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Sulfide solid electrolytes are widely regarded as one of the most promising technical routes to realize all-solid-state
batteries (ASSBs) due to their high ionic conductivity and favorable deformability. However, the relatively high price of
the crucial starting material, Li2S, results in high costs of sulfide solid electrolytes, limiting their practical application in
ASSBs. To solve this problem, we develop a new synthesis route of Li2S via liquid-phase synthesis method, employing
lithium and biphenyl in 1, 2-dimethoxyethane (DME) ether solvent to form a lithium solution as the lithium precursor.
Because of the comparatively strong reducibility of the lithium solution, its reaction with sulfur proceeds effectively even
at room temperature. This new synthesis route of Li2S starts with cheap precursors of lithium, sulfur, biphenyl and DME
solvent, and the only remaining byproduct (DME solution of biphenyl) after the collection of Li2S product can be recycled
and reused. Besides, the reaction can proceed effectively at room temperature with mild condition, reducing energy cost to a
great extent. The as-synthesized Li2S owns uniform and extremely small particle size, proved to be feasible in synthesizing
sulfide solid electrolytes (such as the solid-state synthesis of Li6PS5Cl). Spontaneously, this lithium solution can be directly
employed in the synthesis of Li3PS4 solid electrolytes via liquid-phase synthesis method, in which the centrifugation and
heat treatment processes of Li2S are not necessary, providing simplified production process. The as-synthesized Li3PS4
exhibits typical Li+ conductivity of 1.85×10−4 S·cm−1 at 30 ◦C.

Keywords: lithium sulfide, sulfide solid electrolyte, liquid phase synthesis, lithium-based organic solution
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1. Introduction
All-solid-state batteries (ASSBs) are widely recognized

as as one of the the most promising next-generation en-
ergy storage technologies to balance properties of high en-
ergy density, high power density, high safety and broad-
ened working temperature range.[1] Among basic routes of
ASSBs, sulfide solid electrolyte (SE) is widely recognized as
the most promising one due to its high ionic conductivity[2–4]

and favorable deformability.[5] Aiming to bridge the great
gap between lab-scale fabrication and industrial large-scale
production of sulfide-based ASSBs, the mass production of
sulfide solid electrolytes is one of the most overwhelm-
ing issues. High-temperature solid state reaction[2–4] and
mechanochemical method[6–8] are typical conventional solid-
phase synthesis methods of sulfide solid electrolytes with rel-
atively high-energy cost in high-temperature heat treatment
process[2–4,9–11] and high-energy ball milling process.[6–8] Re-
cently, liquid-phase synthesis method has been widely re-
ported, which can be an effective way for large-scale produc-
tion of sulfide SEs with decreasing energy costs attributable to

its mild reaction conditions. Taking the synthesis of Li3PS4

as an example, which is one of the most studied sulfide solid
electrolytes in the field of liquid phase synthesis since Liang
et al. firstly synthesized nanoporous β -Li3PS4 by a wet-
chemical method in 2013.[12] In a typical synthesis, Li2S
and P2S5 with a stoichiometry of 3:1 were mixed in anhy-
drous tetrahydrofuran (THF), followed by overnight stirring
at room temperature and subsequent centrifugation to obtain
Li3PS4·3THF precipitation. After the removal of THF at
80 ◦C and further heating at 140 ◦C, crystalline β -Li3PS4 with
ionic conductivity of 1.6×10−4 S·cm−1 at 25 ◦C was syn-
thesized. Liang et al. also employed acetonitrile (ACN) to
synthesize β -Li3PS4 nanoflakes,[13] and synthesized Li3PS4

electrolytes with shape-controlled plate-like morphology via
a special exchange process from THF to ACN solvent.[14]

