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1. Introduction

Solidifying electrolytes with inorganic 
superionic conductors is considered 
a promising means to stabilize high-
capacity electrodes (e.g., Li metal anodes) 
and improve the safety of Li batteries.[1–11] 
In particular, highly conductive sulfide 
solid electrolytes (SEs) are mechanically 
deformable, which allows for scalable fab-
rication of practical all-solid-state Li bat-
teries (ASLBs) by simple cold-pressing 
processes, such as isostatic pressing, areal 
pressing, and roll-pressing.[3,7,12,13] A crit-
ical drawback of sulfide SEs is their poor 
chemical stability toward atmospheric air; 
upon exposure to atmospheric air, they are 
degraded with the release of toxic H2S.[3,14] 
The substitution of phosphorus with 
metals, such as Sn and Sb, has been effec-
tive in alleviating the reactivity of sulfide 
SEs with air (Table S1, Supporting Infor-
mation), which can be explained via hard 
and soft acid and base theory.[15–20]

Similar to other types of ceramic elec-
trolytes, solid-state syntheses (SS), such 
as mechanochemical methods, high-
temperature solid-state reactions, and melt-
quenching methods, are also commonly 

used for the preparation of sulfide SEs.[3,7] On the other hand, 
Liang et  al. first reported that β-Li3PS4  could be synthesized 
from a suspended solution of Li2S and P2S5  in tetrahydrofuran 
(THF).[21] Since then, liquid-phase (or wet-chemical) syntheses 
(LS) and/or processing of sulfide SEs have been extensively 
investigated.[21–35] Organic solvents used in LS partially or fully 
dissolve the SE precursors and aid their dispersion during 
mechanical stirring. This feature has the potential of saving time 
and energy for the reaction and thus makes LS suitable for the 
mass production of sulfide SEs.[3,22–24] Moreover, the morphology 
and particle size of sulfide SEs can be controlled using LS.[21,27,36]

For the LS of sulfide SEs, solvents that have adequate dis-
solving power for precursors while being free from irrevers-
ible reactions are necessary.[14,22–24,37–39] Based on these criteria, 
appropriate solvents can be selected, and the LS of sulfide SEs 
using various solvents, such as THF,[21,28,29] acetonitrile,[29,30] 

The liquid-phase synthesis (LS) of sulfide solid electrolytes (SEs) has prom-
ising potential for mass production of practical all-solid-state Li batteries 
(ASLBs). However, their accessible SE compositions are mostly metal-free. 
Moreover, liquid-phase-synthesized-SEs (LS-SEs) suffer from high electronic 
conductivity due to carbon impurities, resulting in below-par electrochemical 
performance of ASLBs. Here, the LS of highly deformable and air-stable 
Li3+xP1-xSnxS4 (0.19 mS cm−1) using 1,2-ethylene diamine-1,2-ethanedithiol 
with tetrahydrofuran is reported. A low heat-treatment temperature (260 °C) 
prevents the carbonization of organic residues. Importantly, a remarkable 
enhancement in the deformability of LS-SEs compared to that of conven-
tional solid-state-synthesized SEs (SS-SEs) is identified for the first time. 
LiNi0.7Co0.15Mn0.15O2 electrodes employing LS-SEs in ASLBs significantly 
outperform those using SS-SEs, notably when assembled under a low fab-
ricating pressure (148 vs 370 MPa, e.g., capacity loss: 2 vs 41 mA h g−1) or 
tested under a low operating pressure (12 or 3 MPa), which is attributed to 
reduced electrochemo-mechanical effects. Finally, when employing SEs that 
are exposed to air (dew point of −20 °C), LiNi0.7Co0.15Mn0.15O2 electrodes 
employing SEs with Sn-substituted composition or prepared by LS exhibit 
significantly better capacity retention than conventional SEs with Sn-free 
composition or prepared by SS (e.g., 92.2% for LS-Li3.2P0.8Sn0.2S4 vs 32.5% for 
SS-Li3PS4).
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ethyl propionate,[31] ethyl acetate,[32] and 1,2-dimethox-
yethane,[33] has been reported. However, thus far, sulfide SE 
materials for LS have been restricted mostly to metal-free 
compositions, such as binary Li2S-P2S5  and ternary Li2S-P2S5-
LiX (X  =  Cl, Br, I).[3,21,22,31,32,40] This restriction is because of 
the poor solubility of metal sulfide precursors in conventional 
solvents. Recently, our group reported a universal solution syn-
thesis of sulfide SEs using an Alkahest solvent, a binary mix-
ture of 1,2-ethylenediamine (EDA) and 1,2-ethanedithiol (EDT) 
(or EDA–ethanethiol mixture). Owing to the strong dissolving 
power of EDA–EDT, various sulfide SEs (Li6PS5Cl, Li10GeP2S12, 
and Na11Sn2PS12) can be prepared via LS.[41] However, the 
residual carbon impurities in SEs, originating from the sol-
vents, remain a critical problem for not only Alkahest-based 
solution synthesis but also conventional LS. They increase the 
electronic conductivity of SEs, accelerate side reactions, and 
impede interfacial ionic conduction in ASLB cells.

