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Liquid-phase synthesis of the Li;cGeP>S;,-type
phase in the Li—Si—P-S-Cl system+

Tomohiro Ito, © 2 Satoshi Hori,© Masaaki Hirayama®® and Ryoji Kanno*©

The LijpGeP,Sio-type phase in the Li—Si—-P-S—-Cl system (LSiPSCl) shows the highest lithium ionic
conductivity among the Li ion conductors reported to date. With the aim of establishing a large-scale
production process for LSiPSCl, we report the development of a liquid-phase approach to its synthesis.
The ionic conductivity and particle morphology are characterised, and their effects on the
electrochemical properties of the LSiPSCl phase synthesised by the new liquid-phase method (L-LSiPSCl)
are investigated. An L-LSiPSCl phase with an ionic conductivity of 6.6 mS cm™ at 298 K is obtained by
adjusting the sulfur ratio in the dissolved starting materials. Compared with the LSiPSCl phase
synthesised via the conventional solid-state approach (S-LSiPSCl), L-LSiPSCl shows an increased grain-
boundary resistivity and its particles consisted of small porous grains. An all-solid-state cell prepared
using L-LSiPSCL as the solid electrolyte exhibits stable cycling, with a discharge capacity retention of
>97% after 100 cycles; this is a comparable performance to that of the S-LSiPSCl-based reference cell,
indicating that L-LSiPSCl functions stably as a solid electrolyte in all-solid-state batteries. Finally, this
study suggests that liquid-phase synthesis is a promising approach for the large-scale production of
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Introduction

All-solid-state lithium batteries promise an improved safety
profile and reduced flammability compared to conventional
lithium-ion batteries due to the fact that they employ less-
flammable solid electrolytes instead of flammable organic
electrolytes.” These solid electrolytes, such as oxides, sulfides,
hydrides, halides, and polymers,” are key to improving the
performances of all-solid-state lithium batteries, wherein
sulfide solid electrolytes with high ionic conductivities have
attracted particular attention. More specifically, a high ionic
conductivity can impart all-solid-state batteries with higher
power densities than conventional lithium-ion batteries.>* For
example, Li;(GeP,S;, (LGPS) is a conductive sulfide with an
especially high ionic conductivity, exceeding 10 mS cm ™" at 300
K.® This high conductivity is related to its unique crystal struc-
ture (i.e., the LGPS-type structure), which is shown in Fig. S1.7
In the LGPS crystal, one-dimensional (1D) chains, which are
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sulfides that exhibit high ionic conductivities, such as LSiPSCL

formed from LiS¢ octahedra and [Ge/P]S, tetrahedra with
a common edge, are connected by PS, tetrahedra with
a common corner. These polyhedral structural units comprise
a framework inside which Li ions are widely distributed along
the c-axis. In previous studies, the substitution of cations and
anions has been applied to LGPS to synthesise a wide variety of
solid electrolytes with LGPS-type structures possessing different
properties. For example, Lig54Si;74P1.44511.7Clos (LGPS-type
phase in the Li-Si-P-S-Cl system: LSiPSCl), in which Ge and S
are substituted by Si and Cl, respectively, exhibits the highest
ionic conductivity among the various lithium-ion conductors
reported to date (i.e., 25 mS cm ™" at 298 K).* In addition to its
ionic conductivity, the electrochemical’® and atmospheric
stabilities'®* of LGPS were also improved following chemical
substitution.

The high-yielding and high-purity large-scale production of
LGPS-type solid electrolytes must also be considered to permit
the commercialisation of such all-solid-state batteries.
However, LGPS-type solid electrolytes are conventionally syn-
thesised via a solid-state method based on mechanical mixing
and milling, which requires significant amounts of energy and
typically provides low yields. Liquid-phase syntheses are there-
fore expected to be an alternative method for large-scale
production, and to date, they have been applied to synthesis-
ing various sulfide-based solid electrolytes.” In liquid-phase
synthesis, the particle shape and size of the raw materials can
be controlled by their dissolution in a solvent without the
requirement for milling. While many liquid-phase synthetic

This journal is © The Royal Society of Chemistry 2022
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routes have been reported for solid electrolytes in the Li-P-S
system,”®™ only a few reports describe the liquid-phase
synthesis of LGPS-type solid electrolytes, such as the prepara-
tion of germanium-containing electrolytes using hydrazine,'®
methanol,"” and ethanol-tetrahydrofuran'® as solvents. More-
over, the liquid-phase method has yet to be successfully applied
to LSiPSCl, despite the fact that this phase is known to exhibit
an extremely high ionic conductivity.

