
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

3/
20

26
 9

:2
3:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal
High capacity me
aDepartment of Energy Engineering, Hanya

04763, Republic of Korea. E-mail: upaik@h
bDepartment of Materials Science and

Chosundae-gil, Gwangju, 61452, Republic o
cDepartment of Battery Engineering, Hanya

04763, Republic of Korea

† These authors contributed equally to th

Cite this: DOI: 10.1039/d5ta10602h

Received 31st December 2025
Accepted 5th March 2026

DOI: 10.1039/d5ta10602h

rsc.li/materials-a

This journal is © The Royal Society
tal-rich copper sulfide as an
intercalation-type cathode material for all solid-
state batteries
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All solid-state batteries (ASSBs) employing sulfide-based electrolytes have attracted great attention as

emerging energy storage systems due to high safety, high energy density, broad operating temperatures,

etc. However, the introduction of sulfide-based solid electrolytes causes interfacial side-reactions with

cathode/anode materials, resulting in electrochemical degradation. Here, we report a new intercalation-

type Cu1.8S cathode material with a high capacity and interfacial compatibility for ASSBs. Compared to

metal sulfides (MxS), copper sulfides only have metal-rich phases (x $ 1.6) due to the unique oxidation

state of +1, enabling no weak S–S bonds, all strong Cu–S bonds, and a structural rigidness upon

intercalation of foreign atoms. As a starting material, spherical microparticles assembled from CuS

nanocrystals are prepared by a solvothermal method. After calcination at 300 °C, the CuS granules are

transformed to porous Cu1.8S microspheres with a particle size of 1–3 mm and a surface area of 1.4 m2

g−1. A Cu1.8S-based cathode shows a charge/discharge capacity of 274 mAh g−1, a capacity retention of

80% over 100 cycles, and a high-rate capability of ∼190 mAh g−1 at 1C-rate in a potential window of

0.5–2.5 V vs. Li/Li+, leading to 1.5 times higher energy density than that of the conventional LiCoO2

cathode. In addition, it shows a suppressed side reaction and electrochemical compatibility with the

sulfide-based electrolyte. The achievements open a new avenue for the potential use of copper sulfides

as cathode materials for ASSBs.
1. Introduction

All solid-state batteries are considered next generation
rechargeable batteries due to benets of high safety, high
energy density, and wide operating temperatures compared to
conventional LIBs.1–3 Replacing ammable liquid electrolytes
with solid-state electrolytes not only prevents both explosion
and re but also increases the possibility for the use of Li-metal
anodes, which makes ASSBs the most promising candidate for
electric vehicles. This can be realized by the development of
various solid electrolytes such as oxide-, sulde-, and organic/
inorganic-based electrolytes.4–6 Among them, sulde-based
electrolytes such as Li2S–P2S5, Li4−xGe1−xPxS4, Li10GeP2S12, etc.
have relatively low grain boundary resistance and a high Li+

ionic conductivity of ∼10−3 S cm−1 equivalent to those of
conventional liquid electrolytes at room temperature.7,8
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However, sulde-based solid electrolytes cause interfacial side
reactions with electrode materials. For a cathode material,
niobium oxide (NbOx) is coated as a protective layer on the
surface of lithium transition metal oxides such as LiCoO2. The
preparation of the protective layers is a costly and time-
consuming process. In addition, thiophosphate-based electro-
lytes have a narrow operating window of 1.6–2.3 V vs. Li/Li+ and
could be reduced above the redox potential of lithium metal (0
V) and oxidized below that of lithium transition metal oxides
(∼3.6 V for LiCoO2). This is supported by the rst-principles
calculation and experimental evidence on decomposed prod-
ucts of lithium compounds such as Li2S, Li3P, LixGe, etc.,
resulting in a gradual degradation of electrochemical
performances.9–11 In this respect, the development of new
electrode materials with physicochemical compatibility is
highly recommended for ASSBs.