Although sulfide SEs are mechanically sinterable, the 
extremely high pressure required for compaction (e.g., above 
300  MPa) remains a technical challenge for the mass produc-
tion of ASLBs.[13,42,43] Moreover, most lab-scale ASLB cells have 
been tested under unrealistically high operating (or stack) 
pressures (e.g., ≈70  MPa), which blurs serious electrochemo-
mechanical degradation.[43–45] In this regard, the material 
design of SEs for controlling their mechanical properties is 
imperative for practical ASLBs.[43,46,47]

Herein, we report a highly deformable and air-stable 
Li3.2P0.8Sn0.2S4 (LPSnS) prepared by LS using EDA–EDT with 
THF. Using the strong dissolving power of EDA–EDT, access 

to a metal-containing composition (LPSnS) that showed 
superior air stability compared with the conventional metal-
free composition (Li3PS4 (LPS)) was enabled. Moreover, the 
chronic carbon impurity problem associated with LS-SEs can 
be avoided by selecting a composition that requires a low heat-
treatment (HT) temperature of 260  °C. Importantly, it was 
demonstrated that the deformability of LS-SEs is significantly 
superior to that of solid-state-synthesized SEs (SS-SEs), by com-
plementary analysis using scanning electron microscopy (SEM) 
and nano-indentation measurements. Elemental analysis and 
cryogenic-transmission electron microscopy (cryo-TEM) sug-
gest that marginal amounts of organic species are responsible 
for the excellent deformability of the LS-SEs. When tested in 
LiNi0.7Co0.15Mn0.15O2 (NCM)/Li–In ASLB cells at 30  °C, the 
LS-SEs exhibited remarkably better electrochemical perfor-
mance when assembled under lower fabricating pressures 
(148  vs 370  MPa) or tested under lower operating pressures 
(12 or 3 vs 70 MPa).

2. Results and Discussion

The LS of LPSnS proceeded in a suspended solution, wherein 
the precursors Li2S, P2S5, and SnS2 were dissolved in a mixture 
of EDA–EDT and THF, as illustrated in Figure 1a. In EDA–EDT, 
proton transfer from the acidic EDT to the basic EDA is favored, 
generating a thiolate anion with strong nucleophilicity.[41] Con-
sequently, SnS2 can dissolve and participate in the liquid-phase 
reaction. Moreover, using THF as a stirring mediator, a minimal 

Figure 1.  Liquid-phase synthesis of Li3.2P0.8Sn0.2S4 using THF and EDA–EDT. a) Schematic for the preparation of Li3.2P0.8Sn0.2S4 by liquid-phase syn-
thesis using THF and EDA–EDT. b) XRD patterns of Li3PS4 and Li3.2P0.8Sn0.2S4 prepared by conventional solid-state synthesis or liquid-phase synthesis. 
c) Composition of amorphous and crystalline phases determined by XRD analysis.
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amount of EDA–EDT was used. The optimized volume required 
for EDA–EDT was 3.67  µL for every gram of SE precursors. 
Using an extremely low amount of EDA–EDT (e.g., 2.75 µL g−1) 
resulted in the aggregation of unreacted Li2S (Figure S1, Sup-
porting Information). When the liquid-phase reaction proceeded 
using only THF, SnS2  remained unreacted in the presence of 
unknown impurity phases, as confirmed by the distinct signals 
in the XRD pattern (Figure S2, Supporting Information). When 
only EDA–EDT (11  µL  g−1) was used for the liquid-phase reac-
tion, the targeted β-Li3PS4 phase was obtained (Figure S2, Sup-
porting Information).[48] However, NCM electrodes employing 
the as-prepared LPSnS as the catholyte exhibited a poor elec-
trochemical performance; a low first discharge capacity of 
112 mA h g−1 at 0.2C and 30 °C was observed (Figure S3, Sup-
porting Information). This result is significantly poorer than 
that of LS-LPSnS obtained using an EDA–EDT/THF solvent 
mixture (159 mA h g−1), which is discussed below. The LPSnS 
powder prepared using only EDA–EDT was significantly darker 
than that prepared using EDA–EDT/THF (Figure S4, Supporting 
Information), indicating the presence of significant amounts of 
organic impurities.[41] An SEM image of the LPSnS powder pre-
pared using EDA–EDT/THF exhibits spherical primary particles 
of 200–300 nm (Figure S5, Supporting Information).