Thus, we herein report the development of a liquid-phase
method for the preparation of LGPS-type LSiPSCl. The phys-
ical and electrochemical properties of the resulting LSiPSCI (i.e.,
L-LSiPSCl) are characterised and compared with those of its
counterpart system prepared via the conventional solid-state
mechanical mixing approach (ie., S-LSiPSCl). Finally, the
crystal structure, ionic conductivity, and particle morphology
are examined, and the influences of these factors on the elec-
trochemical properties of L-LSiPSCI are revealed.

Experimental
Liquid-phase synthesis of LSiPSCl

The starting materials used for the synthesis were Li,S
(>99.98%, Sigma-Aldrich), SiS, (>99.999%, Hangzhou Ocean
Chemical Co., Ltd, China), P,Ss (>99%, Sigma-Aldrich), and
LiCl (>99%, Kojundo Chemical Laboratory Co., Ltd, Japan).
These starting materials were weighed to yield a nominal
elemental molar ratio of Li;g ¢»Sii.47P1.56511.7Clo.3, where we
obtained reasonably phase-pure samples in both liquid-phase
and solid-state methods. This nominal composition is slightly
different from the previously reported composition for
LSiPSCI (i.e., Lig 54Si1.74P1.44511.7Clo.3), probably due to the
different starting materials used in synthesis. The starting
materials were added to anhydrous acetonitrile (ACN; >99.8%,
FUJIFILM Wako Pure Chemical Corporation, Japan), as
described below.

Preparation of the homogeneous solution containing Li, P,
and S. Li,S (1.326 g) and P,S; (6.415 g) were mixed in ACN (90
mL) and stirred for 3 h at 298 K to provide a homogeneous
solution, denoted as the homogeneous Li-P-S solution.

Preparation of the homogeneous solution containing Li, Si,
and S. Li,S (1.250 g), SiS, (5.016 g), and S (0.0, 0.878, 2.527 g)
were mixed with ACN (220 mL) and stirred for 120 h at 298 K.
After this time, some of the raw materials remained as
a suspension, and so the obtained solution was filtered using
a membrane filter (hydrophilic PTFE membrane, 0.1 pm pore
size). The amount of residual powder adhering to the
membrane filter was too small to affect the composition of the
resultant filtrate, which was a homogeneous solution contain-
ing Li, Si, and S. The solution obtained in this step was denoted
as the homogeneous Li-Si-S solution.

Preparation of the precursor slurry solution. Following
mixing of the homogeneous solutions obtained in the previous
two steps, LiCl (0.471 g) was added, and the resulting suspen-
sion was stirred for 3 h at 298 K to give a homogeneous solution.
Subsequently, fine-Li,S (5.687 g) was added to the homoge-
neous solution and stirred for 1 h at 298 K to obtain the
precursor slurry solution. The fine-Li,S required for this step

This journal is © The Royal Society of Chemistry 2022
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was prepared by wet milling the as-purchased Li,S powder in
anhydrous heptane (>99%, FUJIFILM Wako Pure Chemical
Corporation, Japan) using a planetary ball mill (Pulverisette 7
Classic Line, Fritsch, Germany) at a rotation speed of 300 rpm
for 20 h and then drying the obtained suspension at 453 K for
3 h under vacuum.

Drying and sintering to yield L-LSiPSCl. The precursor slurry
solution was dried at 453 K for 3 h under vacuum to remove all
of the solvent and obtain the precursor powder. Finally, the
precursor powder was sintered by heating at 748 K for 8 h under
a flow of Ar gas to obtain the final L-LSiPSCI product.

Solid-state synthesis of LSiPSCl

The reference sample (i.e., S-LSiPSCI) was synthesised using the
solid-state approach for comparison with the prepared L-
LSiPSCl. The raw materials and target nominal compositions
were the same as those used for the liquid-phase synthesis (i.e.,
Li0.02511.47P1.56511.7Clo.3). In this case, the raw materials were
mixed using a planetary ball mill at a rotational speed of
380 rpm for 40 h, and the obtained precursor powder was sin-
tered at 748 K for 8 h under a flow of Ar gas.

