical pressiometry, the Li4Ti5O12 composite anode
powders were pressed at 360 MPa, with a mass loading of
approximately 8.06 mg cm−2.
2.3. Material Characterization. Structural characterizations were

conducted via powder X-ray diffraction (XRD) measurement using a
Bruker D2 PHASER instrument with Cu Kα radiation (λ = 1.5418
Å). For ex situ XRD analysis, the electrodes retrieved from the bulk-
type cell after cycling were mounted on the specimen holder and
sealed with a beryllium window. For in situ XRD analysis, the data
were continuously collected with a step size of 0.02° using a Rigaku
MiniFlex 600 diffractometer equipped with Cu Kα radiation.
Scanning electron microscopy (SEM) images were acquired with a
field emission scanning electron microscope (Carl Zeiss, AURIGA,
Germany). To obtain cross-sectional SEM and energy-dispersive X-
ray spectroscopy (EDS) mapping images of LiCoO2−Li2SnO3 core−
shell nanoparticles, the powder was mixed with poly(vinylidene
fluoride) (PVDF) binder in an N-methyl-2-pyrrolidone (NMP)
solution and cast on an Al foil, followed by drying. The resulting
sample film was then polished with an Ar-ion beam using a cross
section polisher (JEOL, SM-09010). For the cross-sectional SEM
images of ASSBs before and after cycling, the bulk-type cells were first

disassembled in an Ar-filled glovebox to retrieve the composite
cathode. Subsequently, the composite cathode pellets were polished
with an Ar-ion beam using a cooling cross section polisher (JEOL, IB-
19520CCP) at optimized current and −100 °C. The sample
specimens were then transferred to the SEM instrument using an
airtight sealed transfer vessel. Transmission electron microscope
(TEM) and EDS mapping images were collected using a Cs-corrected
scanning transmission electron microscope (JEOL Ltd., JEM-
ARM200F). Cross-sectional specimens were prepared using a focused
ion beam (FIB) milling (JEOL Ltd., JEM-F200). Particle size
distribution (PSD) was measured using a Microtrac S3500 particle
size analyzer. Raman spectra were collected using a RAMAN
spectrometer II (DXR2xi). An airtight sealed cell was employed for
examining samples containing air-sensitive powders. X-ray photo-
electron spectroscopy (XPS) analysis was performed using a
Versaprobe III instrument (UL-PHI) with monochromatic Al Kα
radiation (1486.7 eV) and a 100 μm beam diameter at a power of 25
W and 15 keV. All samples were transferred to the XPS instrument
using an airtight sealed transfer vessel. XPS spectra were calibrated
using the signal of carbon at 284.8 eV. Time-of-flight secondary-ion
mass spectrometry (TOF-SIMS) analysis was performed in a negative
ion mode using a TOF.SIMS 5 instrument (ION-TOF, Germany)
with a 30 keV Bi+ primary ion source. Samples were transferred to the
analysis chamber using an airtight sealed transfer vessel (ION-TOF,
Germany). Analyses were run until a dose density limit of 1.0 × 1013

ions cm−2 was reached for the analysis area of 100 × 100 μm2.
2.4. Electrochemical Characterization. Cycle performance of