In this study, four samples, SS-LPS, SS-LPSnS, LS-LPS, and 
LS-LPSnS, prepared using two different synthetic protocols 
(SS vs LS) or with two different compositions (Li3PS4 (LPS) vs 
LPSnS (Li3.2P0.8Sn0.2S4) were extensively compared (Table S2,  
Supporting Information). SS proceeded by the ball-milling 
of the precursors, followed by HT at 240  °C. The Li+ conduc-
tivity was measured using Ti/SE/Ti symmetric cells by the AC 
method, and the corresponding Arrhenius plots are shown 
in Figure S6, Supporting Information. SS-LPS and SS-LPSnS 
exhibit Li+ conductivities of 0.41  and 0.77  mS  cm−1  at 30  °C, 
respectively, which agrees with those previously reported.[18] 
LS-LPS and LS-LPSnS showed Li+ conductivities of 0.24  and 
0.19  mS  cm−1, respectively. The Li+ conductivity of the LS 
samples is lower than that of the SS samples because of the 
presence of impurities.[23] The electronic conductivities of 
the LS-SEs were sufficiently low (LS-LPS: 4.7 × 10−10  S  cm−1, 
LS-LPSnS: 1.2 × 10−10  S  cm−1, Table S2, Supporting Informa-
tion) because the HT temperature of 260  °C was not high 
enough for carbonization.[41] Figure 1b shows the XRD patterns 
of the SE samples. The characteristic peak positions for all sam-
ples were identical and matched those of β-Li3PS4.[48] However, 
the broad XRD patterns reflect poor crystallinity, which is typ-
ical of glass-ceramic materials.[49,50] Thus, quantitative analyses 
of crystalline and amorphous phases were performed utilizing 
a mixture of SE and ZnO as a reference material (1:1  weight 
ratio) using the whole powder pattern fitting technique.[51] 
X-ray Rietveld refinement profiles obtained for the analyses are 
shown in Figure S7, Supporting Information, and the quanti-
tative analysis results are displayed in Figure 1c and Table S3, 
Supporting Information. All SE samples contained similar 
amounts of crystalline SE phases (≈40  wt%), thus confirming 
their similar crystallinity. This value is significantly lower than 
that of argyrodite Li6PS5Cl prepared at higher temperatures of 
>500 °C (≈60 wt%).[51] The crystallite sizes for SS- and LS-SEs, 
determined by the Williamson–Hall method,[52] are provided in 
Table S4, Supporting Information.