Except for the special morphology, the particle size of sul-
fide solid electrolytes can be mediated by controlling pa-
rameters (especially the solvent type) of liquid-phase synthe-
sis. For instance, 75Li2S·25P2S5 solid electrolytes with small
and uniform particle sizes (2.2±1.68 µm) were synthesized
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with the participation of anhydrous dibutyl ether.[15] The as-
prepared 75Li2S·25P2S5 SEs exhibited ionic conductivity of
about 3.1×10−4 S·cm−1 at room temperature, with small and
uniform particle sizes, which can form intimate contact with
active materials. However, even with the liquid-phase synthe-
sis method, the costs of sulfide solid electrolytes are relatively
high, considering the relatively high price of the crucial start-
ing material, Li2S. Common synthesis methods of Li2S are
summarized as follows. Carbothermic reduction of Li2SO4

is a predominant commercial synthesis method. Specifically,
Li2SO4 is reduced with the oxidation of carbon during the re-
action of molten Li2SO4 and carbon at high temperature of
1000 ◦C, with high energy cost and the release of CO2 harm-
ful gas.[16] An acid-base reaction at the temperature of 130–
445 ◦C is another synthesis route of Li2S, in which Li2CO3 or
LiOH are lithium precursors and H2S is used as the sulfur pre-
cursor. However, the formation of Li–S–O impurities needs
additional purifying process via organic solvents.[17,18] There-
fore, a new route for Li2S synthesis is eagerly expected, which
is expected to have cheap precursors, mild reaction conditions
and environmentally friendly and easily separated byproducts.
Alkali metal (such as Li, Na and K) has been reported to react
with certain aromatic hydrocarbons in ether solvent to form
an alkali solution at room temperature since 1900s.[19] Such
solutions, containing radical anions, can be used as reducing
agents in chemical synthesis.[20,21] In this work, lithium reacts
with biphenyl in 1, 2-dimethoxyethane (DME) ether solvent to
form a lithium solution at room temperature, which can react
with sulfur at high reaction kinetics even at room temperature.
This new synthesis route of Li2S starts with cheap precursors
of lithium, sulfur, biphenyl and DME solvent, and the only re-
maining byproduct (DME solution of biphenyl) after the col-
lection of Li2S product can be recycled and reused. Besides,
the reaction can proceed effectively at room temperature with
mild condition, reducing energy cost to a great extent. The as-
synthesized Li2S owns uniform and extremely small particle
size, proved to be feasible in synthesizing sulfide solid elec-
trolytes (such as the solid-state synthesis of Li6PS5Cl). Spon-
taneously, this lithium solution can be directly employed in
the synthesis of Li3PS4 solid electrolytes via liquid-phase syn-
thesis method, in which the centrifugation and heat treatment
processes of Li2S are not necessary, providing simplified pro-
duction process. The as-synthesized Li3PS4 exhibits typical
Li+ conductivity of 1.85×10−4 S·cm−1 at 30 ◦C.

2. Experiment
2.1. Materials synthesis
2.1.1. Synthesis of Li2S

The synthesis process of Li2S is illustrated in Fig. 1(a).
First, lithium-based organic liquid metal solution was pre-
pared as the lithium source. Specifically, an aromatic hy-
drocarbon, biphenyl (Alfa, 99%), was fully dissolved in ex-
tra DME (Energy Chemical, 99%) solvent at room temper-

ature via a simple string process. A transparent and color-
less solution of biphenyl was formed with a concentration of
1 mol·L−1, referred as Bp1.0(DME)1.0. Then, lithium metal
was cut into pieces (China Energy Lithium Co. Ltd, 99.95%)
and put into the Bp1.0(DME)1.0 solution, forming a dark-green
solution after a 12-h standing at room temperature. The mo-
lar ratio between Li and biphenyl was fixed at 1:1, referred
as Li1.0Bp1.0(DME)1.0. Afterwards, S (50 mol% of lithium,
Alfa, 99.5%) was immersed in the Li1.0Bp1.0(DME)1.0 com-
plex solution and allowed to react for 12 h during the string at
room temperature. The suspension was then centrifugated and
washed with DME. The resulting solution turned transparent
and colorless, which is supposed to be the DME solution of
biphenyl and can be recycled and reused. The resulting solid
was yellowish white, then dried under vacuum at 100 ◦C for
12 h to remove the remaining solvent. Finally, heat treatment
at different temperatures for 5 h was carried out to promote
the crystallization of Li2S, obtaining white powder. THF sol-
vent was also employed using the same synthesis process to
determine the proper solvent.