Li|LPSCl|LiCoO2 cells was evaluated using TOSCAT-3100 battery
cycler (TOYO, Japan). The bulk-type cells were charged and
discharged at 0.1C and 30 °C. 1C corresponds to 1.2 mA cm−2.
Charging was carried out using a constant current/constant voltage
(CC/CV) mode, during which the cell voltage was held at 4.3 V (vs
Li+/Li) until current density decayed to 0.05C. Rate performance was
examined by discharging the cells at various current densities while
charging them at a consistent current density of 0.1C, using the CC/
CV mode in the voltage range of 2.5−4.3 V (vs Li+/Li) at 30 °C. For
the galvanostatic intermittent titration technique (GITT), a constant
current density of 0.1C was applied for 10 min, followed by allowing
the cell to rest for 50 min to reach a quasi-equilibrium state.
Electrochemical impedance spectroscopy (EIS) was conducted using
an SP-150 potentiostat (Biologic, France). EIS analysis was performed
by applying a 10 mV amplitude in a frequency range of 1 MHz−10
mHz, with 20 data points per decade of frequency at room
temperature. EIS analysis was carried out after charging the cell to
4.3 V (vs Li+/Li) at 0.1 C, followed by resting for an hour to achieve
an equilibrium state. The Nyquist plots were fitted using the EC-Lab
software V11.10 with a combination Randomize+Simplex mode. This
mode combines the Randomize mode, which calculates parameters
yielding the lowest value of goodness-of-fit (χ2), with the Simplex
mode as a minimization method, primarily used to minimize linear
functions. Fitting was ceased manually after the weighted goodness-

of-fit ( )Z

2

| | reached an order of 10−2. In situ electronic resistance

measurements were conducted under a 10 mV bias using a
homemade cell. This cell consists of Li−In|LPSCl|LiCoO2 config-
urations, where an aluminum mesh (approximately 60 μm) serving as
the auxiliary electrode was embedded between the cathode composite
layer and the LPSCl electrolyte layer. The working electrode consisted
of 35 mg of composite cathode (LiCoO2/LPSCl = 13:7 as a weight
ratio). Operando electrochemical pressiometry measurements were
conducted using a high-resolution pressure sensor with a sensitivity of
0.01 kg (load cell, BONGSHIN), and the baseline of the pressure
change curves was subtracted using Origin software.

3. RESULTS AND DISCUSSION
3.1. Electrochemical Performance: Bare LiCoO2 vs

Surface-Regulated LiCoO2−Li2SnO3 Core−Shell Nano-
particles. In order to clarify the role of LPSCl decomposition
on the nanostructured cathode surface in the interfacial
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degradation mode, specifically interfacial void formation, of the
composite cathode electrode, we compared the electro-
chemical and chemical behaviors of bare and surface-regulated
LiCoO2 nanoparticles. Both types of LiCoO2 nanoparticles
were synthesized using a sol−gel method. In particular,
surface-regulated LiCoO2−Li2SnO3 core−shell nanoparticles
(denoted as S-LiCoO2) were obtained through plane-selective
segregation synthesis.37 This segregation method exploits the
fact that the solubility of Sn in LiCoO2 varies with the heating
temperature. Figure 1a shows the XRD patterns of both bare
LiCoO2 and S-LiCoO2 nanoparticles. Their XRD peaks appear
at nearly identical 2θ positions, implying that they have the
almost same lattice parameters. This indicates that S-LiCoO2 is
not doped with Sn. Additionally, S-LiCoO2 contains an
additional phase of β-Li2SnO3, implying that S-LiCoO2
consists of a mixed phase of LiCoO2 and β-Li2SnO3.37,38

The particle size distribution (PSD) of bare LiCoO2 and S-
LiCoO2 nanoparticles, along with their corresponding SEM
images (insets), is presented in Figure 1b,c, respectively. Both
bare LiCoO2 and S-LiCoO2 exhibit a similar pebble-like
morphology and are several hundred nanometers in size. They
have comparable size distributions, with the average diameters
(D50) of bare LiCoO2 and S-LiCoO2 being approximately 1.25

and 1.12 μm, respectively. The size of the powders measured
from PSD was larger than that observed in SEM, which is
attributed to the agglomeration of nanoparticles. Figure 1d
displays the cross-sectional scanning transmission electron
microscopy (STEM) and corresponding EDS mapping images
of S-LiCoO2. Figure 1e further shows the Z-contrast high-angle
annular dark-field (HAADF) image of S-LiCoO2 at the
interface between the Sn-rich and Co-rich regions, as indicated
by the yellow box in Figure 1d. The d-spacing values along the
c-axis in these two regions reveal that the phases of the Sn-rich
and Co-rich regions correspond to β-Li2SnO3 and LiCoO2,
respectively.39,40 The cross-sectional SEM/EDS mapping
images of S-LiCoO2 nanoparticles are also presented in Figure
S1. This suggests that β-Li2SnO3 is uniformly coated on the
LiCoO2 surface. The SEM image and XRD pattern of LPSCl
powders are displayed in Figure S2.

