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The need for safe secondary power sources has generated significant interest in the development of all-

solid-state batteries. Despite the development of solid electrolytes with excellent Li-ion conductivity, the

challenges inherent to forming an intimate and stable interface between the cathode active material and

the solid electrolyte limit the potential performance of all-solid-state batteries. Herein, we propose an

efficient process by which a thin and uniform coating of layered oxide cathodes with sulfide solid

electrolytes (argyrodite Li6PS5Cl) may be obtained. The morphology of the coating agent with

a thickness of approximately 30 nm and high uniformity is controlled by preparing Li6PS5Cl by one-pot

synthesis. As a result, the material exhibits an excellent Li-ion conductivity of 4.6 mS cm−1 at a particle

size of less than 1 mm. The controlled argyrodite Li6PS5Cl was directly coated onto the

LiNi0.5Co0.2Mn0.3O2 cathode in an aprotic solvent environment. The coin-type all-solid-state cell

developed using these argyrodite-coated cathode materials delivered a high discharge capacity of

149.6 mA h g−1 at 0.1C without additional external operating pressure during the charge–discharge

process and retained 93.7% of its initial capacity after 100 cycles at 0.1C. It is revealed that the concrete

contact between the LiNi0.5Co0.2Mn0.3O2 cathode and Li6PS5Cl suppresses the cathode degradation

reactions. The proposed method for coated cathode materials, which features the synthesis of

controlled sulfide solid electrolyte materials and their simple coating process in the liquid-phase, can

accelerate the development of all-solid-state batteries.
1. Introduction

Recent rapid increases in demand for rechargeable energy
storage devices, especially in electric vehicles, mobile devices,
and energy storage systems, have led to the application of
lithium-ion batteries (LIBs) to various electronic devices, owing
to their long lifetime and high power density.1–3 However, LIBs
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possess potential safety risks, especially due to the use of
organic liquid electrolytes, which have high volatility and
ammability. All-solid-state batteries (ASSBs) based on
nonammable solid electrolytes have been suggested as a solu-
tion to address these safety concerns. ASSBs can be operated
under even high temperature conditions without the risk of
ignition or explosion, and can achieve greater energy densities
than LIBs.4,5

For decades, numerous studies have sought to enhance the
Li-ion conductivity of various types of solid electrolytes, such as
garnet, NASICON, and sulde solid electrolytes, for effective
application in ASSBs.6–11 Among these options, sulde solid
electrolytes are particularly attractive by virtue of their impres-
sive high Li-ion conductivity relative to that of liquid electro-
lytes. However, in contrast to conventional LIBs that use liquid
electrolytes, where liquid electrolytes create a Li-ion conduction
pathway throughout the electrode, Li-ion conduction between
cathode materials and solid electrolytes is hindered due to
solid–solid contact problems.12–14 Consequently, the capacity of
cathode materials and the Li-ion conducting ability of solid
electrolytes cannot be fully utilized in ASSBs. Therefore,
numerous recent studies have been conducted to create an
J. Mater. Chem. A, 2023, 11, 20549–20558 | 20549
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intimate interfacial contact. Proposed approaches include
electrode inltration using liquid synthesis and solid electrolyte
coating using pulsed laser deposition (PLD).13,15–17 The liquid-
phase process has been shown to be advantageous for
uniformly coating solid electrolyte onto cathode materials;
furthermore, it is widely appliable in industry. However, the
solid electrolyte can undergo decomposition and crystal struc-
ture collapse depending on the solvent utilized, and the Li-ion
conductivity of the solid electrolyte may still decrease despite
solvent drying and thermal treatment.18–22 Therefore, it is
important to develop a liquid-phase process capable of mass
production while maintaining the high Li-ion conductivity of
solid electrolytes.

