
Liquid-phase synthesis of Li4GeS4 and Li10GeP2S12 
electrolytes using water as the main solvent

Journal: ChemComm

Manuscript ID CC-COM-09-2024-004708.R1

Article Type: Communication

 

ChemComm



ChemComm

COMMUNICATION

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Liquid-phase synthesis of Li4GeS4 and Li10GeP2S12 electrolytes 
using water as the main solvent
Hayata Tanigaki, a Takuya Kimura, a Eiji Kurioka, a Kota Motohashi, a Atsushi Sakuda, a Masahiro 
Tatsumisago a and Akitoshi Hayashi *a

Liquid-phase synthesis using water as a solvent with low 
environmental impact was demonstrated to synthesize sulfide 
electrolytes. Li10GeP2S12 was successfully synthesized and exhibited 
an ionic conductivity of 7.7 × 10−3 S cm−1 at 25 °C. An all-solid-state 
battery was fabricated using the prepared electrolyte and its 
reversible operation was demonstrated.

All-solid-state batteries are expected to be safe energy devices 
with high energy densities.1 Among the components used in all-
solid-state batteries, solid electrolytes have been actively 
studied as key materials for improving their performance. 
Among various solid electrolyte species,2–5 sulfide electrolytes 
are expected to become a desired practical material due to their 
high ionic conductivity and excellent formability.6,7 In particular, 
the Li10GeP2S12 (LGPS) electrolyte exhibits a room-temperature 
ionic conductivity of 1.2 × 10−2 S cm−1, which is comparable to 
that of organic electrolytes.8 Recently, Li9.54Si1.74P1.44S11.7Cl0.3 
and Li9.54Si0.6Ge0.4P1.44S11.1Br0.3O0.6 with LGPS-type structures 
were reported to exhibit higher conductivities of 2.5 × 10−2 S 
cm−1 and 3.2 × 10−2 S cm−1, respectively.9,10 The compatibility of 
sulfide electrolytes with positive and negative electrodes has 
also been widely studied.11-13 

One of the drawbacks of sulfide electrolytes is their synthesis. 
Sulfide electrolytes are generally synthesized using solid-phase 
and mechanochemical methods,14,15 and alternative synthesis 
processes that reduce energy consumption and facilitate scaling 
up are required. In this study, we focused on liquid-phase 
synthesis. The liquid-phase synthesis of LGPS has been reported 
by several research groups16–18 and is summarised in Table 1. 
We focused only on the liquid-phase synthesis of LGPS from the 

starting materials and excluded preparation by the dissolution 
and re-precipitation of LGPS previously prepared by 
conventional solid-phase processes. Higashiyama et al. 
prepared the precursor powder by stirring P2S5 and Li2S in 
ethanol and drying under vacuum at 80 °C. They then prepared 
LGPS by stirring the precursor powder, Li2S, and GeS2 in 
tetrahydrofuran (THF) for 3 days and drying under vacuum at 
550 °C.16 A two-step liquid-phase synthesis technique was used 
to avoid side reactions of ethanol with P2S5, which has poor 
moisture tolerance. Hikima et al. synthesized LGPS in 7.5 h using 
a mixture of acetonitrile, THF, and ethanol by adding excess 
sulfur.18

In previously reported liquid-phase syntheses of LGPS, organic 
solvents such as alcohols, ethers, and thiols were used. This is 
due to the poor moisture resistance of the starting materials 
and sulfide solid electrolytes. The moisture resistance of sulfide 
electrolytes depends on the hard and soft acids and bases 
(HSAB) theory,19 and the PS4

3− unit in LGPS generates H2S when 
exposed to moisture.20–23 However, minimising the use of 
organic solvents is desirable because of their environmental 
impact and effects on the human body. Therefore, herein, we 
focused on using water as an environmentally friendly solvent.

In this study, we investigated the liquid-phase synthesis of LGPS 
using water as the solvent with the aim of preparing LGPS with 
less environmental impact. First, aqueous synthesis of Li4GeS4, 
an ortho-composition solid electrolyte was performed, since 
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Table 1  List of solvents and room temperature ionic conductivities of 
Li10GeP2S12 prepared by liquid-phase synthesis.
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GeS4
4− units are contained in LGPS. Next, LGPS was synthesized 

in the liquid phase by combining reacting aqueous solution of 
Li4GeS4 with THF suspension of Li3PS4. The structures of the 
prepared samples were characterized using X-ray diffraction 
(XRD) and Raman spectroscopy, and the ionic conductivities of 
the samples were measured using alternating current (AC) 
impedance. An all-solid-state cell was constructed using the 
prepared LGPS electrolyte, and its properties were evaluated. 
Detailed synthesis and characterization procedures are 
described in Supporting Information.