Li2SnO3, being electrochemically stable at high voltages, has
been widely employed as a surface coating material to enhance
the electrochemical performance of various cathode materi-
als.37,41−43 However, the chemical stability of Li2SnO3 in
contact with LPSCl has not been extensively investigated. In
this regard, Li2SnO3 powders were synthesized using a solid-
state synthesis method.44 Subsequently, each of Li2SnO3 and

Figure 1. (a) XRD patterns of bare LiCoO2 (black) and S-LiCoO2 (red). The yellow diamond and gray triangle symbols marked in panel (a)
correspond to Li2SnO3 and silicon reference powders, respectively. Particle size distribution for (b) bare LiCoO2 and (c) S-LiCoO2. Their insets
show each corresponding SEM image of bare LiCoO2 and S-LiCoO2. (d) Cross-sectional (i) STEM and (ii) corresponding EDS mapping images
of S-LiCoO2. Green and red colors represent cobalt and tin elements, respectively. (e) Z-contrast HAADF image of the selected area of (i) in panel
(d). Bright gray and dark gray domains correspond to Li2SnO3 and LiCoO2, respectively. Their insets display the inverse-FFT images of each
selected area in panel (e) to provide their d-spacing values for clarity.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c00629
Chem. Mater. 2024, 36, 5215−5227

5218

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00629/suppl_file/cm4c00629_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00629/suppl_file/cm4c00629_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00629/suppl_file/cm4c00629_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00629?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00629?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00629?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00629?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bare LiCoO2 powders was mixed and pelletized with LPSCl
powders. The resulting mixture pellets were then stored under
an Ar atmosphere at room temperature for 48 h. Figure S3a−d
compares the XRD patterns and Raman spectra of Li2SnO3,
LiCoO2, and LPSCl and their mixture pellets after storage. The
crystal structures of LPSCl remained almost unchanged during
storage with both Li2SnO3 and LiCoO2. This indicates that the
bulk structure of LPSCl was not degraded upon contact with
these materials. However, surface degradation of LPSCl varied
depending on the type of mixing material. Figure S3e presents
the XPS spectra of the S 2p peak for LPSCl powder and its
mixed pellets with Li2SnO3 and LiCoO2 after storage under an
Ar atmosphere at room temperature for 48 h. When LPSCl was
in contact with Li2SnO3, no significant side reactions were
observed on the surface. In contrast, upon contact with
LiCoO2, numerous byproducts, such as SO3, SO4, and P2Sx,
were detected at the interface.6,15,16 This suggests that Li2SnO3
suppresses the decomposition of LPSCl on the surface of S-
LiCoO2 compared to bare LiCoO2.

We compared the electrochemical performance of bare
LiCoO2 and S-LiCoO2 using a bulk-type cell, which consisted

of a composite cathode pellet, a solid electrolyte pellet, and a
Li metal foil anode. It is important to note that the composite
cathode pellet was composed of LiCoO2 and LPSCl powders
without carbon additives. This electrode structure was
deliberately designed to eliminate any potential contribution
from LPSCl decomposition on the carbon additive surface to
the electrochemical performance of LiCoO2.45,46 Figure 2a−c
illustrates the cycle performance, Coulombic efficiency, and the
corresponding voltage profiles of both bare LiCoO2 and S-
LiCoO2 within the voltage range of 2.5−4.3 V (vs Li+/Li). Due
to the absence of carbon additives in the cathode electrodes, a
low current density of 0.1C (0.12 mA cm−2) was applied,
attributed to the poor electrical conductivity of the composite
cathode pellets.47,48 The thickness of the composite electrode
pellet, which contained no carbon additives, was approximately
45 μm, as shown in the cross-sectional SEM image (Figure
S4). S-LiCoO2 delivered a larger discharge capacity (119.6 mA
h g−1) in the initial cycle compared to bare LiCoO2 (95.1 mA
h g−1). Additionally, S-LiCoO2 demonstrated more stable
capacity retention and a smaller overpotential over 100 cycles
than bare LiCoO2. The rate performance of S-LiCoO2 was also