In this study, we developed an effective method for a thin
and uniform coating layer of solid electrolytes on the surface of
cathode active materials, based on the observation that the
smaller particle among two particles with a large size difference
is effectively adsorbed onto the surface of the larger particle in
a suspension state.23 A dispersant capable of reducing the
particle size of the solid electrolyte was introduced into an
aprotic mixing solvent to form a thin solid electrolyte coating
layer, with a thickness of approximately 30 nm, on the surface of
the cathode material.24–29 Due to enhanced interfacial contact
with the solid electrolyte, the LiNi0.5Co0.2Mn0.3O2 (NCM523)
cathode delivered a high discharge capacity of 149.6 mA h g−1,
which is 92.7% of the capacity attained when using a liquid
electrolyte (Fig. S1†). Additionally, it was revealed that homo-
geneous electrochemical reactions induced by a uniform solid
electrolyte coating layer effectively suppressed cathode degra-
dation reactions, which are aggravated by uneven solid reac-
tions. The developed liquid-phase thin coating process allows
for efficient mass production in a shorter time than when using
the solid phase ball-milling method.

2. Experimental methods
Material preparation

Ball-mill synthesis. Li6PS5Cl was synthesized via a mecha-
nochemical reaction. Stoichiometric mixtures of Li2S (99.98%,
Sigma-Aldrich), P2S5 (99%, Sigma-Aldrich), and LiCl (99.98%,
Sigma-Aldrich) were placed in a zirconia jar lled with zirconia
balls and successively milled at 510 rpm for 20 h using a plan-
etary ball-milling machine (Pulverisette6, Fritsch). The glass
powders obtained were sealed in a quartz tube and annealed at
550 °C for 5 h in a vacuum furnace to obtain crystalline Li6PS5Cl
(denoted as LPSCl_BM).

Liquid-phase synthesis. Li6PS5Cl was synthesized via
a liquid-phase process with and without a dispersant. Stoi-
chiometric mixtures of Li2S, P2S5 and LiCl were used as raw
materials. For liquid-phase synthesis, raw materials were added
to the solvent (acetonitrile) and stirred vigorously at 50 °C. In
the case of liquid-phase synthesis using a dispersant, the
solvent used in the synthesis was prepared by mixing acetoni-
trile and dibutyl ether (DBE) at a ratio of 8 : 2. Liquid-phase
processes were carried out for 24 h. Following the reaction,
the mixtures were dried at 150 °C for 12 h under vacuum
conditions, and then annealed under the same conditions as
20550 | J. Mater. Chem. A, 2023, 11, 20549–20558
described above to obtain Li6PS5Cl (denoted as LPSCl_LP1 and
LPSCl_LP2).

Coating process. The Li6PS5Cl-coated NCM523 cathode was
prepared using simple liquid-phase mixing with as-synthesized
Li6PS5Cl powder and NCM523 cathode active material
dispersed in acetonitrile. Aer mixing, the composite powder
was dried at 120 °C for 12 h under vacuum conditions. The
resulting mass ratio of NCM523 to Li6PS5Cl in the coating layer
was 95 : 5.

Material characterization. X-ray diffraction (XRD) measure-
ments were conducted at a scan rate of 1° min−1 over a 2q range
of 10° to 90° using a powder X-ray diffractometer (Miniex II,
Rigaku) with monochromatic Cu Ka radiation (l = 1.5406 Å) at
30 kV. All powder samples were measured using an airtight
holder to avoid air exposure. Raman spectra were acquired
using a confocal Raman microscope (Renishaw Invia) equipped
with a 532 nm laser. XPS (PHI 5000 VersaProbe, Ulvac-PHI) was
performed using monochromated Al Ka radiation (hn = 1486.6
eV). The X-ray spot size was 100 mm × 100 mm, and the narrow
scan pass energy was set to 58.70 eV. The obtained binding
energies were calibrated using the C 1s peak at 284.6 eV. Field
emission scanning electron microscopy (FE-SEM) was per-
formed using a Regulus 8230 (Hitachi, Tokyo) instrument
equipped with an energy dispersive X-ray spectrometer (EDS,
Ultimax, Oxford Instruments, United Kingdom). The samples
were transferred using an airtight holder lled with Ar gas to
reach the apparatus. A high-angle annular dark eld scanning
transmission electron microscope (HAADF-STEM, Talos, FEI
Corp) equipped with an EDS (Super-X, Bruker) instrument was
used to observe the morphologies of the cathode active material
coated with sulde solid electrolyte. To analyze the thickness of
the solid electrolyte coating layer with line proling, a focused
ion beam (FIB, Helios NanoLab 600, FEI Corp) was used to cut
a cross section of a particle. The size distributions of the
synthesized Li6PS5Cl particles were measured using a laser
diffraction particle size analyzer (ELSZ-100, Otsuka Electronics).

