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Abstract

Intensive research on solid electrolytes, a crucial component of all-solid-state batteries (ASSB), serves as a solution to
address the safety concerns and limited energy density of conventional lithium-ion batteries. Recent studies have extensively
explored solid electrolytes that include various anions, due to their key role in determining the structure and properties of
the electrolytes through their interactions with other ions. Here, we report the synthesis and electrochemical properties of

hydrosulfide solid electrolyte, LisPS,(BH,),, with a lithium superionic conductivity and an excellent deformability.
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Introduction

The growing shift toward electric vehicles and the impact of
carbon emissions have intensified the need for more sophis-
ticated power batteries to meet stringent international stand-
ards [1, 2]. While lithium-ion batteries have played a pivotal
role in increasing the adoption of electric vehicles [3-5],
the safety issues arising from the use of flammable liquid
electrolytes and their still limited energy density have trig-
gered a critical reevaluation [6]. In response, recent intensive
research on all-solid-state batteries has led to significant pro-
gress in solid electrolytes, promising to overcome the intrin-
sic drawbacks of conventional lithium-ion batteries [7, 8].
Building on this progression, recent extensive explora-
tions of various solid electrolyte materials including oxides
[9], sulfides [7], complex hydrides [10-12], and halides
[13] have focused on enhancing ionic conductivity and
ensuring physical, chemical, and electrochemical stabil-
ity. Among these, sulfide electrolytes such as Li-argyrodite
Li,PS;X (X=Cl, Br, I) [14-16], Li,;GeP,S,,-type com-
pounds [17-20], and Li,S-P,Ss glass ceramics [21, 22] are
particularly attractive for ASSBs due to their high ionic
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conductivity, which is comparable to that of commercial
organic liquid electrolytes at room temperature.

One representative Li-argyrodite, Li;PS¢, which has a
face-centered cubic lattice (space group F43m, Z=4), is
characterized by a framework that includes a single anion
(S?7) and multiple different anions (PS43_) at the octahedral
sites (Wyckoff positions 4a and 4b), while the same single
anion (S?7) and the ion-conducting cation (Li*) occupy the
tetrahedral sites [15]. In this structure, it is reported that
the high ionic conduction is due to the disorder at the anion
sites, or to the alteration of the charge carrier concentra-
tion that comes from a mixed-anion design at the 4a and 4d
sites, where the single anion is located [23-26]. Based on
this mechanism, the [BH,]™ anion in Li-argyrodite was first
used by Yamauchi et al. to enhance the ionic conductivity,
resulting in solid electrolytes with a crystalline phase and a
composition of (100 — x)(0.75Li,S-0.25P,Ss)-xLiBH, [27].
Following these initial reports, continuous studies have been
conducted using complex-hydride/sulfide materials [28], and
recently, solid electrolytes have been reported with ionic
conductivities that are as high as or higher than those of
conventional organic liquid electrolytes [29].

In this work, we synthesized LisPS,(BH,),, a hydrosulfide
solid electrolyte that has been rarely reported, under vari-
ous conditions. This material demonstrates ease of synthe-
sis through low-temperature processes and shows that using
high thermal energy makes it difficult to form a phase similar
to argyrodite. The material exhibits high ionic conductiv-
ity of 3.9 mS cm™! at 25 °C and excellent deformability,
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offering various advantages and practical feasibility as a
solid electrolyte for all-solid-state lithium metal batteries,
which allows for stable cycling.

Experimental
Synthesis of Solid Electrolyte

The starting materials used in the synthesis were Li,S
(Sigma Aldrich, 99.98%), P,Ss (Sigma Aldrich, 99%),
and LiBH, (Acros Organics, 95%). In the first step, Li,S
and P,Ss powders were weighed in the appropriate molar
ratios and mixed by planetary ball milling (PM 100, Retsch
GmbH) in either a ZrO, pot or STD11 pot containing ZrO,
balls (10 mm) or stainless-steel balls (&7 mm), respec-
tively, at 400 rpm for 20 or 40 h. In the second step, LiBH,
powder was added in the appropriate molar ratios and mixed
by planetary ball milling at 400 or 800 rpm for 20 h. After
each ball milling, the powders were reground for 10 min
using a mortar and pestle. The electrolyte obtained from the
pre-ball milling process was pelletized and then heat treated
at 5 °C/min within a temperature range of 100-500 °C to
confirm the phase in various heating temperature. All of
these procedures were conducted under an Ar atmosphere.