Figure 2. (a) Cycle performance (discharge capacity) and Coulombic efficiency of Li|LPSCl|LiCoO2 cells for bare LiCoO2 and S-LiCoO2 at a
current density of 0.1C (0.12 mA cm−2) in the voltage range of 2.5−4.3 V (vs Li+/Li). Voltage profiles of (b) bare LiCoO2 and (c) S-LiCoO2 for
various cycle numbers. (d) Rate performance (discharge capacity) of bare LiCoO2 and S-LiCoO2 at various discharge current densities. (e) Nyquist
plots and (f) corresponding fitting parameters of bare LiCoO2 and S-LiCoO2 for five cycles. Fitting was performed using the equivalent circuit
model in panel (e).
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superior to that of bare LiCoO2, as shown in Figure 2d. This
improvement is attributed to the fact that the charge-transfer
resistance of bare LiCoO2 was significantly larger than that of
S-LiCoO2, as demonstrated by the comparative EIS analysis.
Figures 2e and S5 display the Nyquist and Bode plots of bare
LiCoO2 and S-LiCoO2 during the initial five cycles. The
spectra were fitted within selected ranges to observe the
instability of the LiCoO2/LPSCl interface, utilizing the
equivalent circuit model in Figure 2e.13,45,49 The fitted spectra
of bare LiCoO2 and S-LiCoO2 electrodes are shown in Figures
S6a and 6b, respectively. R1, R2, and R3 in the circuit represent
the resistance of the solid electrolyte, grain boundary resistance
of the solid electrolyte, and interfacial resistance between the
cathode material and the solid electrolyte, respectively. The
changes in the three resistances of bare LiCoO2 and S-LiCoO2
during the initial five cycles are presented in Figure 2f. The
values of all fitting parameters, including resistances (R1, R2,
and R3) and capacitances (Q2 and Q3), are displayed in Table
S1. These results indicate that the charge-transfer resistance
(R3) of bare LiCoO2 was significantly larger than that of S-
LiCoO2 and, further, that bare LiCoO2 exhibited a more
pronounced increase in charge-transfer resistance during
cycling compared to S-LiCoO2.
3.2. Capacity Decay of LiCoO2 Nanoparticles due to

the Formation of Dead Particles. To investigate the failure
mode of nanostructured LiCoO2, we performed both in situ

and ex situ XRD analyses.7,9,17 Figure 3a,b presents the in situ
XRD patterns of bare LiCoO2 and S-LiCoO2, respectively,
during the initial cycle within the selected 2θ range of 18.0−
19.5°. The magnified XRD patterns of the fully charged state at
4.3 V (vs Li+/Li) were included for clarity. Note that the in situ
XRD cell operated at a low pressure of approximately 1 MPa,
whereas the electrochemical performance of the bulk-type cell
was evaluated at a higher pressure of approximately 50 MPa.
The in situ XRD cell was charged and discharged at a 0.05C.
The composite cathode pellets used for the in situ XRD
analysis consisted of LiCoO2 and LPSCl powders without
carbon additives, ensuring that the in situ cell operated under
the same conditions as those used for evaluating the
electrochemical performance. In the case of S-LiCoO2, the
(003) peak of the fully lithiated phase at approximately 19°
gradually shifted to a lower 2θ during charging and reversibly
shifted to a higher 2θ during the subsequent discharge, as
shown in Figure 3b. This (003) peak of the fully lithiated phase
at approximately 19° almost completely disappeared at 4.3 V
(vs Li+/Li), implying that nearly all S-LiCoO2 nanoparticles
were delithiated during charging. However, for bare LiCoO2,
two distinct (003) peaks were observed even after full
charging, as depicted in Figure 3a. The two (003) peaks at
approximately 18.5 and 19° correspond to the fully delithiated
and fully lithiated phases of LiCoO2, respectively. Specifically,
the partial (003) peak of bare LiCoO2 shifted reversibly during