Electrochemical characterization. The ionic conductivity of
SE was investigated using electrochemical impedance spec-
troscopy (EIS) measurements in the frequency range from 5
MHz to 100 Hz by applying a current amplitude of 100 mV
(SI1260, Solartron). The blocking electrodes were prepared with
a conguration of SS (stainless steel)/SE/SS using a 6 mm
diameter polyarylether ether ketone (PEEK) mold. The activa-
tion energy (Ea) was calculated from the Arrhenius plot of ionic
conductivity measured at 20 °C intervals in the range of room
temperature to 110 °C, and wasmaintained at the measurement
temperature for 3 h to ensure thermal equilibrium. The elec-
tronic conductivity of SE was investigated using chro-
noamperometry (CA) measurements in the voltage range from
0.1 V to 0.5 V at 0.1 V intervals for 10 min. The composite
cathode was prepared with NCM523, Li6PS5Cl, and vapor
growth carbon bers (VGCF, Showa Denko) in a weight ratio of
70 : 27 : 3 using a high-speed mixer (MM400, Retsch). A trilayer
pellet for cell tests was fabricated by adding 150 mg of Li6PS5Cl
SE powder to a 15 mm diameter mold and pressing at 370 MPa
using a hydraulic press. Subsequently, 30 mg of the composite
cathode was added and pressed at 410 MPa. Additionally,
This journal is © The Royal Society of Chemistry 2023
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100 mg of Li0.5In alloy powder was spread and pressed at
190 MPa. The electrochemical performance of ASSBs was
examined with a 2032-type coin cell using a battery cycler
(BCS805, Biologic) in the voltage range of 2.0–3.6 V (vs. Li+/Li–
In) at 30 °C. Galvanostatic cycling tests were conducted by
applying a constant current–constant voltage (CC–CV) mode of
charging and a constant current (CC) mode of discharging. The
specic capacity was calculated using current rates of 0.1, 0.2,
0.5, and 1C based on the weight of active materials (1 C-rate =

180 mA g−1). EIS measurements of ASSB cells during cycling
were performed over a range of 0.1 Hz to 1 MHz with an
amplitude of 50 mV using an impedance analyzer (VMP3, Bio-
logic). GITT measurements were carried out with a pulse of 0.5C
for 60 s and 2 h rest. The contact between NCM523 and LPSCl
particles (S) was calculated according to the GITT measurement
using eqn (1) as follows:

D ¼ 4

ps

�
mNCMVM

MNCMS

�2�
DES

DEt

�2

(1)

where D is the chemical diffusion coefficient of NCM523, S is
the contact area between cathode active material and solid
electrolyte, s is the pulse duration,DEs is the steady-state voltage
change, DEt is the transient voltage change, MNCM is the
molecular weight of the host, Ni0.5Co0.2Mn0.3O2, mNCM is the
mass of the host in composite cathode, and Vm is the molar
volume of the LiNi0.5Co0.2Mn0.3O2 (20.29 cm3 mol−1).30,31 The
surface areas of NCM523 powders were obtained via Brunauer–
Emmett–Teller (BET) analysis with N2 adsorption–desorption
isotherm experiments (0.762 m2 g−1) (Fig. S2†).