2.1.2. Synthesis of Li6PS5Cl

Li6PS5Cl powder was prepared by conventional solid-
state synthesis. A stoichiometric mixture of Li2S, P2S5 (Mack-
lin, 99%) and LiCl (99.9%, Aladdin) was mechanochemically
milled for 20 h, followed by heat-treatment at 550 ◦C for 5 h
in a sealed quartz ampoule. Two types of Li2S were used to
synthesis Li6PS5Cl, including Li2S synthesized in this work
and commercial Li2S (Alfa, 99.9%).

2.1.3. Synthesis of Li3PS4 via the two-step route and
the one-step route

The synthesis processes of Li3PS4 via the two-
step route and the one-step route are illustrated in
Fig. 1(b). First, lithium-based organic liquid metal solution
Li1.0Bp1.0(DME)1.0 was prepared as the lithium source, same
as the first step of Li2S synthesis. Afterwards, S (Alfa, 99.5%)
and P2S5 (Macklin, 99%) in stoichiometric proportions were
immersed in the Li1.0Bp1.0(DME)1.0 complex solution. For
the two-step route, S and P2S5 were added in batches. S was
added first, forming a suspension of Li2S in Bp-DME solu-
tion after 12-h string at room temperature. Then, P2S5 was
added into the Li2S· Bp· DME suspension and allowed to re-
act for 12 h during string at 80 ◦C. For the one-step route,
S and P2S5 were added into the Li1.0Bp1.0(DME)1.0 complex
solution at one time, followed by a 12-h stirring at 80 ◦C for
adequate reaction. The reaction products via two routes were
then centrifugated and washed with DME. The resulting solu-
tion turned transparent and colorless, which is supposed to be
the DME solution of biphenyl and can be recycled and reused.
The resulting solid was then dried under vacuum at 100 ◦C for
12 h to remove the remaining solvent. Finally, heat treatment
at different temperatures for 10 h was carried out to promote
the crystallization of Li3PS4, obtaining grayish-white powder.
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Fig. 1. Schematic illustrations of the synthesis process of (a) Li2S and (b) Li3PS4.

2.2. Structure, morphology and chemistry characteriza-
tion

The crystal structure of synthesized materials was inves-
tigated by x-ray diffraction (XRD, PERSEE XD2) equipped
with Cu Kα radiation (λ = 1.54178 Å) operated at 36 kV and
20 mA in the 2θ range of 10◦–80◦. A field emission scanning
electron microscope (SEM, HITACHI, SU8100) was used to
characterize the surface morphology of synthesized materials.

2.3. Electrochemical characterization

2.3.1. Ionic conductivities of solid electrolytes

For the measurement of ionic conductivity of solid elec-
trolytes, the testing cells were assembled as follows: 100 mg
of sulfide electrolyte was added into a Swagelok model cell
and pressed under a pressure of 870 MPa into a pellet, directly
using two stainless-steel (SS) rods as ion-blocking electrodes.
The as-prepared testing cells were measured by alternating-
current (AC) impedance spectroscopy instrument (Zennium
Pro Electrochemical Workstation) in the frequency range of
8 MHz–0.1 Hz with an AC amplitude of 20 mV at tempera-
tures ranging from −30 ◦C to 30 ◦C with 15 ◦C steps. The
cell was kept at the specific temperature for 2 h prior to the

measurement.

Ionic conductivities were calculated using the following
equation:

σ =
1
R
· l

A
, (1)

where σ is the ionic conductivity (S·cm−1), R is the resistance
(Ω ), l is the thickness (cm), A is the area (cm2) of the cold-
pressing pellets of solid electrolytes.

2.3.2. Electronic conductivities of solid electrolytes

The electronic conductivities of solid electrolytes were
measured via the direct-current (DC) polarization method us-
ing Zennium Pro Electrochemical Workstation. The testing
cells are the same cells for ionic conductivity testing, which
are SS/cold-pressing pellet/SS mold cells assembled under a
pressure of 870 MPa. The cell was polarized at DC volt-
age (∆V ) of 50 mV, and the steady-state current Is of the cell
was recorded. The electronic resistances were obtained from
∆V/Is and the corresponding conductivities were calculated
using Eq. (1).
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2.3.3. Fabrication of ASSBs and electrochemical per-
formance measurements