Four electrodes were prepared by manually mixing NCM, 
SE, and super C65 in a weight ratio of 70:30:3, respectively, and 
the NCM/Li–In all-solid-state half-cells were tested between 
3.0  and 4.3  V (vs Li/Li+) at 30  °C (Figure  2). The cells were 
assembled at a fabricating pressure of 370 MPa and tested at an 
operating (or stack) pressure of 70 MPa. The results are sum-
marized in Table S5, Supporting Information. Figure 2a,b show 
the first charge–discharge voltage profiles at 0.2C for the SS-SE 
and LS-SE samples, respectively. The electrode with SS-LPSnS 
showed a higher first discharge capacity (138  mA  h  g−1) than 
that of the electrode with SS-LPS (120  mA  h  g−1) (Figure  2a), 
which can be explained using the higher Li+ conductivity of SS-
LPSnS (0.77 mS cm−1) than that of SS-LPS (0.41 mS cm−1). The 
slightly higher capacity for using LS-LPS (165  mA  h  g−1) than 
that for using LS-LPSnS (159  mA  h  g−1) can also be rational-
ized by the higher Li+ conductivity of LS-LPS (0.24  mS  cm−1) 
than that of LS-LPSnS (0.19  mS  cm−1) (Figure  2b). However, 
when comparing the performance of the SS-SE and LS-SE 
samples, the difference in ionic conductivities of the SEs fails 
to explain the significantly higher capacities for using LS-SEs 
compared to those for using SS-SEs. Initial Coulombic efficien-
cies (ICEs) for using LS-SEs were also higher than those for 
using SS-SEs (Table S5  and Figure S8, Supporting Informa-
tion). Moreover, cycling retention for using LS-SEs (92.6% and 
91.7% for LS-LPS and LS-LPSnS, respectively) was significantly 
superior to that for using SS-SEs (79.6 and 72.8% for SS-LPSnS 
and SS-LPS, respectively) (Figure 2c). As this intriguing result 
indicates a distinct effect of the synthetic protocol on the elec-
trochemical performance, a control experiment was performed. 
After the SS-LPS powder was dispersed in THF overnight, the 
solvent evaporated, followed by HT at 260  °C under vacuum. 
Although the SE powder lost its crystallinity immediately after 
solvent removal, the original phase was recovered after HT 
(Figure S9, Supporting Information). Notably, when tested in 
NCM/Li–In all-solid-state half-cells, the electrode employing 
the THF-treated SS-LPS exhibited a significantly higher 
capacity (165  mA  h  g−1, dashed line, Figure  2a) than that for 
using pristine SS-LPS (120 mA h g−1). Also, the capacity reten-
tion after 150  cycles for the THF-treated SS-LPS (92.4%) was 
similar to that for using LS-LPS (92.6%, Figure S10, Supporting 
Information).

The distinctly better performance of the electrodes using 
LS-SEs (or THF-treated SS-LPS) over those using SS-SEs dem-
onstrates the significant effect of the synthesis history of SEs, 
which prompted us to investigate its origin. First, the particle-
size distributions and/or electrochemical stability of the SE 
samples may be one of the origins, which are discussed later. 
Second, the residual organic species remaining in the LS-SEs 
may cause a difference in electrochemical performance. Thus, 
the organic impurities in the four SE samples were quantified 
using elemental analysis (Table S2, Supporting Information). 
Not surprisingly, the weight fractions of organic carbon in 
LS-SEs were significantly higher (2.97 and 2.06 wt% for LS-LPS 
and LS-LPSnS, respectively) than those in SS-SEs (0.06  wt%). 
These “soft” organic residues could significantly affect the 
mechanical properties of SEs and thus their electrochemical 
performance by alleviating detrimental electrochemo-mechan-
ical degradation. Therefore, we extensively characterized the 
mechanical properties of the SS- and LS-SE samples.

Adv. Energy Mater. 2023, 13, 2203292

 16146840, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203292 by Y
onsei U

niversity, W
iley O

nline L
ibrary on [06/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2203292  (4 of 10)

Figure 2.  Electrochemical performance of NCM/Li–In all-solid-state half-cells at 0.2C and 30 °C. a) First-cycle charge–discharge voltage profiles for 
using SS-LPS and SS-LPSnS. Data for using SS-LPS treated using THF is also compared. b) First-cycle charge–discharge voltage profiles for using 
LS-LPS and LS-LPSnS. c) Cycling performance for using SS-LPS, SS-LPSnS, LS-LPS, and LS-LPSnS.
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SEM images of the four SE pellets prepared at 370 MPa are 
shown in Figure 3 and Figure S11, Supporting Information. The 
LS-SE pellets (Figure  3c,d) show significantly less void space 
compared to the SS-SE pellets (Figure 3a,b), indicating a better 
deformability of LS-SEs than that of SS-SEs. Consistently, the 
densities of the cold-pressed pellets for LS-SEs were higher than 
those for SS-SEs: 1.80 g cm−3 for LS-LPS versus 1.68 g cm−3 for 
SS-LPS and 1.97  g  cm−3  LS-LPSnS versus 1.80  g  cm−3  for 
SS-LPSnS (Table S2, Supporting Information). Considering that 
organic residues included in LS-SEs would be lighter than SE 
phases, the even higher pellet densities of LS-SEs than those of 
SS-SEs indicate less porosity, reflecting a better deformability 
of LS-SEs compared to SS-SEs. Furthermore, the mechanical 
properties of the LPSnS pellets derived via different synthetic 
routes were quantified using the nano-indentation method 
(Figure 4a,b). Figure  4a shows a representative force–displace-
ment curve at room temperature. At the peak load of 2000 µN, 
LS-LPSnS exhibited a displacement value of 800  nm, which 
is larger than that of SS-LPSnS (600  nm), indicating higher 
deformability. Moreover, the modulus and hardness of LS-
LPSnS were 20 and 0.6 GPa, respectively, which are significantly 
lower than those of SS-LPSnS (28 and 1.0 GPa) (Figure 4b). The 
microstructure of LS-LPSnS was investigated using cryo-TEM 
(Figure 4c,d).[53–55] A high-resolution image and corresponding 
fast Fourier transform (FFT) pattern reveal the presence of mul-
tiple phases composed of crystalline and amorphous phases 
with different morphologies. Scanning TEM-energy dispersive 
X-ray spectroscopy (EDXS) elemental maps of the LS-LPSnS 
particle are also shown in Figure S12, Supporting Informa-
tion. The uniform distribution of P, S, Sn, and C elements is 
validated. The lattice spacing from the surface to the crystalline 
parts was also measured (Figure S13a, Supporting Information). 
The patterns at the surface region exhibit short-range ordering 