Figure 3. Initial voltage profiles and corresponding in situ XRD patterns in the selected 2θ range of 18.0−19.5° for (a) bare LiCoO2 and (b) S-
LiCoO2. The XRD patterns of the fully charged state at 4.3 V (vs Li+/Li) are magnified for clarity. Ex situ XRD patterns of the two distinct LiCoO2
composite cathodes (c) without carbon additives and (d) with carbon additives in the selected 2θ range of 16.5−20.5° for (i) bare LiCoO2 and (ii)
S-LiCoO2. The electrodes were retrieved after the first and tenth cycles.
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charging and discharging, similar to that of S-LiCoO2.
However, the (003) peak of the fully lithiated phase at
approximately 19° did not disappear completely and remained
weakly present without a peak shift during charging. This
indicates that some of the bare LiCoO2 nanoparticles in the
composite cathode were not delithiated during charging,
leading to the formation of electrochemically inactive “dead
particles” due to contact loss.

The same “dead particles” behavior of LiCoO2, attributed to
contact loss, was observed in the ex situ XRD patterns of both
bare LiCoO2 and S-LiCoO2 during cycling. For the ex situ
XRD analysis, the bulk-type cells were disassembled after
various cycle numbers, and the composite cathode pellets were
retrieved. Two distinct types of composite cathode pellets were
prepared for ex situ XRD analysis, consisting of LiCoO2 and
LPSCl powders: (i) without and (ii) with carbon additives.
Figure 3c compares the ex situ XRD patterns of bare LiCoO2
and S-LiCoO2 without carbon additives in the composite
cathode for various cycle numbers. After the initial full charge
(4.3 V vs Li+/Li) of bare LiCoO2, two (003) peaks were
observed at approximately 18.5 and 19°, corresponding to the
fully delithiated and fully lithiated phases of LiCoO2,
respectively. This observation is consistent with the results
from the in situ XRD analysis. The (003) peak of the fully
lithiated phase remained intense even after the initial full
charge (4.3 V vs Li+/Li). Moreover, the intensity of this (003)

peak of the fully lithiated phase at the fully charged state (4.3 V
vs Li+/Li) gradually increased during cycling, suggesting that
the dead volume of the fully lithiated phase increased gradually
during cycling. In contrast, the (003) peak of the fully lithiated
phase in S-LiCoO2 remained weak at the fully charged state
(4.3 V vs Li+/Li) and showed almost no change during cycling.
This indicates that S-LiCoO2 effectively suppressed the
formation of dead volume driven by contact loss compared
to bare LiCoO2. Additionally, the evolution of dead volume in
bare LiCoO2 during cycling occurred irrespective of the
addition of carbon additives in the composite cathode, as
demonstrated in Figure 3d. We examined a composite cathode
pellet consisting of LiCoO2 nanoparticles, LPSCl, and Super P
in a weight ratio of 12:7:1, respectively. Figure S7 shows the
cycle performance and corresponding voltage profiles of the
bare LiCoO2 and S-LiCoO2 composite pellets containing
carbon additives.

To demonstrate the origin of dead volume formation in bare
LiCoO2 during cycling, we performed in situ electronic
conductivity measurements on a composite cathode pellet
containing no carbon additives.50 The schematic diagram of
the in situ electronic resistance measurement cell is presented
in Figure 4a. An Al mesh, serving as auxiliary electrode, was
placed between the composite cathode and the LPSCl
electrolyte pellets. Figure S8 shows the voltage profiles of
bare LiCoO2 and S-LiCoO2 for these cells. DC polarization