To prepare the composite cathode of ASSBs,
LiNi0.8Co0.1Mn0.1O2 (NCM811), sulfide solid electrolytes,
and vapor grown carbon fiber (VGCF, Showa Denko K.K.)
were mixed with a weight ratio of 50:45:5 for 30 min. Nano-
Si, sulfide solid electrolytes and VGCF were mixed with a
weight ratio of 50:45:5 for 30 min to obtain the composite an-
ode powder. The lab-scale ASSBs were fabricated as follows:
1) 2.0 mg of mixed anode powder was uniformly spread onto
the surface of the bottom of the Swagelok cell; 2) 80 mg of
solid electrolyte powder was spread onto the anode powder
layer, followed by a light pressing at 70 MPa; 3) 3.4 mg of
mixed cathode powder was spread uniformly onto the pressed
solid electrolyte layer; 4) the three-layer pellet was finally
fabricated under a pressure of 870 MPa. The whole process
was conducted in an argon-filled glove box. The galvanos-
tatic charge–discharge tests were conducted in a voltage rang
of 2.5–4.2 V at 0.1 C to measure the electrochemical perfor-
mances of ASSBs via a battery test system (Land, CT2001A)
at 30 ◦C.

3. Results and discussion
3.1. Synthesis of Li2S

As illustrated in Fig. 1(a), Li2S was synthesized via liq-
uid phase synthesis method, which is widely recognized as a
cost-effective method for mass production with mild reaction
conditions.[22] The Li metals can react with biphenyl in the
DME solvent to form a dark green lithium solution at room
temperature. This kind of solutions has been known as radical
anions, acting as reducing agents in chemical synthesis since
1930s.[20,21] Because of its comparatively strong reducibility,
it can react with sulfur at high reaction kinetics even at room
temperature.

The XRD pattern of the as-synthesized Li2S with a heat
treatment at 250 ◦C is shown in Fig. 2(a), corresponding
well with the indexed diffraction pattern of the Li2S phase
(PDF#00-023-0369) without impurity phase. The solvent used
in the Li2S synthesis was replaced by THF for comparison,
with which the final product also exhibited the characteristic
peaks of Li2S. However, the peak intensity is lower compared
with that of Li2S mediated by DME solvent.
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Fig. 2. (a) XRD patterns of the obtained Li2S samples prepared by DME and THF, and the indexed diffraction pattern of the Li2S phase
(PDF#00-023-0369). (b) XRD patterns of the obtained Li2S samples before and after heat treatment at different temperatures from 180 ◦C to
400 ◦C. (c)–(f) Morphology of the obtained Li2S at 300 ◦C.

The Li2S samples using DME solvent before and after
heat treatment at different temperatures are shown in Fig. 2(b).
The sample before heat treatment (after vacuum drying at
100 ◦C) shows characteristic peaks of Li2S with low inten-
sity, indicating the removal of DME at low temperature. For
the samples after heat treatment at a series of temperatures
from 180 ◦C to 400 ◦C, all diffraction peaks correspond well
to the indexed diffraction pattern of the Li2S phase, and be-
come sharper with higher intensity, indicating that the cubic
crystalline Li2S phase has been formed. Interestingly, the par-

ticle size of the as-synthesized Li2S is extremely small, as il-
lustrated in the SEM images of Li2S synthesized at 300 ◦C
(Figs. 2(c)–2(f)). Figures 2(c) and 2(d) show the macroscopic
morphology of Li2S particles. Big agglomerates were ob-
served (approximately 5–40 µm), which are composed of in-
dividual regular particles lower than 50 nm (Figs. 2(e) and
2(f)). The uniform and extremely small particle size should
be attributable to the mediation of solvent during liquid-phase
synthesis process.[15,23,24] The as-synthesized Li2S with ex-
tremely small particle size can be a promising cathode material
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for lithium-sulfur batteries, considering the critical role of par-
ticle size reduction in improving the reversibility and cycling
stability of Li2S cathode with insulating nature.[25–27]

The cost of Li2S per kilogram (kg) synthesized via the
liquid-phase synthesis route in this work and two conventional
routes were roughly calculated and compared in Table 1, in-
cluding materials cost and processing cost. It is noting that the

cost of biphenyl and DME solvent in the liquid-phase synthe-
sis route, and N-methyl-2-pyrrolidone (NMP) solvent in the
synthesis route using LiOH and H2S were neglected, consid-
ering their recyclability. The cost of Li2S synthesized via the
liquid-phase synthesis route in this work is calculated to be
947.885 RMB/kg, lower than that of the Li2S synthesized via
two conventional routes.