To use lithium metal anodes, conversion-type metal chal-
cogenides as the cathode materials were explored in the early
stage of the development of lithium batteries employing liquid
electrolytes.12,13 Despite their high capacities, they suffer from
poor cyclability due to the phase transition, reforming, and
volume change upon cycling. Aer that, the intercalation-type
titanium disulde (TiS2) appeared. Despite its stable opera-
tion, it encountered the shortcomings of low energy density
J. Mater. Chem. A
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originating from the narrow operating voltage window of 1.7–
2.5 V vs. Li/Li+ and the limited amount of lithium insertion (xLi
+ TiS2 4 LixTiS2, 0 # x # 1).14,15 Moreover, uneven lithium
plating/stripping and dendritic growth is another critical issue
in the Li-metal/liquid electrolyte system.13,16 Since the
commercialization of Li-ion batteries with the LiCoO2/C
combination, various metal suldes have been intensively
studied as electrode materials.17–28 However, most of them
experience electrochemical irreversibility due to the following
reasons: (1) decomposition and phase transformation during
the galvanic reaction, (2) potential dissolution of sulfur atoms
due to weak bond strength, and (3) chemical incompatibility
with organic liquid electrolytes.

Copper suldes have various polymorphs with a wide range
of Cu to S ratios, CuxS (0.5 # x # 2.0). Among them, metal-rich
phases (x > 1.5) such as chalcocite (Cu2S),29 djurleite (Cu1.94S),30

digenite (Cu1.8S),31,32 and anilite (Cu1.75S)33 are unique. These
formulae are only found in group 11 metal (Cu, Ag, and Au)
suldes due to the +1 common oxidation state and enable
a higher capacity than metal-decient suldes due to multiple
redox couples. They were experimentally proven to be stable
compounds from their crystallographic studies, renement
analyses, and electrochemical experiments. Specically, they
consist of all direct Cu–S bonds without weaker S–S bonds in
their unit cells, resulting in enhanced structural stability and
preventing reorganization of the anion frame during the entry
of foreign metal cations into the lattice.34 According to our
previous study, it was conrmed that the Cu1.8S reversibly
intercalates and deintercalates 1.4 Na+ ions in the voltage range
of 0.5–2.2 V vs.Na/Na+.35 Besides, copper suldes with structural
rigidness are likely to have chemical compatibility with sulde-
based electrolytes and prevent undesirable side reactions.
Hence, all these merits are worth exploring the metal-rich CuxS
as new cathode materials for ASSBs.

Here we rst report hierarchical porous Cu1.8S microspheres
as a new cathode material with promising electrochemical
properties for ASSBs employing sulde-based electrolytes. As
a starting material, CuS/S composite microspheres are synthe-
sized by the solvothermal method. To obtain a target material of
the Cu1.8S phase, the composite microspheres are calcined at
various temperatures in the range of 200–800 °C. As-prepared
hierarchical porous CuS/Cu1.8S/Cu2S microspheres (denoted
as HP-CuSMS, HP-Cu1.8S MS, and HP-Cu2SMS, respectively) are
characterized by various analytical tools to study their intrinsic
properties. Superior electrochemical properties of the HP-
Cu1.8S MS-based cathode are investigated by full-cell tests.
Moreover, structural and chemical stability of Cu1.8S are
examined through ex situ X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS).

2. Experimental
2.1. Synthesis of CuS/S composite microspheres

The CuS/S composite microspheres were prepared by a sol-
vothermal method. 8 mmol of Cu(NO3)2$3H2O was dissolved in
50 ml of dimethyl sulfoxide (DMSO) to form a clear solution.
Then, 0.8 g of poly(vinyl pyrrolidone) (PVP, Mw = 360 000) and
J. Mater. Chem. A
8 mmol of thiourea were added to this solution under stirring.
Aerwards, the solution was transferred into an 80 ml Teon-
lined stainless-steel autoclave. The autoclave was sealed and
kept at 120 °C for 20 h. Aer cooling down to room temperature,
a black solid product was obtained by centrifuging the mixture.
Then, powders were washed with deionized water and ethanol
several times and dried at 80 °C overnight.
2.2. Synthesis of hierarchical porous copper sulde
microspheres

The CuS/S composite microspheres were placed in an alumina
crucible and calcined at different temperatures of 200, 400, and
800 °C in argon gas for 5 h (a heating rate of 5 °C min−1) in
a horizontal tube furnace.
2.3. Material characterization