Sample characterisation

The elemental ratios of Li, Si, P, and S in the Li-P-S and Li-Si—
S homogeneous solutions were determined by means of
inductively coupled plasma atomic emission spectroscopy
(ICP-AES, Vista-PRO, Varian Inc.). Phase identification for the
synthesised powders was performed by X-ray diffraction (XRD)
using a PANalytical X'Pert® powder X-ray diffractometer with
Cu Ko, (A = 1.5406 A) radiation. The diffraction data were
collected with a step width of 0.03° over a 260 range of 10-70° at
298 K. The particle morphologies of the fine-Li,S and the
synthesised samples were observed using field emission
scanning electron microscopy (FE-SEM, Regulus 8230, Hita-
chi). The carbon present in the synthesised product was
quantitatively analysed using the non-dispersive infrared
method during combustion in a flow of oxygen (EMIA-810W,
Horiba Ltd).

Electrochemical measurements

The alternating current impedance method was used to
measure the ionic conductivities of the synthesised samples.
Symmetric cells with Au powder electrodes on both surfaces of
the sample pellets were prepared for the purpose of these
measurements. More specifically, the sample pellets (diameter
= 10 mm and thickness = 1-2 mm) were prepared at a relative
density of approximately 70% under a pressure of 370 MPa.
For measurements at 298 K, an amplitude of 50 mV was
applied in the frequency range of 0.1 Hz to 1 MHz using
a Solartron 1260 frequency response analyser. For the
measurements at low temperatures between 220 and 190 K, an
amplitude of 10 mV was applied in the frequency range of
20 Hz to 100 MHz using a Keysight E4990A frequency response
analyser. The direct current (DC) polarisation measurements
were performed at 298 K by applying a DC voltage of 0.5 V to
the symmetric cells containing the Au powder electrodes, as
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described above. An upper limit for the DC electronic
conductivity was calculated from the stabilized current after
600 s.

Charge-discharge measurements were performed for the
all-solid-state cells prepared using the synthesised samples as
the solid electrolytes. Following the removal of large particles
from the solid electrolyte powder using a sieve with a 10 pm
mesh, the cathode composite was prepared by mixing the
sieved powder (30 mg) with LiCoO, powder (70 mg, Toda
Kogyo) coated with a 10 nm-thick layer of LiNbO; (MP-01,
Powrex). The ratio of the cathode active material (LiCoO,) in
the cathode composite was adjusted to 70 wt%. As a sepa-
rator, the solid electrolyte powder (80 mg) was pressed into
a 10 mm diameter pellet. The cathode composite (5 mg), Al
mesh, and an Al foil current collector were stacked on one
side of the separator and pressed at a pressure of 550 MPa.
Subsequently, an In-Li alloy anode consisting of lithium foil
(thickness = 0.1 mm, diameter = 5 mm) and indium foil
(thickness = 0.1 mm, diameter = 10 mm) was stacked on the
opposite side of the separator along with a Cu mesh current
collector and pressed at 220 MPa. Constant current charge-
discharge tests were performed using a TOSCAT-3100 battery
testing system (Toyo System, USA) at 298 K. The cut-off voltage
was set at 1.9-3.6 V for the In-Li anode. The current density
applied to the cell was 0.096 mA cm ™2, which corresponds to
a 0.2 C rate.

Results and discussion
Optimisation of the synthetic conditions

ACN was selected as the solvent for our liquid-phase approach
(see Fig. 1) due to the fact that it is a polar aprotic solvent that
does not promote severe decomposition reactions in the raw
materials and precursors. In addition, since ACN does not
contain oxygen as a constituent element, it is not possible for
the sulfur atoms present in the raw materials and precursors to
undergo exchange reactions with oxygen.™

In terms of the solubilities of the various raw materials in
ACN, LiCl is soluble without combination with the other raw
materials,*® while in the cases of Li,S, SiS,, and P,Ss, it was
necessary to prepare mixtures to promote their dissolution
under the conditions employed in this study. More specifi-
cally, since it has been reported that P,Ss; exhibits a high
solubility in ACN at a molar ratio of 1:1 with Li,S,** we