Table 1. Rough calculation of the cost of Li2S per kilogram (kg) synthesized via the liquid-phase synthesis route in this work and two
conventional routes.a

Cost of Li2S synthesized via the liquid-phase method

Raw materials Quantity (kg/kg) Price (RMB/kg) Cost (RMB/kg)

Li 0.304 3000.000 912.000

S 0.695 43.000 29.885

Materials cost 941.885

Processing procedures Energy consumption (kWh/kg) Price (RMB/kWh) Cost (RMB/kg)

Solvent recovery 10 0.6 6

Processing cost 6

Total cost 947.885

Cost of Li2S synthesized via the carbothermic reduction of Li2SO4

Raw materials Quantity (kg/kg) Price (RMB/kg) Cost (RMB/kg)

Li2SO4 2.391 400.000 956.522

C 0.522 4.300 2.244

Materials cost 958.765

Processing procedures Energy consumption (kWh/kg) Price (RMB/kWh) Cost (RMB/kg)

Ball milling 10 0.6 6

Sintering (at 900 ◦C for 5 h) 250 0.6 150

Processing cost 210

Total cost 1168.765

Cost of Li2S synthesized via the reaction between LiOH and H2S

Raw materials Quantity (kg/kg) Price (RMB/kg) Cost (RMB/kg)

LiOH 1.043 884.452 922.484

H2S 0.739 37.800 27.934

Materials cost 950.418

Processing procedures Energy consumption (kWh/kg) Price (RMB/kWh) Cost (RMB/kg)

Heating (at 200 ◦C for 5 h) 40 0.6 24

Solvent recovery 100 0.6 60

Processing cost 84

Total cost 1034.418

aPrices of raw materials and electricity were taken from the current market prices in China on May 25th, 2022.

To further investigate the feasibility of the as-synthesized
Li2S in synthesizing sulfide electrolyte, Li6PS5Cl solid elec-
trolytes were synthesized and compared via conventional
solid-state synthesis method using Li2S synthesized at 300 ◦C
and commercial Li2S, respectively. As illustrated in Fig. 3(a),
the XRD patterns of Li6PS5Cl solid electrolytes using synthe-
sized Li2S and purchased Li2S are virtually the same, corre-
sponding well with characteristic peaks of Li6PS5Cl and with-
out any obvious impurity.

The electrochemical properties of the synthesized
Li6PS5Cl solid electrolytes were also compared, using
SS/cold-pressing Li6PS5Cl pellet/SS cells with SS rods as the
ion-blocking electrodes (Figs. 3(a) and 3(b), Table 2). The

Nyquist plots at 30 ◦C for two kinds of Li6PS5Cl are shown
in Fig. 3(b), exhibiting only one line in low frequency region
for both plots, representing the Warburg diffusion impedance
(W ). The absence of semicircles in the high frequency re-
gion representing the bulk resistance (RSE,bulk) of solid elec-
trolyte and in the intermediate frequency region representing
the grain boundary resistance (RSE,gb) of solid electrolyte in-
dicates the relatively small resistance of the solid electrolyte.
The inset in Fig. 3(b) shows the corresponding equivalent cir-
cuit of Nyquist plot. The ionic conductivity is calculated from
the total resistance (RSE,total = RSE,bulk + RSE,gb) after cold-
pressing at 870 MPa, which is obtained from the intercept of
line in the low frequency region of x-axis. The as-calculated
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total ionic conductivity for Li6PS5Cl solid electrolytes synthe-
sized using synthesized Li2S is 4.57×10−3 S·cm−1 at 30 ◦C,
slightly lower than that of Li6PS5Cl obtained using commer-
cial Li2S (6.03×10−3 S·cm−1). This might because of the
XRD-undetectable amounts of impurity phases.