3. Results and discussion
Morphology control of solid electrolyte as a coating agent

To reduce the particle size of solid electrolyte Li6PS5Cl, liquid-
phase synthesis with a dispersant (LP2) was used. Dibutyl
ether was adopted as the dispersant, since it is generally used
for pulverization of the sulde solid electrolyte and causes no
side reaction with the sulde solid electrolyte.32–34 For compar-
ison, the solid electrolyte was synthesized using a mechano-
chemical method with high-energy ball-milling (BM) and
liquid-phase synthesis without a dispersant (LP1). Depending
on the presence or absence of the dispersant, liquid-phase
synthesis shows different aspects over time. In the case of
liquid-phase synthesis without a dispersant, a mixture of Li2S,
P2S5, and LiCl was separated into two layers within a few
minutes (Fig. S3†). In accordance with the use of aprotic
solvent, liquid-phase synthesis was conducted in a suspension,
and layer separation occurred according to the agglomeration
and size of the particles in the suspension.35,36 Consequently,
layer separation can be seen as precipitation by aggregation
between reaction products, and a size difference of the solid
electrolyte between liquid-phase synthesis with and without
a dispersant can be inferred.37 LPSCl prepared via liquid-phase
synthesis with 20 wt% of DBE was successively characterized by
X-ray diffraction (XRD) to ensure that the structure of
LPSCl_LP2 is well-organized. As shown in Fig. 1a, the XRD
pattern of LPSCl_LP2 showed a good match with the LPSCl
This journal is © The Royal Society of Chemistry 2023
reference (PDF# 01-086-5500) without side products and
precursor peaks corresponding to Li2S, P2S5, and LiCl. Addi-
tionally, the structure of LPSCl_LP2 was analyzed using Raman
spectroscopy (Fig. 1b). Similar to LPSCl_LP1 and LPSCl_BM, the
spectra of LPSCl_LP2 displayed a strong PS4

3− polyanion peak
centered at 421 cm−1 without any other side peak. Based on the
results of both characterization methods, LPSCl_LP2 revealed
similar structural properties to LPSCl synthesized by high-
energy ball-milling and liquid-phase synthesis without
a dispersant, indicating that the presence of the dispersant does
not interrupt the formation of the argyrodite (LPSCl) structure.
To conrm the effect of the dispersant on reducing the particle
size, scanning electron microscopy (SEM) measurements were
performed. LPSCl_BM exhibited severe aggregation and showed
a large particle size of around 10 mm (Fig. 1c). In contrast to the
solid electrolyte synthesized by high-energy ball-milling,
LPSCl_LP1 showed relatively low agglomeration and a particle
size of approximately 4 mm (Fig. 1d). In addition, LPSCl_LP2
synthesized by liquid-phase synthesis with a dispersant (DBE)
causes some agglomeration of small particles (with a size of 1
mm or less) (Fig. 1e). By comparing SEM images of particles of
each material, it was clearly demonstrated that the dispersant
can be used to reduce the particle size of LPSCl by minimizing
particle–particle interactions. Furthermore, particle size anal-
ysis (PSA) was performed to quantitatively examine the particle
size distribution of the solid electrolyte. As shown in Fig. 1f, the
average particle size values in the 50% cumulative population
(D50) of LPSCl_BM, LPSCl_LP1, and LPSCl_LP2 were 8.24, 3.01
and 1.44 mm, respectively, indicating that the trend in SE
particle size is consistent with SEM image observations.
However, the measurements of the actual particle sizes of the
solid electrolyte were difficult due to the formation of secondary
particles as agglomerates, despite efforts to disperse the solid
electrolyte particles in toluene. The ionic conductivity of the
LPSCl samples was evaluated using the AC impedance method
with symmetric SS/SE/SS cells aer conrming the structural
characterization and function of the dispersant. Nyquist plots
are shown in Fig. S4†. Solid electrolytes synthesized using
liquid-phase processes have ionic conductivities of 1 mS cm−1

or less. The crystallinity of the solid electrolyte may vary as
a function of annealing temperature, and solid electrolytes
synthesized via liquid-phase synthesis may have high lithium
ionic conductivities with high annealing temperatures.38 The
solid electrolytes obtained herein were annealed at a high
temperature of 550 °C. The synthesized SE showed high lithium
ionic conductivities of 4.7, 4.6, and 4.6 mS cm−1 at room
temperature with corresponding activation energies of 0.2498,
0.2360, and 0.2520 eV, respectively (Fig. 1g). When the anneal-
ing temperature was reduced to 180 °C, similar to previous
reports, the lithium ionic conductivities of LPSCl_BM,
LPSCl_LP1, and LPSCl_LP2 decreased, as shown in Fig. S5.† The
electronic conductivities of LPSCl samples were measured by
a CA test at room temperature (Fig. S6†). As a result, it was
conrmed that LPSCl_BM, LPSCl_LP1, and LPSCl_LP2 have
similar electronic conductivities of 3.93 × 10−9 S cm−1, 3.71 ×