Li,S, P,Ss
+ACN

stirring

LiCl

Li-P-S fine-Li,S

homogeneous solution

Li;S, SiS,, S
' 4

+ACN
4

Li-Si-S
homogeneous solution

stirring sintering

Precursor L-LSiPSCI

slurry solution

> mixing
stirring, filtering

Fig. 1 Schematic representation of the liquid-phase process.
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dissolved a 1 : 1 molar ratio of Li,S and P,Ss in ACN to obtain
a homogeneous Li-P-S solution, wherein analysis by ICP-AES
confirmed this stoichiometry; the concentrations of Li,S and
P,S;s in the homogeneous Li-P-S solution were approximately
10 wt%. We also found that SiS, was highly soluble in ACN
when mixed with Li,S in a molar ratio of 2:1, and this
composition was confirmed by ICP-AES analysis, wherein the
molar ratio of Si : Li in the homogeneous Li-Si-S solution was
determined to be 1 : 1; the concentrations of SiS, and Li,S in
the homogeneous Li-Si-S solution were approximately
3.5 wt%.

Subsequently, the prepared Li-P-S and Li-Si-S solutions
were combined to yield a homogeneous Li-Si-P-S solution. To
synthesise samples with the target molar ratio, it was necessary
to add powdered Li,S to this homogeneous solution, since the
achievable molar ratio between the Li,S, P,S;, and SiS,
components is limited due to the fact that they only exhibit high
solubilities at specific molar ratios, as described above. More
specifically, the homogeneous Li-Si-P-S solution contained
a Li,S : P,Ss : SiS, molar ratio of 2.1 :1.1: 2.0, indicating that
the proportion of Li,S was lower than that of the target molar
ratio (i.e., Li,S : P,Ss : SiS, = 6.6 : 1.1 : 2.0 for LSiPSCI). Thus, to
ensure a high reactivity for the added Li,S powder, fine-Li,S,
which consists of fine particles measuring several hundred
nanometres (see Fig. 2), was prepared and added to the
homogeneous Li-Si-P-S solution to obtain the precursor slurry
solution.

Unexpectedly, sulfur was volatilised with the solvent when
the precursor slurry solution was dried at 453 K for 3 h under
vacuum. Thus, to compensate for the amount of volatilised
sulfur, excess sulfur was added to the precursor by dissolution
of the homogenous Li-Si-S solution. To obtain the optimal
conditions, precursor slurry solutions containing different
amounts of excess sulfur were prepared to give the following
molar ratios: Li,S : P,S5: SiS, : LiCl : S = 6.6:1.1:2.0: 0.4 : X
(X =0.0, 1.0, and 2.9). Precursor powders dried from precursor
slurry solutions were composed of an amorphous phase and
a small amount of Li,S and B-LizPS,, as indicated by XRD
patterns in Fig. S2.7 The sample sintered from each precursor
powder was denoted as L-LSiPSCI-X (X = 0.0, 1.0, and 2.9), and
the optimal molar ratio was determined in terms of the target
material purity.

Fig. 2 SEM image of the fine-Li,S particles.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 XRD patterns of the L-LSiPSCL-X (X = 0.0, 1.0, and 2.9) and S-
LSiPSCl samples.

Phase-conductivity relationship

Fig. 3 shows the XRD patterns recorded for the L-LSiPSCI-X (X =
0.0, 1.0, and 2.9) and S-LSiPSCI samples. It should be noted that
the significant background modulation in each pattern was due
to a Kapton film covering the sample during measurement. The
main diffraction peaks were indexed to the same space group as
the LGPS-type LSiPSCI (i.e., P4,/nmc, no. 137), thereby indi-
cating that the target phase was formed as the main phase for
all L-LSiPSCl samples. However, the L-LSiPSCI-0.0 (i.e., without
excess sulfur) sample also gave a peak corresponding to
argyrodite-type LigPSsCl as a secondary phase,” while the
impurity phase B-Li;PS, was observed in the L-LSiPSCI-2.9 and
S-LSiPSCI spectra. In contrast, only minor peaks from an
unknown phase were observed in the spectrum of the L-
LSiPSCI-1.0 sample.®