The morphologies of as-prepared powders were characterized
by eld-emission scanning electron microscopy (FE-SEM, JEOL
JSM07600F), Cryo FIB-SEM (NFEC-2025-03-304629) and trans-
mission electron microscopy (TEM, JEOL NEO ARM). Element
mapping was carried out with an electron-probe microanalyzer
(JXA-8100, JEOL). X-ray diffraction patterns of the samples were
obtained by using an X-ray diffraction analyzer (XRD, Rigaku D/
MAX RINT-2000). The nitrogen adsorption isotherm and pore
size distribution were measured using a porosity instrument
(BET, Micromeritics Tristar ‖). X-ray photoelectron spectrom-
etry (XPS, VG Microtech ESCA2000) was used for the analysis of
the oxidation states.
2.4. Evaluation of electrochemical properties

For the full cell, 150 mg of the Li6PS5Cl electrolyte was placed in
polycarbonate tube with a diameter of 13 mm and pressed by
using a pelletizer under 300 MPa. The Li metal was attached on
one side of the solid electrolyte and 15 mg cm−2 of the Cu1.8S
microsphere composite (Cu1.8S : SE : carbon additive = 50 : 45 :
5) was placed on the opposite side of the solid electrolyte and
pressed by using a pelletizer under 50 MPa. The electrode
density of the Cu1.8S composite cathode was approximately
1.8 g cm−3. Then, the as-prepared full-cell was pressed under
20 MPa. For the full cell, the cathode material was prepared by
mixing LiNbO3 coated LiCoO2 powders (Sigma-Aldrich, 99.8%
trace metals basis) and the Li6PS5Cl electrolyte in a weight ratio
of 70 : 30 using an agate mortar. 15 mg cm−2 of LiCoO2 cathode
composite powder was spread on one side of the as-prepared
Li6PS5Cl electrolyte pellet in the polycarbonate tube and
pressed under 300 MPa. Then, the Li metal-based anodes were
attached on the opposite side of the electrolyte and pressed
under 50 MPa. The electrode density of the LiCoO2 cathode was
approximately 2.0 g cm−3. The as-prepared full cell was put into
a pressed-type cell. All the processes were performed in a dry
argon lled glovebox. Electrochemical performances of all the
samples were analyzed by using a TOSCAT 3000 battery tester
under the 20 MPa condition (TOSCAT 3000, Toyo systems,
Tokyo Japan).
This journal is © The Royal Society of Chemistry 2026
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3. Results and discussion

As-prepared copper sulde hax a spherical shape and a particle
size in the range of 1–3 mm (Fig. S1a and b). XRD patterns
conrmed that the microspheres are a composite of a CuS
phase with a hexagonal structure (ICDD no. 06-0464) and the
synthesized sulfur (marked by ;, ICDD no. 08-0247) (Fig. S2a).
The high-magnication SEM image shows that the CuS/S
composite consists of CuS nanocrystals with a length of
∼100 nm and a smooth region of residual sulfur (Fig. S2b). To
achieve hierarchically porous CuxS microspheres, the post-
calcination processes were conducted in a broad temperature
range of 200–800 °C. SEM images in Fig. 1 demonstrate that
they maintained the initial shape and the overall dimension,
but exhibit different degrees of porosity and microstructures
due to phase transitions and crystal growths during calcination
at 200 °C (Fig. 1a and b), 400 °C (Fig. 1e and f), and 800 °C
(Fig. 1i and j). HR-TEM images show lattice fringes of 0.19, 0.20,
and 0.24 nm, corresponding to (110) for CuS (Fig. 1c), (220) for
Cu1.8S (Fig. 1g), and (034) for Cu2S (Fig. 1k), respectively.
Elemental maps that conrmed a homogeneous distribution of
Cu (red) and S (green) elements through the microspheres aer
calcination at 200 °C (Fig. 1d), 400 °C (Fig. 1h), and 800 °C
(Fig. 1l).