The DC polarization technique was employed to the
SS/cold-pressing Li6PS5Cl pellet/SS cells to measure the elec-
tronic conductivity of Li6PS5Cl solid electrolyte. Figure 3(c)
shows the time dependence of the current under a polariza-

tion voltage of 50 mV. The electronic resistances were ob-
tained from the steady-state current value after the applica-
tion of the voltage of 50 mV for 600 s. Based on the DC
curves, the calculated electronic conductivities of synthesized
Li6PS5Cl solid electrolytes using synthesized Li2S and com-
mercial Li2S are 4.45×10−9 S·cm−1 and 6.67×10−9 S·cm−1,
respectively, consistent with the previously reported val-
ues of electronic conductivity for Li6PS5Cl solid electrolyte
(10−9 S·cm−1).[28–30]
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Fig. 3. (a) XRD patterns of the synthesized Li6PS5Cl solid electrolytes via conventional solid-state synthesis method using synthesized Li2S at
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Table 2. Summary of the ionic conductivity (σLi+ ) and electronic conduc-
tivity (σe− ) at 30 ◦C of the synthesized Li6PS5Cl solid electrolytes via con-
ventional solid-state synthesis method using Li2S synthesized at 300 ◦C and
commercial Li2S.

Li6PS5Cl samples σLi+ at 30 ◦C (S·cm−1) σe− at 30 ◦C (S·cm−1)

Synthesized Li2S 4.57×10−3 4.45×10−9

Purchased Li2S 6.03×10−3 6.67×10−9

NCM811/Li6PS5Cl/Si lab-scale ASSBs using the synthe-
sized Li6PS5Cl via conventional solid-state synthesis method
using liquid-phase-synthesized Li2S and purchased Li2S were
assembled and compared to evaluate the feasibility of the as-
synthesized Li2S in synthesizing Li6PS5Cl sulfide solid elec-
trolytes. As illustrated in Fig. 4(a), the two batteries exhibit
comparable charge and discharge profiles. The ASSBs using
the Li6PS5Cl synthesized via liquid-phase-synthesized Li2S
delivers a reversible discharge capacity of 174.2 mAh·g−1 and

a Coulombic efficiency of 66.33% at the 1st cycle, while the

ASSBs using the Li6PS5Cl synthesized via purchased Li2S de-

livers a reversible discharge capacity of 170.0 mAh·g−1 and a

Coulombic efficiency of 65.50% under the same test condi-

tions. Furthermore, the battery with the Li6PS5Cl synthesized

via liquid-phase-synthesized Li2S delivers good cycling per-

formance, as shown in Figs. 4(b) and 4(c). The overpotentials

of profiles increase gradually during cycling, corresponding to

discharge capacities of 167.7, 161.6, 154.3, 134.7, 113.9 and

104.6 mAh·g−1 at the 5th, 10th, 20th, 50th, 80th and 100th cy-

cle, respectively. To conclude, the as-synthesized Li6PS5Cl

exhibits satisfactory compatibility with NCM811/Si system.

Therefore, the as-synthesized Li2S can be successfully em-

ployed in synthesizing sulfide solid electrolytes.

(a) (c)

3.0

3.5

4.0

4.5

2.0

V
o
lt
a
g
e
 (

V
 )

C
o
u
lo

m
b
ic

 e
ff
ic

ie
n
cy

 (
%

)

0 100 200 300

1st
5th
10th
20th
50th
80th
100th

0
0 0

Discharge
Charge

(b)

3.0

3.5

4.0

4.5

2.0

V
o
lt
a
g
e
 (

V
 )

S
p
ec

if
ic

 c
a
p
a
ci

ty
 (

m
A

h
Sg

-
1
)

0 100 200 300
Cycle numberSpecific capacity (mAhSg-1)

NCM811/Si, 0.1 C at 30 C

Purchased Li2S
Synthesized Li2S

NCM811/Si, 0.1 C at 30 C

NCM811/Si, 0.1 C at 30 C

Specific capacity (mAhSg-1)

100

80

60

40

2040

80

120

160

200

20 40 60 80 100

2.5 2.5

Fig. 4. (a) Charge and discharge profiles at the 1st cycle of NCM811/Li6PS5Cl/Si lab-scale ASSBs using the synthesized Li6PS5Cl via conventional solid-
state synthesis method using liquid-phase-synthesized Li2S and purchased Li2S, respectively. (b), (c) Cycling performances of NCM811/Li6PS5Cl/Si lab-
scale ASSBs using the synthesized Li6PS5Cl via conventional solid-state synthesis method using liquid-phase-synthesized Li2S. (b) Cycling performances
(0.1 C, 1 C=200 mA·g−1, in the voltage range of 2.5–4.2 V). (c) Charge and discharge profiles of ASSBs at the typical cycles.