The lattice parameters of the main phase (i.e., LGPS-type
LSiPSCl) formed in the synthesised samples were then
compared. More specifically, the peak positions close to 20 =
29.5° were similar for the L-LSiPSCI-X (X = 1.0 and 2.9) and S-
LSiPSCl samples, while that of the L-LSiPSCI-0.0 sample was
observed at a higher angle. The unit cell volume determined
from the Rietveld refinement was found to shrink by 0.69(3)%
in the case of L-LSiPSCI-0.0 compared to those of L-LSiPSCI-X (X
= 1.0 and 2.9) and S-LSiPSC], and details are shown in Table
S1.f This result indicates that the composition of the target
LGPS-type phase in L-LSiPSCI-0.0 is slightly different from those
of the L-LSiPSCI-X (X = 1.0 and 2.9) and S-LSiPSCl samples.

Subsequently, the impurity phases and the ionic conductiv-
ities were determined for the various samples, as summarised

Table1l Impurity phases and ionic conductivities (a) at 298 K for the L-
LSiPSCI-X (X = 0.0, 1.0, and 2.9) and S-LSiPSCl samples

Sample o/mS cm ™" Impurity phases
L-LSiPSCI-0.0 3.5 Argyrodite-type LigPSsCl
L-LSiPSCI-1.0 6.6 Unknown phase
L-LSiPSCI-2.9 3.8 Unknown phase, B-LizPS,
S-LSiPSCI 8.8 Unknown phase, B-LizPS,

This journal is © The Royal Society of Chemistry 2022
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in Table 1. The conductivity for L-LSiPSCI-1.0 was 6.6 mS cm ™
at 298 K, which is higher than those obtained for the L-LSiPSCI-
X (X = 0.0 and 2.9) samples. This difference was attributed to
the formation of poorly conducting minor phases, such as the
argyrodite-type LigPS5Cl and B-Li;PS, phases. In addition, the
compositional difference in the main LGPS-type phase could
also account for the reduced conductivity of L-LSiPSCI-0.0, as
could the residual sulfur present in the L-LSiPSCI-2.9 sample.

Although L-LSiPSCI-1.0 showed the highest ionic conduc-
tivity among the samples prepared using our liquid-phase
synthetic approach, its conductivity (6.6 mS cm ') was still
lower than that of S-LSiPSCI (8.8 mS cm ™). Since no significant
differences were observed between the XRD patterns of these
two products, we assumed that the decreased conductivity of L-
LSiPSCI-1.0 originated from the grain boundary resistance
rather than from any ionic resistance in the bulk crystalline
phase. To verify this assumption, the total resistance was
separated into its bulk and grain boundary components, and for
each component, the impedance was measured in the high-
frequency range up to 100 MHz and at low temperatures
down to 190 K.

Thus, Fig. 4 shows the temperature dependences of the bulk
and grain boundary resistance contributions of the L-LSiPSCl-
1.0 and S-LSiPSCl samples; the resistance values presented in
this figure were normalised according to the sample pellet
dimensions. As a representative example, the Nyquist plot of L-
LSiPSCI-1.0 at 190 K is shown in the inset, wherein two sup-
pressed semicircles can be observed in the high and low
frequency regions; the former was attributed to the bulk
contribution and the latter to the grain boundary contribution.
The obtained plots were fitted using the equivalent circuit

T/°C
-60 -70 -80
T T T
L-LSiPSCI-1.0 i
50+
Bulk O Grain boundary -
S-LSIPSCI e
§ Py
O Bulk O Grainboundary =
— 4 5 I~ > =i
a
X 40
o
ke}
351
0 10 20
3.0 L L L Z/kQ,
46 438 5.0 5.2

10° T7/K™

Fig. 4 Arrhenius plots of the bulk and grain boundary resistance
components for the L-LSiPSCl-1.0 and S-LSiPSCl samples in the
temperature range of 220-190 K. The inset shows the representative
Nyquist plot for L-LSiPSCI-1.0 at 190 K and the equivalent circuit
model used for fitting analysis; R1 and CPE1: bulk, R2 and CPE2: grain-
boundary, and CPE3: electrode polarisation.
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model (shown in the inset of Fig. 4), which comprises two
parallel circuits of resistors (R1 and R2) and constant-phase
elements (CPE1, CPE2, and CPE3) connected in series.** As
a result, an Arrhenius plot was obtained for the bulk and grain
boundary contributions in the low temperature range between
220 and 190 K. The bulk resistance, which is related to lithium
ion conduction in the crystalline phase, was comparable for
both L-LSiPSCI-1.0 and S-LSiPSCl. In contrast, the grain
boundary resistance, which is related to the surface and the
sample morphology, was higher for L-LSiPSCI-1.0 than for S-
LSiPSCl. Therefore, the lower total conductivity for the former
phase was concluded to be due to its higher grain-boundary
resistance.