According to XRD analysis (Fig. S3), the CuS/S composite was
transformed into a pure CuS phase without the synthesized
sulfur aer calcination at 200 °C. It should be noted that a (110)
peak is the most dominant in comparison with the reference
data with the (103) peak at 32° (black line). This indicates that
the CuS crystals have a preferential growth direction, which is
oen observed in chemical reactions such as Ostwald rening,
Fig. 1 Low- and high-magnification SEM images, high-resolution TEM i
microspheres after post-calcination at (a–d) 200 °C, (e–h) 400 °C, and

This journal is © The Royal Society of Chemistry 2026
Kirdendall effect, hydrothermal method, etc. as a preferential
adsorption of precursor molecules and/or nuclei on the surface
and plane to minimize the energy of the entire system. Due to
the growth orientation, individual nanoparticles have a pill-
shaped morphology with ∼100 nm length and ∼20 nm diam-
eter (Fig. 2a). A unit cell of CuS shows a prismatic structure in
which there are 4 Cu atoms in tetrahedral sites and 2 atoms in
triangular sites, and there exist 4 direct S–S bonds (disulde,
(S2)

2−) near the middle of c axis (Fig. 2b). Aer calcination at 400
°C (red line), the covellite CuS phase was converted into a Cu1.8S
phase with a cubic structure (ICDD no. 056-1256). It is worth
mentioning that Cu1.8S shows the strongest peak of a (220)
plane at ∼46°, which is certainly inuenced by the dominant
(110) plane of the CuS. The Cu1.8S crystals have a plate-like
structure with a slight larger dimension than that of CuS
because of agglomeration and crystal growth (Fig. 2c). For
a Cu7.2S4 (=Cu1.8S) unit cell, it consists of all Cu–S bonds
without direct S–S bonds, and 7.2 Cu atoms randomly occupy
near tetrahedral interstitial sites, with 4 S atoms near the 4b
Wyckoff position (1/2, 1/2, 1/2), as face-centered cubic (FCC)
lattices (Fig. 2d). The XRD patterns obtained aer calcination at
800 °C (blue line) were matched with those of a chalcocite Cu2S
phase with a monoclinic structure (ICDD no. 33-0490). It
possesses a dominant (630) plane derived from the (220) plane
of Cu1.8S. But more dominant (034) and (106) planes appeared,
which might be due to a monoclinic structure and a polyhedron
geometry (Fig. 2e and f).

To investigate inner porosity of the microspheres, the
focused ion beam (FIB) technique was used for ablation. Cross-
section SEM images showed the formation of macropores from
the surface to the center of the spheres by interconnection of
mage, and EDX map for copper and sulfur elements of copper sulfide
(i–l) 800 °C.

J. Mater. Chem. A
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Fig. 2 High-magnification SEM images and crystallographic unit cells of (a and b) CuS, (c and d) Cu1.8S, and (e and f) Cu2S viewed along each of
the <110>, <220>, and <630> directions. BET nitrogen adsorption–desorption isotherms and pore size distribution of (g) HP-CuS MS, (h) HP-
Cu1.8S MS, and (i) HP-Cu2S MS.
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mesopores, as the calcination temperature increased, which
demonstrates the formation of hierarchical porosity in the
microspheres (Fig. S4). To study the surface area and a porosity
of the microspheres, nitrogen (N2) adsorption–desorption
isotherms were obtained. Specic surface areas were deter-
mined to be ∼3.9 m2 g−1 for HP-CuS MS, 1.4 m2 g−1 for HP-
Cu1.8S MS, and 0.7 m2 g−1 for HP-Cu2S MS by the Brunauer–
Emmett–Teller (BET) calculation. According to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) technical
report,36 HP-CuS MS exhibits usual type V isotherms with a type
H2 hysteresis loop. This is particularly observed in a solid with
a complex pore structure and a network in a broad range of
mesopore sizes, which is conrmed by two distinctive peaks in
the mesopore range of 3–5 nm and 10–50 nm (Fig. 2g). HP-
Cu1.8S MS has the same type V isotherm but a different H3
hysteresis-type loop. The pore size distribution indicates that
the pores in the range of 3–5 nm disappeared due to the
increase in pore size, which was conrmed by the SEM obser-
vation (Fig. 2h). In contrast, isotherms of HP-Cu2S MS are
classied as type III without a hysteresis loop which is typical of
macroporous materials. No noticeable peaks were observed in
the pore size distribution of 0–100 nm because macropores
larger than 100 nm exceed the detectable maximum pore radius
of 95 nm based on the Barrett–Joyner–Halenda (BJH) theory
(Fig. 2i).