The liquid-phase synthesis of Li4GeS4 was carried out using 
water as the solvent and GeS2 or Ge as the starting Ge source. 
The starting materials of Li2S, S and GeS2 or Ge, were weighed 
to obtain stoichiometric compositions. Deionized water was 
added to the mixture of the starting materials under 
atmospheric conditions and stirred at 80 °C for 6 h. Fig. 1a and 
b show photographs of the precursor solutions prepared using 
Ge or GeS2, respectively. A uniform solution was not formed 
when Ge was used as a starting material, and precipitates 
remained. In contrast, a clear aqueous solution was obtained 
using GeS2. Fig. 1c shows the XRD patterns of the prepared 
samples after drying under vacuum at 200 °C for 3 h. The sample 
prepared using Ge exhibited an XRD pattern attributable to Ge, 
indicating that unreacted Ge remained. The XRD pattern of the 
sample prepared using GeS2 was attributed to Li4GeS4. 
Therefore, Li4GeS4 was successfully liquid-phase-synthesized 
using GeS2 as the starting material. These results indicate that 
in the aqueous synthesis, Li2S is first dissolved in water to form 
a basic aqueous solution, and the other starting materials must 

be soluble in the basic solution.

The moisture tolerance of sulfide electrolytes depends on the 
HSAB theory, and sulfide electrolytes with a soft acid such as 
Li4SnS4 or Na3SbS4 as the central metal show high moisture 
tolerance.24–28 In this study, Li4GeS4 with Ge as the central metal 
was found to exhibit high moisture tolerance.

Fig. 1d shows the Raman spectra of the obtained samples. The 
band attributed to GeS4

4− was observed in both Ge and GeS2, 
indicating that a small amount of Ge reacts to form GeS4

4− when 
Ge is used as the starting material. Fig. 1e shows the 
temperature dependence of the ionic conductivity of Li4GeS4. 
The room temperature conductivity of Li4GeS4 was 8.5 × 10−6 S 
cm−1 and the activation energy for conduction was 41 kJ mol−1.

The synthesis of LGPS was performed by combining the aqueous 
solution synthesis of Li4GeS4 described above with the 
previously reported liquid-phase synthesis of Li3PS4.29 The 
synthesis scheme of the LGPS electrolyte is shown in Fig. 2. The 
Li3PS4–THF suspension was prepared by adding stoichiometric 
ratios of Li2S and P2S5 to THF and stirring at room temperature 
for 1 day. The resulting Li3PS4–THF suspension and the above 
Li4GeS4 aqueous solution were quickly mixed in a few seconds 
using a separating funnel. The separated aqueous layer was 
vacuum dried at 200ºC, followed by heat treatment at 600ºC for 
2 h. Fig. 3a shows photographs of the precursors obtained in the 
synthesis process. A LGPS precursor solution was formed in the 
aqueous layer by mixing the Li3PS4–THF precursor suspension 
and an aqueous precursor solution of Li4GeS4 in a separating 
funnel. A clear, colourless THF layer formed as the oil layer. 

Fig. 3  (a) Photographs of Li4GeS4-H2O solution and Li3PS4-THF 
suspension after 6 or 24 h stirring, and of the Li10GeP2S12 precursor 
solution after being shaken in a separation funnel. (b) TG-DTA curves 
of the Li10GeP2S12 precursor powder after heat treatment under 
vacuum at 200 ºC.

Fig. 2  Synthetic scheme for synthesizing Li10GeP2S12 electrolytes from 
Li4GeS4-H2O solution and Li3PS4-THF suspension. 

Fig. 1  (a) Photographs of the precursor prepared using Li2S, sulfur, and 
two different Ge sources: (a) Ge metal and (b) GeS2. (c) XRD patterns, 
(d) Raman spectra and (e) temperature dependence of the ionic 
conductivity of Li4GeS4 prepared by liquid-phase synthesis using water 
as the solvent. 
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Although water and THF are completely miscible, Li2S and GeS2 
were dissolved in water to form a Li4GeS4 solution, which 
increased the polarity of the aqueous layer, which resulted in 
the separation of the water and THF layers.
Fig. S1 shows the Raman spectrum of the THF layer after mixing. 
No bands attributed to the PS4

3− unit are present, indicating that 
the Li3PS4 component in the THF suspension was almost 
completely extracted into the aqueous layer. Although water 
and THF were used as solvents in this study, THF was recovered 
during the synthesis process and few organic solvents were 
released into the environment. These suggest that THF used as 
the solvent can be recovered and reused. 

The obtained LGPS precursor solution was dried under vacuum 
at 200 °C, in the same manner as that used for the synthesis of 
Li4GeS4, to obtain the precursor powder. Its XRD pattern is 
mainly attributed to Li3PS4 as shown in Fig. S2. Fig. 3b shows the 
TG-DTA curves of the obtained precursor powder after drying at 
200 °C. The sample of LGPS was prepared by heat treatment at 
600 °C because no peak originating from the precipitation of 
LGPS was observed following the heat treatment at 500 °C.

The particle sizes and shapes of the electrolytes are important 
for mixing the active materials in the fabrication of all-solid-
state cells. The SEM image of LGPS is shown in Fig. S3. The 
sample particles after drying under vacuum were angular with 
a particle of less than 2 µm. Furthermore, the crystal growth of 
electrolytes was achieved by heat treatment at 600 °C, and the 
size of the resulting rounded particle was 1–5 µm.