Figure 4. (a) Schematic illustration of the homemade cell used for in situ electronic resistance measurement of the composite cathode electrode
during cycling. (b) Average electronic resistance of the composite cathode electrode of bare LiCoO2 and S-LiCoO2 at the fully discharged state
over the initial five cycles. The electronic resistances of the pristine electrodes (denoted as “before cycling”) are marked as filled circles. Cross-
sectional SEM images of (c) bare LiCoO2 and (d) S-LiCoO2 (i) before cycling and (ii) after five cycles.
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was measured between the Al mesh and the current collector
of the composite cathode after each full discharge during five
cycles, as shown in Figure S9. Figure 4b shows the average
electronic resistance of the composite cathode pellet at the
fully discharged state over five cycles. We observed changes in
the electronic resistance of the cathode pellet before and after
cycling. Initially, the electronic resistance of the bare LiCoO2
cathode pellet was similar to that of the S-LiCoO2 cathode
pellet. However, after cycling, the bare LiCoO2 cathode pellet
exhibited a significant increase in electronic resistance
compared to the S-LiCoO2 cathode pellet. The larger increase
in bare LiCoO2 is attributed to the formation of interfacial
voids within the bare LiCoO2 cathode pellet during cycling.51

Figure 4c compares the cross-sectional SEM images of the bare
LiCoO2 cathode pellet before and after cycling. Before cycling,
the SEM image shows intimate contact between LiCoO2 and
LPSCl particles, with negligible voids at their interfaces.
However, significant void formation at the interface between
LiCoO2 and LPSCl particles was observed after cycling. In
contrast, the cross-sectional SEM images of the S-LiCoO2
cathode pellet showed negligible changes before and after
cycling, as depicted in Figure 4d. The minimal void formation
in S-LiCoO2 during cycling implies that S-LiCoO2 effectively
suppressed interfacial void formation. This suggests that the

formation of dead volume in bare LiCoO2 during cycling was
due to contact loss resulting from interfacial void formation.

The interfacial void formation in bare LiCoO2 during cycling
was more significant compared to that in S-LiCoO2. Interfacial
voids can form through two distinct mechanisms: (i) the
volume change of LiCoO2 between charging and discharging
and (ii) oxidative electrolyte decomposition of LPSCl, as
discussed in Section 1. Since bare LiCoO2 exhibited a smaller
reversible capacity during cycling than S-LiCoO2, as shown in
Figure 2a, the volume change of bare LiCoO2 between
charging and discharging was definitely less pronounced than
that of S-LiCoO2. This will be further discussed later in the
section on operando electrochemical pressiometry analysis.
This indicates that the significant interfacial void formation in
bare LiCoO2, compared to S-LiCoO2, was primarily due to the
oxidative electrolyte decomposition of LPSCl during charging
rather than the volume change of LiCoO2 during cycling.
3.3. Interfacial Void Formation Driven by Oxidative

Decomposition of Electrolytes. Figure 5 compares the ex
situ TOF-SIMS spectra of bare LiCoO2 and S-LiCoO2 before
and after cycling. The relative amounts of decomposed species
of LPSCl were estimated from the normalized peak intensities
of each species, where the intensity of each fragment was
divided by the total intensity of all fragments.6,12,52 Before

Figure 5. Normalized TOF-SIMS spectra of bare LiCoO2 and S-LiCoO2 for various fragments: (i−iv) Sulfur oxide (SOx
−), (v−viii) phosphorus

oxide (POy
−), and (ii, iv) polysulfide (Sz

−). The blue, black, orange, and red spectra represent pristine bare LiCoO2 electrode (before cycling), bare
LiCoO2 electrode after 10 cycles, pristine S-LiCoO2 electrode (before cycling), and S-LiCoO2 electrode after 10 cycles, respectively. Scale bars of
normalized intensity for various fragments are inserted in each figure.
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cycling, both bare LiCoO2 and S-LiCoO2 showed negligible
amounts of oxygen-containing compounds, such as SOx