XPS spectra were analyzed to study chemical and electronic
states of the three samples. All of them have a strong peak at
∼931 eV assigned to Cu 2p3/2 with a +1 oxidation state (Fig. S5a).
With phase transformation from CuS to Cu2S via post-
calcination, a shoulder peak centered at 933 eV become more
J. Mater. Chem. A
prominent, which indicates an increase in the +2 oxidation state
(Fig. S5a–c).37 This change in the electronic state of Cu gave rise
to a satellite near 942 eV oen observed frommaterials with a d9

electronic conguration in the ground state, which is another
piece of evidence for the existence of Cu2+.38 This result agrees
with previous reports that the oxidation state of copper in all
sulde compounds is usually a mixed valence of dominant Cu1+

and a small amount of Cu2+.39 A noticeable change was also
observed in S 2p spectra (Fig. S6a–c). For the CuS sample at the
bottom, it shows a broad peak with overlapping spin orbit
doublets of disulde ((S2)

2−, 163.2 eV for 2p3/2 and 164.3 eV for
2p1/2) and monosulde (S2−, 161.6 eV for 2p3/2 and 162.6 eV for
2p1/2), respectively.40 This is in good agreement with the exis-
tence of 4 disulde and 2 monosulde peaks in the unit cell
structure of CuS. In contrast, the disulde ((S2)

2−) peaks
signicantly decreased for Cu1.8S and nally disappeared for
the Cu2S sample. The composition analyses are in accordance
with the crystallographic study. It is deduced from the XPS
result that the CuxS microspheres can possess multiple redox
couples of Cu0/1+ and Cu1+/2+ as the active material. Area ratios
of Cu1+ to Cu2+ for the three samples are calculated to be 0.9 to
0.1 (CuS), 0.79 to 0.21 (Cu1.8S), and 0.71 to 0.28 (Cu2S).

Based on the various characterization studies, the growth
mechanism of hierarchically porous CuS, Cu1.8S, and Cu2S
microspheres is proposed to be as follows; (1) formation of CuS
nuclei in the presence of adsorbed thiourea and poly(vinyl
pyrrolidone) during the solvothermal reaction, (2) crystal
growth and self-assembly of CuS nanocrystals and synthesized
sulfur, leading to the formation of CuS/S composite micro-
spheres, (3) evaporation of residual sulfur and recrystallization
This journal is © The Royal Society of Chemistry 2026
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of CuS during post-calcination at 200 °C, and (4) phase transi-
tion from CuS to Cu1.8S to Cu2S at the elevated temperatures of
400 and 800 °C, resulting in mesoporous and macroporous
structures. Finally, the Cu1.8S microspheres as a cathode
material were applied to ASSBs owing to the merits such as the
Cu-rich phase, the highest porosity, and simple XRD patterns.

Prior to various evaluations of electrochemistry, a prelimi-
nary test was conducted to optimize a potential window for the
Cu1.8S-based cathode. While severe degradation of cyclability
was observed upon discharging down to 0 V, a stable operation
was achieved in the voltage range of 0.5–3.0 V vs. Li/Li+ coupled
with a Li anode (Fig. 3a and b). To investigate the phase
evolution of Cu1.8S, ex situ XRD measurements were conducted
during cycling. As shown in Fig. 3c, Cu1.8S transforms into Cu2S
and Li2S phases aer lithiation, and the Cu1.8S phase reappears
aer delithiation. This result indicates that the reaction
mechanism of Cu1.8S involves the intercalation of Li ions and
a subsequent lattice rearrangement to form Cu2S, rather than
a conversion reaction that produces metallic Cu and Li2S.
Although sulfur in Cu1.8S reacts with Li to form Li2S during
lithiation, Cu2S is preserved instead of being reduced to
metallic Cu. Therefore, this intercalation-dominant mechanism
is advantageous in mitigating the volume change typically
observed in metal suldes undergoing conversion reactions,
thereby leading to enhanced electrochemical stability.