10−9 S cm−1, and 3.89 × 10−9 S cm−1, respectively. This result is
J. Mater. Chem. A, 2023, 11, 20549–20558 | 20551
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Fig. 1 Characterization of SE (Li6PS5Cl) synthesized by using a ball-mill, liquid-phase 1, and liquid-phase 2. (a) XRD patterns and (b) Raman
spectra of SEs. SEM images of (c) LPSCl_BM, (d) LPSCl_LP1, and (e) LPSCl_LP2. (f) Particle size distribution of LPSCl particles (obtained via different
methods). (g) Arrhenius plots of lithium ionic conductivities for LPSCl_BM, LPSCl_LP1 and LPSCl_LP2. Activation energy values are also shown.
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attributed to no residual solvent carbonization even aer the
liquid-phase process.
Solid electrolyte coating on the cathode

To elucidate the mechanism by which the particle size of the
solid electrolyte enhanced the contact between the solid elec-
trolyte and cathode active material within a composite cathode,
LPSCl solid electrolyte prepared by various methods was coated
on the surface of NCM523 (via a liquid-phase coating process).
Cathode coating was performed by simply adding the cathode
active material to the solid electrolyte suspension with aceto-
nitrile, vigorously stirring the mixture, and vacuum drying at
120 °C (with a ratio of 95 : 5 wt% for NCM and LPSCl). Addi-
tional heat treatment was not applied due to the possibility of
side reactions between NCM523 and the solid electrolyte.
20552 | J. Mater. Chem. A, 2023, 11, 20549–20558
Following the coating process, the NCM523 materials coated
with solid electrolyte (denoted as NCM523_BM, NCM523_LP1,
and NCM523_LP2) were characterized using XRD. The XRD
patterns of NCM523 coated with solid electrolyte were similar to
that of bare NCM523, indicating that the cathode active mate-
rial was preserved during the coating process (Fig. 2a).
Furthermore, Raman spectroscopy was performed to conrm
the presence of LPSCl on the surface of NCM523. As shown in
Fig. 2b, a strong (PS4

3− polyanion) peak was detected on
NCM523_SE samples with a slight shi (∼5 cm−1) to a lower
wavelength region (red shi), which arises from the vibrational
modes of PS4

3− due to the presence of other anions or the
partial oxidation of the sulde solid electrolyte due to surface
reactions with the lithium transition metal oxide cathode.39–41

When the side reaction occurs, side reaction products, such as
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Characterization of the cathode active material (NCM523) coated with LPSCl synthesized by BM and LP2. (a) XRD patterns and (b) Raman
spectra of NCM523@SEs. SEM images of (c) NCM523_BM, (d) NCM523_LP1, and (e) NCM523_LP2 with the corresponding EDS mapping of Ni, S,
O, and P.

Fig. 3 Characterization of NCM523_LP2. (a) HAADF-STEM image and
(b) line profile of FIB cross-sectioned NCM523_LP2. (c) S 2p and (d) P
2p XPS spectra of LPSCl_BM, Li6PS5Cl_LP2, and NCM523_LP2.
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Li3PO4, are formed via the interfacial reaction, but at very low
concentrations relative to that of the cathode active material
and LPSCl. Consequently, it is difficult to observe a visible peak
in the Raman spectra. Aer analyzing the stability of the
cathode active material and the presence of solid electrolyte on
the surface of the cathode active material following SE coating,
the quality of the solid electrolyte coating layer was visualized
using SEM and EDS analysis of Ni and S. As shown in Fig. 2c–e
(Co, Mn, O, P, and Cl, Fig. S7†), the NCM523_BM sample
This journal is © The Royal Society of Chemistry 2023
revealed the formation of a nonuniform coating layer and the
presence of large LPSCl particles attached to NCM523 due to
their similar particle sizes. In the case of NCM523_LP1,
LPSCl_LP1 had a relatively smaller particle size than LPSCl_BM,
resulting in a more even coating layer; however, EDS mapping
conrmed the presence of LPSCl aggregates on the surface. In
contrast, the NCM523_LP2 sample exhibited a more uniform
solid electrolyte coating layer with less agglomeration. In
addition, the scale-up process shows the same pattern, and has
the possibility of mass production (Fig. S8†). Consequently, it
was determined that smaller particle sizes of solid electrolyte
were advantageous for forming a uniform solid electrolyte
coating layer. In addition, to evaluate the thickness of the solid
electrolyte coating layer formed on the surface of the cathode
active material, the NCM523_LP2 sample with an evenly formed
solid electrolyte coating layer was subjected to HAADF-STEM
and line prole analyses aer FIB cross sectional processing.
As shown in Fig. 3a and b, HAADF-STEM analyses indicate that
the sulde solid electrolyte LPSCl_LP2 is present between the
cathode active material and Pt layer, conrming that a thin
LPSCl coating layer of approximately 30 nm was formed
through the corresponding line prole. The presence of the
solid electrolyte coating layer on the surface of the cathode
active material was conrmed through SEM imaging and line
prole analysis; however, to identify the cause of the peak shi
observed in the Raman spectra and the possible side reactions
at the interface between the cathode active material and sulde
solid electrolyte, XPS analysis was conducted (Fig. 3c and d).
LPSCl_BM and LPSCl_LP2 showed the same results for S 2p and
P 2p spectra. The measured S 2p spectrum can be deconvoluted
into four components. The dominant doublet of S 2p3/2 at
a binding energy of 161.7 eV represents the main peak of PS4