Materials Characterization

Phase analysis was performed using X-ray diffraction (XRD;
SmartLab, Rigaku) measurements with CuKa radiation
(wavelength A=1.54 A radiation) in the 20 range of 10-70°.
The powder for the XRD measurements was loaded into a
thin-walled quartz capillary under an Ar atmosphere and
sealed with paraffin liquid. The vibrational modes of solid
electrolytes were characterized using Raman spectroscopy
(LabRAM HR Evolution, Horiba). Differential scanning
calorimetry (DSC; DSC 204 F1 Phoenix, NETZSCH) was
performed from 25 to 280 °C at a ramp rate of 10 K min™!
under an Ar flow. The morphologies and particle sizes of
the synthesized solid electrolytes were analyzed using an
FE-SEM (SU8230, Hitachi).

lonic Conductivity Measurements

100 mg of the powder was placed into a 10 mm diameter
Teflon guide and uniaxially pressed at 370 MPa to prepare
pellet-type samples (0.09-0.11 cm thick with a surface area
of 0.785 cm?). Au electrode powders were subsequently
transferred onto both sides of the pressed sample still present
in the Teflon guide and uniaxially pressed again at 370 MPa
to obtain a single pellet of solid electrolyte with Au elec-
trodes. Finally, the assembled pellet-type cells were sealed
with a stainless-steel electrochemical cell at a torque of 4
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Nm. Ionic conductivities were measured by the AC imped-
ance method over the temperature range of 25-100 °C with
applied frequencies of 10 Hz—10 MHz using a frequency
response analyzer (MTZ-35, Biologic). All of the procedures
were conducted under an Ar atmosphere.

Battery Assembly and Electrochemical
Measurements

All-solid-state batteries employing the LisPS,(BH,),
solid electrolyte in combination with an NCMS811
(LiNi, 3Co ;Mn, ;0,) cathode and a Li-metal anode were
assembled for discharge—charge experiments. The cathode
composite was prepared by mixing NCM811, LisPS,(BH,),
solid electrolyte, and Super C conductive carbon in an agate
mortar at a weight ratio of 80:19:1. For cell fabrication,
100 mg of LisPS,(BH,), powder was placed into a 10-mm-
diameter Teflon guide and uniaxially pressed at 331.4 MPa.
Subsequently, 10 mg of the cathode composite powder was
uniformly spread onto the surface of the solid electrolyte
pellet and pressed at 442 MPa. A 9-mm-diameter lithium
foil (200 pm, Honjo Metal Co.) was then transferred onto the
opposite side of the cathode in the Teflon guide. Finally, the
assembled pellet-type cells were sealed in a stainless-steel
electrochemical cell at a torque of 5.0 Nm. All cell prepa-
ration processes were conducted under an Ar atmosphere
inside a glove box.

Results and Discussion

Figure 1 shows the XRD patterns of various synthetic results
using an STD11 pot, considered for material synthesis. As
shown in Fig. 1a, ball milling under three different condi-
tions consistently resulted in the detection of residual Li,S.
The difference was as follows. The primary method, includ-
ing two steps of ball milling at 400 rpm for 20 h each (black
pattern), showed amorphous phases in the 2 @ ranges of 15 to
17° and 27 to 32°. When the ball milling time was extended
from 20 to 40 h for the first step (red pattern), these amor-
phous phases appeared more distinctly and the intensity of
Li,S was significantly reduced. However, increasing the
speed to 800 rpm in the second step (blue pattern) resulted
in the nearly complete disappearance of these amorphous
phases.

The crystallinity of the amorphous phase obtained was
more pronounced with changes in temperature conditions
(Fig. 1b). The intensity of the amorphous phase gradu-
ally increased with additional thermal energy, exhibiting a
phase similar to argyrodite. However, when the temperature
exceeded 200 °C, the intensity of this phase decreased and
nearly vanished at 250 °C. These results indicate that the
amorphous phase observed after ball milling is derived from
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Fig. 1 XRD patterns for synthesized LisPS,(BH,), using a STD11
pot at a various ball milling conditions and b various sintering tem-
peratures

a phase similar to argyrodite. Importantly, to completely
form this phase, sufficient energy must be applied during
the first step of ball milling. In addition, applying excessive
energy in the second step of ball milling can hinder the for-
mation of the argyrodite phase, indicating that it is difficult
to form this phase using high thermal energy methods.
Based on previous XRD results, we synthesized
LisPS,(BH,), using a ZrO, pot to ensure the complete
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Fig.2 XRD patterns for synthesized LisPS,(BH,), using an ZrO, pot
at various sintering temperatures

formation of a phase similar to argyrodite. As shown in
Fig. 2, the XRD patterns at various temperatures, which
indicate changes in the formation tendency of the phase,
are almost identical to those of samples that were previ-
ously annealed at various temperatures. Importantly, unlike
LisPS,(BH,), ball milled with an STD11 pot, using a ZrO,
pot resulted in a phase highly similar to argyrodite with
almost no residual Li,S even before heating, and it exhibited
remarkable consistency with the phase reported in previ-
ous studies [27, 30]. This suggests that the harder ZrO,,
compared to stainless steel, provides sufficient energy in the
first step of ball milling, nearly eliminating residual Li,S
and promoting the formation of a more abundant similar
argyrodite phase.

Differential scanning calorimetry (DSC) was used to
understand not only the reasons for the tendency of phase
changes at various temperatures but also the thermal
characteristics of LisPS,(BH,),. As shown in Fig. 3a, the
DSC results indicated that there was almost no presence
of abnormal peaks or valleys up to 150 °C. However, an
exothermic peak appeared between 150 and 200 °C, and
an endothermic peak at 250 °C, indicating a crystallization
reaction and the melting point of LisPS,(BH,),, respec-
tively [31]. These results are consistent with the tendencies
shown in the previous XRD results (Fig. 2) and suggest
that Li;PS,(BH,), can only be prepared through low-tem-
perature processes. Figure 3b presents Raman spectros-
copy results for LisPS,(BH,),. The Raman shifts of the

@ Springer



T.Kim et al.