Full cell tests were conducted using two different positive
materials such as the LiCoO2-based cathode (LCO-BC) and the
Fig. 3 Electrochemical properties of ASSBs using a Cu1.8S-based catho
voltage range of (a) 0.5–3 V and (b) 0–3 V (vs. Li/Li+). (c) XRD patterns of t
and discharging processes.

This journal is © The Royal Society of Chemistry 2026
Cu1.8S-based cathode (CS-BC), both coupled with the Li/In
anode. Fig. 4a shows the initial voltage proles of two cells at
a current density of 0.05C. LCO-BC and the CS-BC give a specic
charge/discharge capacity of 173/148 mAh g−1 and 519/503 mAh
g−1 and coulombic efficiency of 86% and 97%, respectively. This
high efficiency of CS-BC indicates great compatibility with the
sulde solid electrolyte and suppression of side reactions at the
interface. Fig. 4b exhibits the energy densities of each cathode
in terms of integral area under the discharge curve (0 V vs. Li/
Li+). It is worth noting that CS-BC exhibits not only higher
discharge capacities but also much larger volumetric/
gravimetric energy density than that of LCO-BC despite the
lower operating potential window. The rate capability at various
current densities was measured in the range of 0.05 to 1C
(Fig. 4c). Despite lower capacity retentions, CS-BC shows supe-
rior discharge capacities to those of LCO-BC. Notably, CS-BC
retains a capacity of ∼190 mAh g−1 three times larger than 60
mAh g−1 of LCO-BC at the high current density of 1C. This
superior discharge capacity of CS-BC at a high current density of
1C was also conrmed in tests using a Li metal anode (Fig. S7).
Fig. 4d shows cycle performances and coulombic efficiencies of
the two cells at a current density of 0.5C. Capacity retentions
were 70% (89 mAh g−1) for LCO-BC and 80% (274 mAh g−1) for
CS-BC over 100 cycles. Fig. 4e shows EIS spectra of two cells
before/aer cycles. Although both cells exhibited an increase in
total resistance aer cycling, the resistance increase in LCO-BC
was signicantly more pronounced compared to that of CS-BC.
de (CS-BC). Voltage profiles (1st to 10th cycles) for the ASSBs in the
he ASSB identifying the phase transformation of Cu1.8S during charging
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Fig. 4 Electrochemical properties of ASSBs using an LiCoO2-based cathode (LCO-BC) and Cu1.8S-based cathode (CS-BC) with a Li/In anode. (a)
Initial voltage profiles for the ASSBs at 0.05C. (b) The energy densities of each cathode determined in terms of areas between the discharge
curves and 0 V (vs. Li/Li+). (c) Discharge capacities at current rates of 0.05, 0.1, 0.2, 0.5, and 1C. (d) Cycle performances for 100 cycles at 0.5C. (e)
EIS spectra of ASSBs using LCO-BC and CS-BC after 1 and 10 cycles.

Fig. 5 Electrochemical properties of ASSBs and LIBs using an Cu1.8S-based cathode (CS-BC) with a Li metal anode. (a) Initial voltage profiles for
the ASSBs and LIBs at 0.05C. (b) Cycle performances for 50 cycles at 0.5C. SEM images of CS-BC after 1, 10 and 50 cycles for (c–e) ASSBs and
(f–h) LIBs.
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Fig. 6 Schematic of morphological and interfacial evolution of Cu1.8S during cycling in (a) ASSBs and (b) LIBs.
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This substantial increase in LCO-BC is likely attributed to severe
interfacial side reactions between the cathode and the sulde-
based electrolyte. These reactions lead to the decomposition
of the argyrodite Li6PS5Cl electrolyte and the subsequent
formation of lithium compounds with low ionic conductivity,
such as Li2S, Li3P, and LiCl. To precisely analyze the resistance
components of CS-BC, a distribution of relaxation times (DRT)
analysis was performed on the EIS spectra (Fig. S8).41 This
approach allows for the deconvolution of overlapping electro-
chemical processes, clearly separating individual impedance
contributions. In these proles, ve distinct peaks (P1 to P5) are
observed in order of decreasing frequency. The peak at high
frequency (P5) corresponds to the grain boundary resistance
(RSE). In the intermediate frequency region, P4, P3, and P2
denote the resistances from the solid electrolyte interphase
(RSEI), mechanical contact, and charge transfer (Rct), respec-
tively, while the low-frequency region (P1) reects the Li-ion
diffusion process (Wdiff).42–44 Based on the DRT analysis of CS-
BC aer 100 cycles, it was conrmed that all resistance
components remained relatively stable (Fig. S9).