Inferring the origin of grain-boundary resistance in L-LSiPSCI

For pressed sulfide samples, such as those examined herein, it
has been reported that the particle morphology can influence
the ionic conductivity.”® Thus, the particle morphologies of the
L-LSiPSCI-1.0 and S-LSiPSCI samples were recorded by SEM at
different magnifications. As can be seen from Fig. 5, the particle
size distributions differed significantly between samples,
ranging from 1 pm-diameter fine particles to >10 pm-diameter
coarse particles. The SEM images obtained for L-LSiPSCI-1.0
(Fig. 5(a1) and (a2)) indicate that the coarse particles were
aggregates composed of fine particles, while the S-LSiPSCl
particles (Fig. 5(b1) and (b2)) were single particles. This obser-
vation suggests that the crystallites grew to a lesser degree in the
case of L-LSiPSCI-1.0 than in the case of S-LSiPSCI. In addition,
on the L-LSiPSCI-1.0 particle surface, large numbers of pores
were visible, which were likely induced by the solvent volatili-
sation process.”® From these SEM observations, it is therefore
apparent that the L-LSiPSCI-1.0 sample possesses a greater
number of particle interfaces and surface pores, which may act
as obstacles for lithium ion conduction between the bulk crys-
talline particles, ultimately resulting in increased grain
boundary resistance.

In addition to the particle morphology, the formation of
a secondary phase with a low ionic conductivity was found to
reduce the ionic conductivity of the sample, as observed for the

Fig. 5 SEM images of (al and a2) L-LSiPSCl-1.0 and (bl and b2) S-
LSiPSCl at different magnifications.
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L-LSiPSCl-X (X = 0.0 and 2.9) samples. In contrast, the L-
LSiPSCI-1.0 and S-LSiPSCl samples contained significantly
lower quantities of impurity phases, as discussed above.
However, the chemical analyses suggested that carbonised
species are formed on the L-LSiPSCI-1.0 particle surface from
the residual solvent, which could not be fully removed by
vacuum drying.*>*” More specifically, the use of a non-dispersive
infrared method to quantify the carbonised species showed that
the carbon content for L-LSiPSCI-1.0 was 1.0 wt%, which is
larger than that detected for S-LSiPSCl (i.e., 0.5 wt%). The
presence of carbonised species was also supported by micro-
Raman spectroscopy, which indicated that the L-LSiPSCI-1.0
sample contained compounds with carbon-related chemical
bonds (see Fig. S31). The increased amount of carbides detected
on the surface of the L-LSiPSCI-1.0 sample was therefore
considered to partially account for its larger grain boundary
resistance compared to S-LSiPSCI.

An all-solid-state cell

Although the presence of carbides could potentially increase the
electronic conductivity of L-LSiPSCI-1.0, the DC polarisation
measurements indicated that its electronic conductivity was of
the same order as that of S-LSiPSCl. More specifically, the DC
electronic conductivity was 8.9 x 10°° mS cm ™" for L-LSiPSCI-
1.0, which is slightly higher than that of S-LSiPSCI, but was
nearly six orders of magnitude lower than the ionic conduc-
tivity, thereby indicating that L-LSiPSCI-1.0 is essentially a pure
ionic conductor. Based on this promising result, the applica-
bility of L-LSiPSCI-1.0 as a solid electrolyte in an all-solid-state
battery was examined. Thus, Fig. 6 shows the charge-
discharge curves of the all-solid-state cells prepared using L-
LSiPSCI-1.0 or S-LSiPSCl as the solid electrolytes. More specifi-
cally, L-LSiPSCI-1.0 or S-LSiPSCl was used as the solid electrolyte
in the separator, while the cathode composite was prepared by