around 3  Å (Figure S13b, Supporting Information).[56,57] It is 
considered that the amorphous regions (Figure 4c[i,iii]) consist 
of amorphous SE phase and/or organic species. Importantly, 
the organic species is believed to promote the deformation of 
SE particles under the applied pressure.

To assess the electrochemical performance according to 
the mechanical properties of the SEs, NCM electrodes using 
SS-LPSnS or LS-LPSnS were assembled under a low fabri-
cating pressure (148  vs 370  MPa) and/or tested under low 
operating pressure (12  MPa), and the results are summarized 
in Figure 5. Figure 5a,b shows the first-cycle charge–discharge 
voltage profiles at 0.2C and 30 °C for NCM electrodes tailored 
under different fabricating pressures. Corresponding cycling 
performance and Coulombic efficiency (CE) results are shown 
in Figure S14, Supporting Information. The operating pressure 
in the corresponding tests was 70  MPa. When the fabricating 
pressure was reduced from 370 to 148 MPa, the capacity decay 
for using SS-LPSnS was ≈41  mA  h  g−1 (Figure  5a), which is 
in stark contrast to the marginal capacity loss incurred when 
using LS-LPSnS (Figure  5b). Cross-sectional SEM images of 
the NCM electrodes fabricated using SS-LPSnS and LS-LPSnS 
at 148  MPa are shown in Figure  5c,d, respectively (high-mag-
nification images and corresponding EDXS elemental maps 
are shown in Figure S15, Supporting Information). The large 
void spaces at the interfaces between the NCM and SS-LPSnS 
particles indicate insufficient ionic contact (Figure 5c). By con-
trast, the NCM and LS-LPSnS particles exhibit significantly 
fewer void spaces, reflecting better ionic contact (Figure  5d). 
Therefore, the capacity varying with the fabricating pressure 
is attributed to the different deformability of the catholytes: 
SS-LPSnS < LS-LPSnS.

When a low operating pressure (12  MPa) was applied at 
the ASLB cells, the NCM electrode with LS-LPSnS exhibited 

Figure 3.  SEM top-view images of cold-pressed pellets for a) SS-LPS, b) SS-LPSnS, c) LS-LPS, and d) LS-LPSnS.
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better performance than that with SS-LPSnS (Figure 5e,f). The 
initial discharge capacity at 12  MPa for using SS-LPSnS was 
137 mA h g−1, which is similar to that under an operating pres-
sure of 70 MPa. However, the capacity retention after 150 cycles 
at 12 MPa was 70.7%, which is significantly lower than that at 
70 MPa (79.6%). By stark contrast, the NCM electrode with LS-
LPSnS operated at 12  MPa showed a first-discharge capacity 
of 154  mA  h  g−1  and a capacity retention of 89.6%, which are 
similar to those observed at 70 MPa (159 mA h g−1 and 91.7%, 
respectively). Consistently, the ICE for using LS-LPSnS at 
12 MPa was also higher than that for using SS-LPSnS (76.2% vs 
69.2%, Table S5  and Figure S16, Supporting Information). 
Further decrease of the operating pressure down to practically 
acceptable value of 3 MPa resulted in more drastic difference in 
the electrochemcial performance between the electrodes using 
LS-LPSnS and SS-LPSnS (Figure S17, Supporting Information). 
The initial discharge capacities at 3  MPa for using SS-LPSnS 
and LS-LPSnS were similar to those at 12  MPa. However, 
for using SS-LPSnS, the capacity retention after ten  cycles at 
3 MPa was 89.4% which is lower than that at 12 MPa (91.0%). 
By contrast, for using LS-LPSnS, the capacity retention at 3 and 
12  MPa remained comparable: 97.0% and 97.3%, respectively. 
Figure S18, Supporting Information,  summarizes the capacity 
retention after ten  cycles for using SS-LPSnS and LS-LPSnS 
with the three different operating pressures. The more severe 
degradation for using SS-LPSnS at lower operating pressure 