− and
POy

− (with 1 ≤ x ≤ 4 and 1 ≤ y ≤ 4) fragments. However, the
intensities of these oxidized fragments increased significantly
after cycling. In particular, the signal intensities of the oxidized
fragments for bare LiCoO2 were much more intense than those
for S-LiCoO2. This indicates that LPSCl underwent more
extensive oxidation on the bare LiCoO2 surface compared to
the S-LiCoO2 surface. A similar behavior was also observed for
Sz

− (with 2 ≤ z ≤ 3) fragments. Consequently, the interfacial
void formation driven by the oxidative decomposition of
LPSCl was more pronounced in bare LiCoO2. An oxidized
LPSCl surface is known to exhibit greater brittleness and a
higher Young’s modulus compared to pristine LPSCl.29 These
degraded interfacial properties can accelerate the deterioration
of intimate contact between LPSCl and LiCoO2, particularly
when combined with the volume changes of LiCoO2 during
cycling.

The formation of interfacial voids driven by the oxidative
decomposition of LPSCl was further supported by GITT
analysis. Figure 6a,b compares the GITT profiles and

corresponding internal resistances of bare LiCoO2 and S-
LiCoO2 during the initial two cycles, respectively. The internal
resistance was calculated by dividing the difference between
the closed-circuit voltage and the quasi-open-circuit voltage by
the applied current.9,53 As shown in Figure 6a, the internal
resistance of bare LiCoO2 began to increase toward the end of
the initial charge, and this increase became more pronounced
in the subsequent cycles. This suggests that the oxidative
decomposition of LPSCl on the bare LiCoO2 surface
contributed to the formation of interfacial voids, leading to a
large overpotential due to poor electronic and ionic contacts.
In contrast, S-LiCoO2 exhibited negligible changes in internal

resistance during the initial two cycles, as shown in Figure 6b.
Furthermore, the internal resistance of S-LiCoO2 was
significantly lower than that of bare LiCoO2, indicating that
S-LiCoO2 effectively suppressed the oxidative decomposition
of LPSCl, consequently leading to minimal void formation at
the interface.

Moreover, we conducted operando electrochemical pressi-
ometry analysis to clarify the correlation between interfacial
void formation and the decomposition of LPSCl, as illustrated
in Figure 7.22,54,55 Changes in the pressure of the bulk-type cell
were monitored during cycling using a high-resolution pressure
sensor (load cell) with a sensitivity of 0.01 kg (ca. 739 Pa).
Instead of Li metal, Li4Ti5O12 was employed as the anode.
Given that Li4Ti5O12 is a zero-strain material, experiencing no
volume change during charging and discharging, any pressure
variation in the cell during cycling can be attributed solely to
the volume change of the LiCoO2 composite cathode.56 The
SEM image and XRD pattern of Li4Ti5O12 powders are
presented in Figure S10. Figure 7a−c shows the voltage
profiles and corresponding pressure change curves for three
distinct cell configurations: Li4Ti5O12|LPSCl|bare LiCoO2/
LPSCl, Li4Ti5O12|LPSCl|S-LiCoO2/LPSCl, and Li4Ti5O12|
LPSCl|bare LiCoO2/Li3YCl6 (LYC). All cells contained equal
amounts of active materials and maintained the same weight
ratio of active material to solid electrolyte. Both the bare
LiCoO2/LPSCl and S-LiCoO2/LPSCl cathodes exhibited a
rapid pressure decay at the beginning of charging, occurring in
the voltage range of 0.95−2.35 V (corresponding to 2.5−3.9 V
vs Li+/Li). In contrast, no such pressure decay was observed at
the beginning of charging for the bare LiCoO2/LYC cathode.
This behavior is attributed to the fact that LYC was not
decomposed on the LiCoO2 surface during charging, as it is
known to be electrochemically and chemically stable with
LiCoO2 in the voltage range of 2.5−4.3 V (vs Li+/Li).27,57,58