The XRD pattern of the as-prepared sample is shown in Fig. 4a, 
which was attributed to LGPS and no impurities associated with 
the oxidation of P was observed. The PS4

3− unit, which is not 
moisture resistant, generates H2S when reacted with water. In 
this study, PS4

3− units remained by quickly mixing in a few 
seconds of the Li3PS4–THF suspension and the Li4GeS4 aqueous 
solution. Furthermore, the Li4GeS4 aqueous solution is basic, 
which is also important for inhibiting the formation of H2S and 
the hydrolysis of PS4

3−. Fig. 4b shows the Raman spectrum of the 
prepared LGPS, showing bands attributed to GeS4

4− at 365 cm−1 
and PS4

3− at 420 cm−1.30,31 The band attributed to the PO4
3− units 

at approximately 940 cm−1 32 was not observed, indicating that 
the PS4

3− unit was hardly hydrolyzed. The liquid-phase synthesis 
of LGPS was achieved using water as the solvent.

AC impedance measurements were performed to determine 
the ionic conductivities of the prepared LGPS samples. The 
temperature dependence of ionic conductivity is shown in Fig. 
5a. Green compacts formed at 360 MPa exhibited a relative 
density of 71%, ionic conductivity of 2.0 × 10−3 S cm−1 at 25 °C, 
and activation energy of 29 kJ mol−1. Sintering the green 
compacts at 600 °C in a dry Ar atmosphere increased the 
relative density to 91% and the ionic conductivity to 7.7 × 10−3 S 
cm−1, while the activation energy decreased to 26 kJ mol−1. The 
LGPS electrolytes prepared in this study exhibited high 
conductivities that are comparable to those prepared by 
conventional solid-state reactions. The temperature 
dependence of the ionic conductivities of the samples prepared 
in this experiment are shown in Fig. S4, and the room-
temperature ionic conductivities, activation energies, and 
relative densities are summarised in Table S1. The LPGS 
prepared here has slightly lower conductivity than the LGPS 
prepared using THF and ethanol as solvents reported by 
Higashiyama et al.16 They prepared LGPS in a two-step synthetic 
process in which the PS4

3- unit was not in direct contact with 
ethanol. By avoiding the side reaction of the PS4

3- unit with 
ethanol, the higher ionic conductivity was presumably achieved 
in the previous report. Since differences in the surface and 
morphology of prepared LGPS affect their conductivity, detailed 
structural analyses are important to understand ionic 
conduction in electrolytes prepared by liquid phase processes. 

All-solid-state cells were fabricated using the prepared LGPS 
electrolyte as a separator layer and as an electrolyte of NMC 
composite positive electrode. The charge–discharge curves of 
the all-solid-state cell are shown in Fig. 5b. The cell was 
operated as a secondary battery, demonstrating that LGPS 
prepared via liquid-phase synthesis can be used as a solid 
electrolyte in all-solid-state batteries. At the initial cycle, an 
irreversible capacity was observed. The cause of the low 
Coulombic efficiency is probably on the NMC positive electrode 

Fig. 4  (a) XRD pattern of Li10GeP2S12 prepared by liquid-phase synthesis 
using water as the solvent. (b) Raman spectra of Li10GeP2S12, Li3PS4 and 
Li4GeS4 powders. The samples of Li10GeP2S12 and Li4GeS4 were prepared 
by liquid-phase synthesis.

Fig. 5  (a) Temperature dependence of conductivities of Li10GeP2S12 
prepared by liquid-phase synthesis using water as the solvent. (b) 
Charge−discharge curves of the Li-In/Li10GeP2S12/NMC cell with the 
conventional mixed electrode prepared by the hand-mixing of NMC 
and Li10GeP2S12 particles using a mortar.
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side, since the all-solid-state cell with TiS2 positive electrode 
showed better reversibility at the first cycle, as shown in Fig. S5. 
Partial side-reaction of LGPS at the interface with NMC may be 
the cause of the low Coulomb efficiency. After the 2nd cycle, the 
cells with both NMC and TiS2 as positive electrodes retained 
reversible capacities for 5 cycles.  

In conclusion, we report the liquid-phase syntheses of Li4GeS4 
and LGPS using water as the solvent with the aim of establishing 
a simple and environmentally friendly synthesis method. 
Li4GeS4 was synthesized from Li2S and GeS2 using water as the 
solvent. LGPS was synthesized by combining the Li4GeS4 
aqueous solution with a Li3PS4–THF suspension. The XRD 
pattern of the prepared sample was attributed to Li10GeP2S12, 
indicating that the liquid-phase synthesis of LGPS was achieved 
using water as the solvent. The prepared sample exhibited an 
ionic conductivity of 7.7 × 10−3 S cm−1 at room temperature, and 
the all-solid-state cell fabricated using the prepared LGPS as the 
solid electrolyte and positive electrode could be operated 
reversibly. In this study, we developed a new method for the 
liquid-phase synthesis of LGPS with a low environmental impact 
and demonstrated new possibilities for liquid-phase synthesis.
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