compared to that for using LS-LPSnS is confirmed. In sum-
mary, the electrochemical performance under low fabricating 
or operating pressures demonstrate dramatically better perfor-
mance using LS-SEs compared to SS-SEs. This performance 
is attributed to the better deformability of LS-SEs, which are 
effective in reducing detrimental electrochemo-mechanical 
degradation.[58]

Despite the successful demonstration of the distinct effect 
of the improved deformability of LS-SEs over SS-SEs on the 
electrochemical performance of all-solid-state cells, other fac-
tors were also investigated. First, the electrochemical stability 
of LS-LPSnS, tested by cyclic voltammetry (CV), was slightly 
inferior to that of SS-LPSnS (Figure S19, Supporting Infor-
mation). Second, to assess the particle size effect, a control 
experiment was performed. SEM images of the four SE pow-
ders shown in Figure S20, Supporting Information,  exhibit a 
few to tens of micrometer particle sizes. The LS-LPSnS pow-
ders were sieved using a mesh with an opening size of 25 µm. 
Then, the powders that remained unsieved were collected 
(referred to as “L-LS-LPSnS”). They exhibit large particle sizes 
of hundreds of micrometers (Figure S21a, Supporting Informa-
tion). Using these large particles (L-LS-LPSnS) as the catho-
lyte, NCM/Li–In all-solid-state half-cells were fabricated under 
370  or 148  MPa and tested at 70  MPa at 30  °C (Figure S21b, 
Supporting Information). The first-cycle discharge capacities 
for using L-LS-LPSnS with the fabricating pressures of 370 and 

Figure 4.  Mechanical properties and HRTEM results for LPSnS prepared by solid-state synthesis or liquid-phase synthesis. a) Quasi-static nanoin-
dentation curves and b) elastic modulus and hardness of SS- and LS-LPSnS pellets. c) HRTEM image of LS-LPSnS and d) corresponding FFT pattern.
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148 MPa were 161 and 146 mA h g−1, respectively. These values 
are comparable or slightly lower than the capacities for the 
electrodes using LS-LPSnS: 159  and 157  mA  h  g−1, respec-
tively (Figure  5b). However, they are significantly larger than 
those for the electrodes using SS-LPSnS: 138 and 97 mA h g−1, 
respectively (Figure  5a). Considering that the particle sizes 
of L-LS-LPSnS were much larger than SS-LPSnS, the much 
higher capacity for using L-LS-LPSnS than that for using SS-
LPSnS is explained by the better deformability of L-LS-LPSnS 
than that of SS-LPSnS. In conclusion, although the particle 
size distribution also affects the electrochemical performance 

under the low fabricating pressure, their contribution is not as 
much as the mechanical deformability.

Finally, the air stability of the four SEs and their effect on the 
electrochemical performance were evaluated. The SE powders 
were exposed to dry air (dew point of −20 °C) for 5 h. The XRD 
patterns of the SEs before and after air exposure are shown 
in Figure S22, Supporting Information. Notably, SS-LPS and 
LS-LPS produce unknown impurities and/or Li2S, which are 
absent in SS-LPSnS and LS-LPSnS. The electrochemical per-
formance of NCM/Li–In half-cells at 0.2C and 30 °C for NCM 
electrodes employing air-exposed SEs is shown in Figure 6 and 