Figure S11 shows the SEM image and XRD pattern of LYC
powders. In contrast, LPSCl underwent oxidative decom-
position on the LiCoO2 surface during charging, leading to the
volume shrinkage of LPSCl.17 Consequently, the pressure of
the cell decreased at the beginning of charging in the LiCoO2/
LPSCl composite. The pressure decay in bare LiCoO2 (0.21 ×
105 Pa) was more pronounced than that in S-LiCoO2 (0.14 ×
105 Pa). This difference was due to the suppressed
decomposition of LPSCl on the S-LiCoO2 surface compared
to the bare LiCoO2 surface. Figure 7d compares the pressure
changes over five cycles in terms of normalized time. Time was
normalized for each configuration by dividing it by the
respective total cycling period. The oscillating pressure changes
during cycling were considered due to the variations in the
lattice parameters of LiCoO2 during charging and discharg-
ing.59 S-LiCoO2/LPSCl showed a slightly larger pressure
change between charging and discharging compared to bare
LiCoO2/LPSCl. This implies that the volumetric change of S-
LiCoO2 was greater than that of bare LiCoO2, attributed to its
higher reversible capacity. These results suggest that the
oxidative decomposition of LPSCl critically contributes to
interfacial void formation of nanostructured LiCoO2 during
cycling, leading to poor electrochemical performance due to
electronic and ionic contact loss.

4. CONCLUSIONS
During cycling, progressive degradation at the interface
between oxide cathode materials and LPSCl, particularly due
to the creation of interfacial voids, increased charge-transfer

Figure 6. GITT profiles (black) and corresponding internal
resistances (blue) of (a) bare LiCoO2 and (b) S-LiCoO2 during the
initial two cycles.
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resistance and eventually led to poor capacity retention. The
presence of interfacial voids interrupted the intimate contact
between LPSCl and oxide cathode particles, significantly
affecting the electrochemical performance of ASSBs. The
development of interfacial voids is driven by two distinct
routes: (i) the volume change of oxide cathode materials
during cycling and (ii) the volume shrinkage of LPSCl due to
oxidative decomposition. However, the precise impact of each
mechanism on the formation of interfacial voids remained
ambiguous in previous literature, especially for nanostructured
cathode materials. To address this, we compared the interfacial
degradation behaviors of bare LiCoO2 and surface-regulated
LiCoO2−Li2SnO3 core−shell nanoparticles. This comparison
aimed to clarify the significant role of LPSCl’s oxidative
decomposition on the nanostructured LiCoO2 surface in
interfacial void formation during cycling, as compared to the
volume change of LiCoO2 between charging and discharging.
We investigated their degradation behaviors using various
advanced analytical techniques, including in situ XRD, in situ
electronic resistance measurement, and operando electro-
chemical pressiometry.

Both bare LiCoO2 and LiCoO2−Li2SnO3 exhibited similar
particle size distributions and reversible capacities, undergoing
comparable absolute volume changes between charging and
discharging. This was supported by operando electrochemical
pressiometry. This similarity allowed us to rule out the
potential impact of LiCoO2’s volume change during cycling on

the formation of interfacial voids. Notably, LiCoO2−Li2SnO3
showed mitigated formation of interfacial voids during cycling,
compared to bare LiCoO2. This reduction in void formation
led to a decrease in the creation of electrochemically inactive
“dead volume” within the LiCoO2−Li2SnO3 composite
cathode during cycling, resulting in improved electrochemical
performance compared to bare LiCoO2. This is attributed to
the fact that LiCoO2−Li2SnO3 suppressed the oxidative
decomposition of LPSCl during charging due to the enhanced
chemical stability of Li2SnO3 with LPSCl. Consequently, this
revealed that the oxidative decomposition of LPSCl on the
nanostructured LiCoO2 surface contributed more significantly
to interfacial void formation during cycling than the volume
change of LiCoO2 itself. Our findings suggest that the oxidative
decomposition of LPSCl is a predominant factor of nano-
structured LiCoO2 in the formation of interfacial voids, leading
to poor electrochemical performance due to the loss of
electronic and ionic contact.
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