To prove the advantage of the Cu1.8S cathode for the ASSB,
a cell test was performed using a LIB system. Fig. 5a shows the
initial voltage proles at a C-rate of 0.05C. The initial capacity of
the LIB is higher than that of the ASSB owing to the better
wettability and ionic conductivity of the liquid electrolyte. The
liquid system exhibits a at, single voltage plateau, which is
believed to result from excellent wettability and fast ionic
diffusion.45 While the Cu1.8S cathode in the LIB system
undergoes a rapid capacity fading, the one in the ASSB system
shows superior cyclability in Fig. 5b (1–3rd formation: 0.05C–
0.2C; 4–50th cycles: 0.5C). This result is ascribed to the effective
suppression of cracking and pulverization of Cu1.8S in the ASSB.
To verify this thesis, ex situ SEM images were obtained on
electrodes aer the 1st, 10th, and 50th cycles. For the ASSB, two
distinct areas were observed; a porous region (the solid elec-
trolyte) and a dense region (Cu1.8S). As shown in Fig. 5c–e, the
Cu1.8S spheres in the ASSB maintained their original structure
up to 50 cycles. In contrast, the Cu1.8S particles still have the
spherical shape but exhibit cracking and pulverization in the
This journal is © The Royal Society of Chemistry 2026
LIB system (Fig. 5f–h). EIS spectra were obtained during cycling
(Fig. S10). The EIS spectra of the LIB system reveal a severe and
continuous increase in the bulk and charge-transfer
resistances.

Fig. 6 illustrates a schematic comparison of the morpho-
logical and interfacial evolution of the Cu1.8S cathode during
cycling. In the ASSB system, all solid components and the cell
conguration effectively suppress the volume change of Cu1.8S,
resulting in a stable interface and structural integrity (Fig. 6a).
In contrast, the LIB system allows volume expansion of Cu1.8S
toward the area of the liquid electrolyte, leading to severe
particle cracking and pulverization (Fig. 6b). This mechanical
degradation is the primary cause of the poor cycle life observed
in LIBs. Consequently, Cu1.8S is a promising candidate as
a high-energy-density cathode material specically for next-
generation ASSBs.
4. Conclusion

In summary, we successfully synthesized hierarchically porous
Cu1.8S microspheres via a solvothermal method followed by
calcination at 400 °C and demonstrated their potential as
a high-performance cathodematerial for all-solid-state batteries
(ASSBs) employing sulde-based electrolytes. The unique crys-
tallographic feature of the metal-rich Cu1.8S phase, character-
ized by the absence of weak S–S bonds and the presence of
strong Cu–S bonds, provided inherent structural rigidity.
Additionally, the hierarchical porosity of the microspheres
effectively buffered the volume changes during cycling. The
Cu1.8S-based all-solid-state cell exhibited superior electro-
chemical performance compared to the conventional LiCoO2

cathode. Crucially, the reaction mechanism study utilizing ex
situ XRD and SEM revealed two key factors for this stability: (1)
the lithiation process follows an intercalation-dominant
mechanism rather than a conversion reaction, which miti-
gates excessive volume expansion. (2) The external pressure
applied in the ASSB system effectively suppresses particle
cracking and pulverization, which were identied as critical
failure modes in liquid electrolyte systems. These ndings
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suggest that metal-rich copper suldes, when combined with
the mechanical connement of ASSBs, offer a new and prom-
ising avenue for developing high-energy-density and chemically
compatible cathode materials for next-generation energy
storage systems.
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