098203-6



Chin. Phys. B 31, 098203 (2022)

3.2. Synthesis of Li3PS4

The application of Li1.0Bp1.0(DME)1.0 lithium solution in
Li2S synthesis has been proved to be feasible in synthesizing
sulfide solid electrolytes (such as the solid-state synthesis of
Li6PS5Cl) in the front part. The direct employment of lithium
solution in Li3PS4 solid electrolytes via liquid-phase synthesis
was also investigated in this work, in which the centrifugation
and heat treatment processes of Li2S are not necessary, pro-
viding simplified production process.

For this purpose, two synthesis routes can be possible, as
illustrated in Fig. 1(b). For the two-step route, sulfur first re-
acted with lithium solution to form the suspension of Li2S in
Bp-DME solution, followed by the reaction between P2S5 and
Li2S with the addition of P2S5. For the one-step route, the syn-
thesis process is further simplified, in which sulfur and P2S5

reacted with lithium solution at the same time.
Following the two-step route, Li3PS4 solid electrolytes

were synthesized employing different solvents (DME and
THF) and different heat treatment temperatures (160–250 ◦C)
to optimize the synthesis parameters. First, different solvents
were respectively employed in the synthesis of Li3PS4 at heat
treatment of 250 ◦C to determine the suitable solvent. Fig-
ure 5(a) displays the XRD patterns of resulting products us-

ing DME and THF. The XRD pattern of the resulting prod-
uct using DME solvent corresponds well with the indexed
diffraction pattern of the Li3PS4 phase (PDF#01-076-0973)
without any impurity phase, indicating the successful synthe-
sis of Li3PS4. For the THF solvent, which is widely em-
ployed in the synthesis of Li3PS4 via liquid-phase synthesis
method,[12,14,31] except for the Li3PS4 phase, the S8 phase was
also detected. This might be due to the insufficient dissolution
or reactivity of lithium in Bp-THF solution. Therefore, DME
solvent is suitable for the synthesis of Li3PS4. Figure 5(b)
shows the XRD patterns of Li3PS4 samples using DME sol-
vent before and after heat treatment at a series of temperatures
from 160 ◦C to 250 ◦C. The sample before heat treatment (af-
ter vacuum drying at 100 ◦C for 12 h) is well-crystallized be-
cause of the complex formation with DME,[32] and the DME
solvent can not be removed after heat treatment at 160 ◦C.
For the samples after heat treatment at a series of temperatures
from 170 ◦C to 250 ◦C, all diffraction peaks correspond well
to the indexed diffraction pattern of the Li3PS4 phase with-
out any impurity or formation of new phase. Considering the
almost unchanged peak sharpness and intensity from 180 ◦C,
180 ◦C was fixed as the optimal heat treatment temperature for
further study.
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The two synthesis routes including two-step and one-step
routs were compared, using DME as the solvent and heat treat-
ment at 180 ◦C. In both cases, pure-phase Li3PS4 was obtained
via the detection of XRD (Fig. 6(a)). The difference in parti-
cle size was observed, as illustrated in Figs. 6(b) and 6(c). The
two-step synthesized Li3PS4 exhibits uniform particle size of
1.65±0.32 µm, smaller that of one-step-synthesized Li3PS4

(3.26±0.75 µm). This might be attributable to the relatively
adequate and uniform chemical reaction during solvent-solid
interactions in the two-step synthesis process.