Figure 5.  Electrochemical performance of NCM/Li–In all-solid-state half-cells at 0.2C and 30 °C with variation in the fabricating and operating pres-
sures, for using LPSnS catholytes prepared by solid-state synthesis or liquid-phase synthesis. First-cycle charge–discharge voltage profiles for the fabri-
cating pressures of 370 and 148 MPa, at an operating pressure of 70 MPa for using catholytes prepared by a) solid-state synthesis and b) liquid-phase 
synthesis. The cross-sectional SEM images of NCM electrodes using catholytes prepared by c) solid-state synthesis and d) liquid-phase synthesis, at 
148 MPa. In (c) and (d), yellow-colored SE regions correspond to the SEM EDXS signal of sulfur. Discharge voltage profiles at 1st, 10th, 50th, 100th, and 
150th cycles at an operating pressure of 12 MPa, for using catholytes prepared by e) solid-state synthesis and f) liquid-phase synthesis. The fabricating 
pressure for the cells was 370 MPa.
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Figure S23, Supporting Information. The first-discharge 
capacity retention after air exposure is in the following order 
SS-LPS (32.5%) << SS-LPSnS (83.4%) < LS-LPS (85.4%) < LS-
LPSnS (92.2%). This result confirms the beneficial effect of 
Sn substitution on air stability. The superior performance of 
LS-SEs over SS-SEs is also noteworthy. It is considered that the 
organic species remaining in the LS-SEs might impede air per-
meation through the bulk SEs.[59]

3. Conclusion

In summary, glass-ceramic LPSnS (0.19 mS cm−1 at 30 °C) was 
successfully prepared via a liquid-phase route using EDA–EDT 
with THF, which acted as the reaction medium, providing a 
strong dissolving power and stirring mediation, respectively, 
and synergistically promoted the liquid-phase reaction. SEM, 
elemental, nano-indentation, and cryo-TEM analyses revealed 
the superior deformability of LS-SEs over SS-SEs, originating 
from the remaining marginal organic species. When employed 
as the catholyte for NCM electrodes in all-solid-state cells, the 
LS-SEs exhibited remarkably better performance than SS-SEs, 
particularly when assembled under a low fabricating pressure 
(148 vs 370 MPa) or tested under low operating pressures (12 or 

3 MPa). These results are attributed to the better deformability 
of LS-SEs over SS-SEs, which can reduce detrimental electro-
chemo-mechanical degradation. Finally, it was demonstrated 
that SEs prepared by LS (vs SS) or using Sn-substituted com-
position (LPSnS vs LPS) show better air stability. It is empha-
sized that we explored the unprecedented advantages of the LS 
of sulfide SEs. The relatively low Li+ conductivity of LS-LPSnS 
can be compensated by using them with highly conductive SEs 
for practical applications: the ductile LS-LPSnS and highly con-
ductive SE can synergistically promote ionic contact and fast 
Li+ transport, respectively. We believe that our findings pro-
vide important guidelines for the development of advanced SE 
materials for practical all-solid-state batteries.

4. Experimental Section
Material Preparation: To synthesize SS-LPS and SS-LPSnS powders, 

a stoichiometric mixture of Li2S (99.9%, Alfa Aesar), P2S5 (99%, Sigma 
Aldrich), and SnS2 (99%, MKN, for the preparation of SS-LPSnS only) 
was ball-milled at 500  rpm in a zirconia vial with ZrO2  balls (5  mm 
in diameter) using Pulverisette 7  PL (Fritsch GmbH), followed by HT 
in a glass ampoule sealed under vacuum at 240  °C for 1  h. LS-LPS 
was obtained via a liquid-phase route using THF (99.9%, anhydrous, 
Sigma-Aldrich). A stoichiometric mixture of Li2S and P2S5 suspended in 
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Figure 6.  Air-stability results of LPS and LPSnS. Charge–discharge voltage profiles of NCM/Li–In all-solid-state half-cells at 0.2C and 30 °C for using a) 
SS-LPS, b) LS-LPS, c) SS-LPSnS, and d) LS-LPSnS. Data for using pristine catholytes (dashed lines) are also compared.
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THF (81.6 mg mL−1) was stirred at 30 °C overnight, followed by drying 
at 80  °C for 6  h and subsequent HT at 140  °C for 1  h under vacuum. 
LS-LPSnS was obtained via a liquid-phase route using THF, EDA (98.5%, 
Sigma-Aldrich), and EDT (98.0%, Sigma-Aldrich). A stoichiometric 
SnS2  solution (in EDA–EDT, 10:1  vol. ratio, 50.1  mg mL−1) was added 
to a stoichiometric Li2S-P2S5  suspension in THF and stirred at 70  °C 
overnight, followed by drying at 180  °C for 6  h and subsequent HT at 
260 °C for 5 h under vacuum. For preparation of Li6PS5Cl0.5Br0.5, after a 
stoichiometric mixture of Li2S, P2S5, LiCl (99.99%, Alfa-Aesar), and LiBr 
(99.99%, Alfa-Aesar) was ball-milled at 600 rpm for 10 h in a ZrO2 vial 
with ZrO2  balls (10  mm in diameter) using Pulverisette 7  PL (Fritsch 
GmbH), followed by HT 550 °C for 5 h under an Ar atmosphere.