3−
J. Mater. Chem. A, 2023, 11, 20549–20558 | 20553
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Fig. 4 Electrochemical characterization of all-solid-state cells employing bare NCM523 and NCM523_LP2 at 30 °C. (a) 1st charge–discharge
voltage profiles and (b) cycling performances at 0.1C. (c) Rate capabilities of all-solid-state cells featuring different composite cathodes. (d)
Discharge–voltage profiles at different C-rates. (e) Electrochemical impedance spectra of all-solid-state cells after the 1st, 50th, and 100th
cycles. (f) Discharge–voltage profiles and corresponding polarization plots of cells obtained during the GITT. The polarization curves were
plotted by subtracting the closed-circuit voltage (CCV) from the quasi-open-circuit voltage (QOCV) in the transient voltage profiles.
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for argyrodite, and the small amount of S 2p3/2 at a binding
energy of 160.5 eV represents –S2−–. Aer SE coating of
NCM523, two side peaks developed at 162.1 and 163.5 eV, cor-
responding to P2Sx and Li2Sn, respectively. Reactants with
transition metals may also be included among the measured
oxidized S species. In the P 2p spectrum, the major peak of 2p3/2
for argyrodite is formed as a doublet at a binding energy of
132.0 eV without any other components. Aer SE coating, side
products identied as oxidized P species (POxSy and P2Sx) were
observed at 133.0 eV, similar to the S 2p XPS results. Although
side products may be naturally generated by contact with bare
lithium transition metal oxide cathode active material and the
sulde solid electrolyte, changes in the Ni 2p spectrum were not
observed (Fig. S9†).39–47 Also, to conrm whether the phase of
20554 | J. Mater. Chem. A, 2023, 11, 20549–20558
the solid electrolyte was maintained aer the solid electrolyte
coating process, Rietveld renement was carried out. As
a result, it was conrmed that NCM523_LP2 was composed of
the cathode active material and the solid electrolyte in quanti-
tative ratio of 95.9 : 4.1 wt%, respectively (Fig. S10†).

Electrochemical performance

To evaluate the electrochemical performance of the composite
cathode according to the formation of the solid electrolyte
coating layer, NCM523_LP2 was used to manufacture the
composite cathode, which was then evaluated by galvanostatic
cycling at 0.1C in the voltage range of 2.0–3.6 V versus Li+/Li–In.
Bare NCM523 was used under the same conditions for
comparison. As shown in Fig. 4a, NCM523_LP2 exhibited
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Cross sectional SEM images of (a) and (c) composite cathodes
prepared with bare NCM523 and (b) and (d) NCM523_LP2 before
cycling and after 100 cycles. Red arrows indicate void spaces.