40~
30 Cathode composite:
LiNbOs-coated LiCoO, + L-LSiPSCI-1.0
25}
—Separator: L-LSiPSCI-1.0
> 20 —Anode: In-Li alloy 100th |} 1st
- 30th
g15L
@ 4.0 —
=
g 35 \
3.0 Cathode composite:
LiNbO;-coated LiCoO, + S-LSiPSCI
25}
—Separator: S-LSiPSCI
20+ [~Anode: In-Li alloy 30thi1qst
15 | | | | | |
0 20 40 60 80 100 120 140

specific capacity / mAhg '

Fig. 6 Charge—discharge curves of the all-solid-state cells prepared
using L-LSiPSCI-1.0 or S-LSiPSCl as the solid electrolyte. The current
density applied to the cell was 0.096 mA cm™2, which corresponds to
a 0.2 Crate.
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mixing L-LSiPSCI-1.0 or S-LSiPSCI with LiNbO;-coated LiCoO,,
and an In-Li alloy was employed as the anode. As shown in
Fig. 6, the all-solid-state cell based on L-LSiPSCI-1.0 exhibited an
initial discharge capacity of 123 mA h g ', and this value
dropped very slightly to 122 mA h g~ " for the 30th cycle; these
values are comparable to those obtained for the cell based on S-
LSiPSCI. The performance difference between the two cells was
small, indicating that the performance of the all-solid-state cell
was only slightly affected by the observed differences between L-
LSiPSCI-1.0 and S-LSiPSCl, i.e., the differences in the grain
boundary resistance, the characteristic particle morphology,
and the electronic conductivity. Importantly, the cell prepared
using L-LSiPSCIl-1.0 exhibited a discharge capacity of
=120 mA h ¢ and a capacity retention of >97% during the
100th cycle, thereby implying that L-LSiPSCI-1.0 functions as
a stable solid electrolyte in the separator and cathode
composite.

Conclusions

We herein report the development of a liquid-phase synthetic
route for the preparation of the Li;,GeP,S;, (LGPS)-type phase
in the Li-Si-P-S-Cl system (LSiPSCl). In this liquid-phase
synthesis, the phase purity and ionic conductivity of the
samples were optimised by adjusting the sulfur ratio in the
precursor slurry solution. Among the samples synthesised via
the liquid-phase process (denoted as L-LSiPSCl), the L-LSiPSCl-
1.0 phase, which was obtained from the precursor with a Li,-
S : P,S5 : SiS, : LiCl : S molar ratio of 6.6 : 1.1 :2.0: 0.4 : X (X =
1.0), exhibited the highest phase purity, in addition to the
highest ionic conductivity of 6.6 mS cm™ " at 298 K. Compared
with the sample synthesised according to the conventional
solid-state approach (denoted as S-LSiPSCI), the grain-boundary
resistance contribution at 190 K was 2.4 times larger for L-
LSiPSCI-1.0 than for S-LSiPSCI. In addition, in the case of the
L-LSiPSCI-1.0 sample, scanning electron microscopy observa-
tions indicated a characteristic particle morphology with a large
number of particle interfaces and surface pores, while the
presence of carbides was confirmed by both micro-Raman
spectroscopy and a non-dispersive infrared method. These
features of L-LSiPSCI-1.0 accounted for the larger grain
boundary resistance of this sample compared to that of S-
LSiPSCl. Subsequently, all-solid-state cells were prepared
using either L-LSiPSCI-1.0 or S-LSiPSCl as the solid electrolyte. A
mixture of either L-LSiPSCI-1.0 or S-LSiPSCl with LiNbO;-coated
LiCoO, produced the composite cathode, while an In-Li alloy
was used as the anode. The discharge capacity for the cell
prepared using L-LSiPSCI-1.0 was 88% of its theoretical value
after 100 cycles (i.e., 137 mA h g~ * for 1.9-3.6 V vs. Li*/In-Li),
and its capacity retention was >97%. Importantly, this solid
electrolyte demonstrated high cycle stability, which was
comparable to that of the cell prepared using S-LSiPSCl, thereby
indicating the potential of the liquid-phase preparation process
to replace the conventional solid-state process to generate such
solid electrolytes. Moreover, the applicability of L-LSiPSCI-1.0 in
all-solid-state cells was also confirmed. Overall, our results
suggest that the described liquid-phase approach could

This journal is © The Royal Society of Chemistry 2022
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potentially be employed for the large-scale production of
lithium superionic conductors, including LGPS-type solid
electrolytes.
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