Material Characterization: Structural characterization of the SE 
powders was performed by powder XRD measurements using a Rigaku 
MiniFlex600  with Cu-Kα radiation (λ  =  1.5406  Å) at 40  kV and 15  mA. 
XRD measurements were conducted using an airtight container with a 
beryllium window without exposure to air. To evaluate the constituents 
in the SEs, XRD data were refined by the Rietveld refinement method 
using the Fullprof software. The structural parameters of ZnO crystal, 
as a reference material, and the SEs were obtained from Rietveld 
analysis. The XRD patterns of mixtures of SE and ZnO in a weight ratio 
of 50:50 were used for quantification of the crystalline and amorphous 
phases. Weight ratios of ZnO crystal to each crystal were calculated 
using the Rietveld refinement method. For FESEM-BSE measurements, 
the NCM composites were collected in an Ar-filled glovebox and polished 
using an Ar-ion beam at 6 kV for 8 h and subsequently at 4 kV for 2 h at 
−100  °C (JEOL, IB-19510CP). The polished samples were transferred to 
FESEM equipment without air exposure. For the nanoindentation tests, 
SE pellets (diameter  =  6  mm) were prepared via uniaxial pressing at 
370 MPa. Equations for obtaining modulus are described in Supporting 
Information. The controlled indentation load was a maximum force 
of 2000  µN using a PI-85  instrument (Bruker Corp.). For cryo-TEM 
measurements, LS-LPSnS powder samples were loaded onto a lacey Cu 
grid. To avoid exposure to air, a Double-tilt LN2 Atmos Defend Holder 
(Mel-Build) was employed for cryo-TEM that contained a vacuum 
transfer function. The cryo-TEM images were obtained using a JEM-
2100F (JEOL) instrument at an acceleration voltage of 200  kV. For the 
air-exposure test, 250 mg of SE samples were exposed to air with a dew 
point of −20  °C for 5  h using a custom-made test box. The electronic 
conductivity of the SE pellets prepared at 370 MPa was measured using 
the van der Pauw method.[60]

Electrochemical Characterization: A LiNbO3-coated NCM powder 
was used in this study. Composite electrodes were prepared by 
mixing NCM, SEs, and Super C65  at a weight ratio of 7:3:0.3. Li0.5In 
(nominal composition) powder as the counter/reference electrode 
was prepared by ball-milling Li powder (FMC Lithium Corp.) and 
In powder (Sigma-Aldrich, 99%). The NCM electrode (15  mg) and  
Li–In electrode (80 mg) were placed on each side of the pre-pelletized 
Li6PS5Cl0.5Br0.5  layer (150  mg) and pressed at a fabrication pressure 
of 148 or 370 MPa at room temperature. Finally, the external pressure 
of the all-solid-state cells during operation was 3  or 12  or 70  MPa. 
For the operating pressure of 3  MPa, to facilitate electrical contacts 
between Ti rods and electrodes, a super C65  layer was placed in 
between Ti rods and electrodes. All assemblies were carried out in 
a poly(aryl-ether-ether-ketone) mold with a 13 mm diameter and two 
Ti rods as the current collectors. All NCM/Li–In cells were cycled 
between 3.0  and 4.3  V (vs Li/Li+) at 30  °C. For CV measurements, a 
pelletized mixture of SE and Super C65 at a weight ratio of 10:1 was 
used as the working electrode while the Li6PS5Cl0.5Br0.5  layer and  
Li–In electrode were employed as the separating SE layer and counter/
reference electrode, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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