Fig. 6 Characterization of the composite cathode after 100 cycles. (a)
S 2p and (b) P 2p XPS spectra of the composite cathode with bare
NCM523 and NCM523_LP2.
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a higher reversible discharge capacity of 149.6 mA h g−1 than
bare NCM523 (124.5 mA h g−1) with improved initial coulombic
efficiency from 61.6 to 74.1% in the rst charge–discharge
prole. The other coated sample (NCM523_LP1) was evaluated
under the same conditions, but NCM523_LP2 with a better solid
electrolyte coating layer showed the best electrochemical
performance and was chosen as the representative sample
(Fig. S11†). In addition, cycling stability up to 100 cycles was
signicantly improved by solid electrolyte coating and the cor-
responding capacity retention increased from 68.9% to 93.7%
(Fig. 4b). Furthermore, NCM523_LP2 showed outstanding rate
performance, exhibiting a specic capacity of 146.6 mA h g−1 at
0.1C and maintaining a retention ratio of 66.9% at 1C
(98.0 mA h g−1); in contrast, bare NCM523 showed a low specic
capacity of 137.8 mA h g−1 and a retention ratio of 35.7% under
the same conditions (49.3 mA h g−1) (Fig. 4c). Moreover, when
comparing the discharge curves of bare NCM523 and
NCM523_LP2 at different C-rates, the polarization in
NCM523_LP2 was shown to be signicantly diminished
(Fig. 4d). To investigate the reason for the improved electro-
chemical performance due to the solid electrolyte coating layer,
electrochemical impedance spectroscopy was performed aer
reaching a fully charged state associated with the 1st, 50th, and
100th cycles (Fig. 4e). Although both the bare NCM523 and
NCM523_LP2 samples showed an increase in resistance asso-
ciated with cycling, the increase in resistance of the bare
NCM523 sample was much greater. This difference in electro-
chemical performance is likely due to the improved interfacial
contact between the cathode active material and solid electro-
lyte in the composite cathode, resulting in the formation of
a better lithium-ion pathway. To investigate this in detail,
Nyquist plots were tted with an equivalent circuit (R(RQ)(RQ)
Q) as shown in the inset of Fig. 4e. The semicircle shown in the
Nyquist plot can be divided into two regions, representing the
interfaces between the cathode active material and solid elec-
trolyte (Rc) and between the anode and solid electrolyte (Ra). Rc
This journal is © The Royal Society of Chemistry 2023
includes ionic transport within the composite cathode. To
conrm the change in the resistance according to the formation
of the solid electrolyte coating layer, their Rc values were
compared. Aer the 1st charge, the Rc of NCM523_LP2 showed
a reduced resistance of 4.79U compared to that of bare NCM523
(14.4 U) (the details of each resistance are shown in Fig. S12†),
indicating an improvement in interfacial contact due to the
solid electrolyte coating layer, which is related to the improve-
ment observed in the initial discharge capacity. As cycling
progressed, the increase in resistance at the interface between
the cathode active material and the solid electrolyte in bare
NCM523 became much greater than that in NCM523_LP2. Aer
the 50th and 100th cycles, NCM523_LP2 had Rc values of 25.51
and 28.72 U, respectively. The reduced resistance values can be
explained by improved ion transfer, such that LPSCl_LP2
particles with small sizes synthesized using the dispersant are
very effective in forming smooth lithium ionic pathways in the
J. Mater. Chem. A, 2023, 11, 20549–20558 | 20555

https://doi.org/10.1039/d3ta03283c


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 S
un

gk
yu

nk
w

an
 U

ni
ve

rs
ity

 o
n 

10
/6

/2
02

3 
8:

11
:1

6 
A

M
. 

View Article Online
composite cathode. To calculate the interfacial contact area
between the cathode active material and solid electrolyte, gal-
vanostatic intermittent titration technique (GITT) measure-
ments were performed, and the corresponding polarization
curves were considered in relation to the decreased resistance
(Fig. 4f). According to eqn (1), the relative active surface
coverage of LPSCl for NCM523 on the NCM523_LP2 electrode is
83.9%, which is approximately four times higher than that of
the bare NCM523 electrode (19.7%). In addition, the polariza-
tion of NCM523_LP2 during discharge is observed to be less
than that of bare NCM52, depending on the difference in quasi-
open-circuit voltage (QOCV). This is consistent with the elec-
trochemical test results (Fig. 4d).
Postmortem analysis