The electrochemical performances of the synthesized
Li3PS4 via two routes were also compared (Fig. 7 and Table 3).
Figures 7(a) and 7(b) show the Nyquist plots of SS/Li3PS4/SS
cells at temperatures from −30 ◦C to 30 ◦C using synthe-
sized Li3PS4 solid electrolytes via two routes. The plots bothe
consist of a semicircle and a spike. The line in the low fre-
quency region represents the diffusion impedance (W ), and the
incomplete semicircle contains the the grain boundary resis-
tance (RSE,gb) of the solid electrolyte in the intermediate fre-
quency region and the bulk resistance (RSE,bulk) of the solid
electrolyte in the high frequency region. The correspond-
ing equivalent circuit is illustrated as the insert in Nyquist
plots. The intercept of the semicircle in the intermediate fre-
quency region of x-axis, recognized as the total resistance
(RSE,total = RSE,bulk +RSE,gb) after cold-pressing at 870 MPa,
gradually decreases with the increase of temperature, indicat-
ing the increase of Li+ conductivity. As illustrated in Fig. 7(c),

the as-calculated Li+ conductivities of the synthesized Li3PS4

via two routes all conform to the Arrhenius equation

σ = Aexp
(
−Ea

kT

)
,

where Ea is the activation energy for Li+ conduction, A is
the pre-exponential factor, and k is the Boltzmann constant.
The two-step synthesized Li3PS4 exhibited a Li+ conductiv-
ity of 1.85×10−4 S·cm−1 at 30 ◦C and an Arrhenius acti-
vation energy of 0.340 eV, while the one-step synthesized
Li3PS4 exhibited a Li+ conductivity of 1.74×10−4 S·cm−1

at 30 ◦C and an Arrhenius activation energy of 0.367 eV,
consistent with the previously reported values of liquid-phase
synthesized Li3PS4.[31,33] Figure 7(d) shows the time depen-
dence of the current under a polarization voltage of 50 mV,
and the calculated electronic conductivities of the synthesized
Li3PS4 solid electrolytes via two-step and one-step routes
are 2.57×10−11 S·cm−1 and 4.70×10−9 S·cm−1, respectively.
To conclude, although the two-step synthesis route requires
longer synthesis time compared with the one-step route, the
as-synthesized Li3PS4 exhibited better electrochemical per-
formances and small particle size, which is supposed to pro-
vide ASSBs with preferable electrochemical performances.
NCM811/Li3PS4/Si lab-scale ASSBs using the synthesized
Li3PS4 via the two-step route were assembled and tested to
evaluate the compatibility of the as-synthesized Li3PS4 with
NCM811/Si system (Fig. 7(e)). The battery exhibits a re-
versible capacity of 89.5 mAh·g−1 with large polarization for
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the 1st cycle, which should be attributable to the relatively
lower ionic conductivity of Li3PS4 compared with Li6PS5Cl.

Table 3. Summary of the ionic conductivity (σLi+ ) and electronic con-
ductivity (σe− ) of the synthesized Li3PS4 via two-step and one-step
routes at 30 ◦C.

Li3PS4 samples σLi+ at 30 ◦C (S·cm−1) σe− at 30 ◦C (S·cm−1)
Two-step 1.85×10−4 2.57×10−11

One-step 1.74×10−4 4.70×10−9

4. Conclusion and perspectives
In conclusion, a new synthesis route of Li2S via liquid-

phase synthesis method was developed in this work, using
lithium solution with strong reducibility as lithium precursor.
This new synthesis route of Li2S starts with cheap precursors
of lithium, sulfur, biphenyl and DME solvent, and the only re-
maining byproduct (DME solution of biphenyl) after the col-
lection of Li2S product can be recycled and reused. Besides,
the reaction can proceed effectively at room temperature with
mild condition, reducing energy cost to a great extent. The
as-synthesized Li2S owns uniform and extremely small par-
ticle size, proved to be feasible in synthesizing sulfide solid
electrolytes (such as the solid-state synthesis of Li6PS5Cl).
Spontaneously, this lithium solution can be directly employed
in the synthesis of Li3PS4 solid electrolytes via liquid-phase
synthesis method, in which the centrifugation and heat treat-
ment processes of Li2S are not necessary, providing simplified
production process. The synthesis parameters of Li3PS4, in-
cluding the solvent type, heat treatment temperature and route
were systematically investigated. The as-synthesized Li3PS4

with the optimal parameters (using DME solvent, with heat
treatment at 180 ◦C via two-step route) exhibits typical Li+

conductivity of 1.85×10−4 S·cm−1 at 30 ◦C.
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