Fig.3 a DSC curves, b Raman

—~
[V

spectra, ¢ FE-SEM, and d

EDS mapping images for
LisPS,(BH,), which is synthe-
sized with two-step ball milling
using a ZrO, pot. Phosphorus
(green), sulfur (yellow), and
boron (blue), respectively

Endo. =—— Heat flow (a.u.) — Exo ~—

ey

PS> ~ S-S «=[BH," LisPS,(BH,),

LisPS,(BH,),

Intensity (a.u.)

M

N

50 100 150

(c)

PS,*" tetrahedral structure are identifiable, corresponding
to symmetric stretching (420 cm™"), symmetric stretching
(420 cm™), symmetric bending (185 cm™h, asymmet-
ric stretching (562-586 cm™!), and asymmetric bending
(268 cm™!) modes, respectively [32, 33]. In addition, the
Raman shifts for [BH4]™ bending (1330 cm™") and stretch-
ing (2200-2400 cm™") modes were also confirmed [34-36].
These structural analyses, including XRD and Raman
results, suggest that a highly pure argyrodite phase was suc-
cessfully synthesized. Figure 3c, d displays the FE-SEM
images and EDS mapping of LisPS,(BH,),. The spherical
particles exhibit no macroscopic porosity, and show a soft
and deformable morphology with a particle size around
1 pm, indicating high physical deformability. In addition, the
EDS results indicated that LisPS,(BH,), was well-blended
with a homogeneous elemental distribution of B, P, and S.
The ionic conductivity of the as-milled LisPS,(BH,),
using STD11 or ZrO, pot and annealed was evaluated
using EIS measurements. As shown in Fig. 4a, b, the as-
milled LisPS,(BH,), using STD11 and ZrO, pots exhibited
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conductivities of 0.321 and 3.9 mS cm™!, respectively. In
addition, the as-milled LisPS,(BH,), using STD11 and
annealed at 100 °C for 12 h showed the highest ionic con-
ductivity and the lowest activation energy, with measure-
ments of 0.867 mS cm™! and 29.8 kJ mol™', respectively
(Fig. 4a, c). This increased ionic conductivity results from
the formation of a phase highly similar to argyrodite after
heat treatment, as suggested by the XRD results (Fig. 1b). In
contrast, the as-milled LisPS,(BH,), using ZrO, pot showed
no significant changes in ionic conductivity after anneal-
ing with measurements of 4.25 mS cm~! and 26.4 kJ mol ™!,
respectively (Fig. 4b, d). Based on our structural charac-
terizations, it is speculated that these results are due to the
nearly complete elimination of low-ion-conducting Li,S and
the formation of a phase highly similar to argyrodite. These
EIS results support the previous structural characterizations
that using a ZrO, pot can lead to the formation of a phase
highly similar to argyrodite without annealing.

Complex hydrides such as LiBH, are well known for
their good chemical compatibility with lithium metal [37,
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38], which suggests that LisPS,(BH,), could potentially
be used to realize a wide range of lithium-metal-based
all-solid-state batteries. Based on this potential, and due
to the high ionic conductivity and excellent deformability
of LisPS,(BH,),, the electrochemical measurement was
expanded to all solid-state batteries. As shown in Fig. 5a,
an all-solid-state battery was assembled using Li metal
as the anode and NCM811 as the cathode to evaluate the
electrochemical properties of LisPS,(BH,),. The voltage
profiles of an all-solid-state battery were recorded dur-
ing the first cycle, measured at 0.2 C—rates between 2.5
and 4.25 V (vs Li+/Li) at 30 °C. As shown in Fig. 5b, c,
the all-solid-state batteries showed good cycling stability.
The initial charge and discharge capacities were 207.4 and
144.8 mA h g~!, respectively, and the initial coulombic
efficiency was about 70%. After the first discharge, the
coulombic efficiency became saturated at~100% after
several cycles within the 20 cycles. These results sug-
gest that the LisPS,(BH,), solid electrolyte is practically

feasible for all-solid-state batteries employing a lithium
metal anode.

Conclusion

In summary, this study provides general guidelines for
developing hydrosulfide solid electrolytes based on complex
hydrides in solid solution. Low-temperature processes are
suitable for synthesizing LisPS,(BH,),, which forms a phase
highly similar to argyrodite with high ionic conductivity of
3.9 mS cm™!, indicating high processing flexibility. In addi-
tion, the high ionic conductivity and excellent deformability
of LisPS,(BH,), facilitate the manufacture of compact solid
electrolytes and electrode/electrolyte interfaces, ensuring
close contact throughout the battery. This suggests that the
unique properties of the developed LisPS,(BH,), solid elec-
trolytes make it sufficiently attractive as a solid electrolyte
for use in all-solid-state lithium metal batteries.
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