Based on the results of electrochemical performance testing, it
can be inferred that the interfacial contact between the cathode
active material and solid electrolyte is maintained before and
aer cycling; this was visually demonstrated using cross
sectional SEM imaging (and corresponding EDS mapping) of the
composite cathode aer 100 cycles. Bare NCM523 shows
multiple voids even in its pristine state, indicating loose inter-
facial contact (Fig. 5a). These multiple voids may vary depending
on the fabrication pressure. The fabrication pressure has been
diversied and compared; more pores were generated at a low
fabrication pressure, and micro cracks were generated in the
cathode active material at a high fabrication pressure. Therefore,
the pressure of 410 MPa applied to pellet fabrication seems to be
appropriate, and electrochemical performance also showed
excellent results (Fig. S13†). On the other hand, the components
of the composite cathode with NCM523_LP2 were conrmed to
form dense interfacial contacts (Fig. 5b). In addition, based on
the results of sulfur EDS mapping, a band-shaped region was
shown to form around the cathode active material (Fig. S14b†).
Therefore, the initial electrochemical resistance and polarization
were reduced, ensuring improved electrochemical performance.
Aer 100 cycles, both composite cathodes showed the formation
of pores compared to their pristine states. However, many areas
in which the intimate contact between the cathode active
material and solid electrolyte was maintained were observed
despite the formation of pores due to volume changes in NCM
through intercalation and deintercalation, especially in the case
of NCM523_LP2 (Fig. 5d). Numerous studies have reported
chemical/electrochemical side reactions occurring between
oxide cathode active materials and sulde solid electrolytes.
Additionally, Raman spectroscopy and XPS analyses of
NCM523_LP2 conrmed the formation of side reaction prod-
ucts, albeit in minute quantities, as shown in Fig. 2. To deter-
mine whether such side reaction products can contribute to
stable operation by promoting a secure ionic pathway for
homogeneous reaction sites through favorable interfacial
contact, XPS analysis was conducted aer 100 cycles. As part of
the XPS measurements, depth proling was performed to
determine the uniformity of electrochemical reactions inside the
electrodes. As shown in Fig. 6a, the S 2p spectra for both
composite electrodes aer 100 cycles show signicantly
20556 | J. Mater. Chem. A, 2023, 11, 20549–20558
amplied ratios of oxidized species such as Li2Sn and P2Sx rela-
tive to the pristine state derived from the amount of side prod-
ucts generated from the contact (Fig. 3c and d). With increasing
etching time (approaching from SE to NCM), the intensity of
oxidized S species steadily increases, whereas the intensity of
argyrodite (PS4

3−) weakens, indicating that major side reactions
occur at the interface between the cathode active material and
the solid electrolyte. In particular, for bare NCM523, the inten-
sity of side product generation is stronger than that of argyrodite
as it approaches the cathode active material. In contrast, for
NCM523_LP2, even aer 30 minutes of etching, the intensity of
the peak corresponding to argyrodite remains strong, indicating
that the solid electrolyte coating layer can provide better elec-
trochemical stability at the interface with less deterioration. In
the P 2p spectrum, the overall tendency during depth proling
appears similar to that in the S 2p spectrum (Fig. 6b). Compared
with the pristine state (Fig. 3d), the intensity of side products
represented by PO4

3− and P2Sx increases at the surface of the
cathode active material. Similar to the S 2p spectrum, the P 2p
spectrum of bare NCM523 shows a larger amount of side prod-
ucts than that of the pristine state; even aer 30 minutes of
etching, additional side products corresponding to POx at
a binding energy of 139.9 eV were observed. In contrast, for
NCM523_LP2, the number of side products containing PO4

3−,
P2Sx, and POx under the same conditions was relatively low.
These results correspond well to the electrochemical properties.

4. Conclusions

In this study, a method for uniformly and thinly coating
a sulde solid electrolyte on the surface of a cathode material
was demonstrated. We proposed a one-pot synthesis method for
producing a solid electrolyte with superior ionic conductivity
and small particle size and a method for coating it onto NCM
particles in the liquid-phase. ASSBs featuring the NCM523
cathode showed excellent discharge capacity, rate capabilities,
and capacity retention even without the application of addi-
tional external pressure. The homogeneous electrochemical
reaction induced by the uniform coating suppressed parasitic
reactions of the cathode. The proposed methods for synthe-
sizing the solid electrolyte and coating the cathode material can
be easily scaled up for mass production, thereby accelerating
and broadening the practical use of ASSBs.
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