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Abstract

A Li;P,S.lI solid electrolyte was prepared by the reaction between raw materials in an ethyl propionate medium and drying of
the precursor. The obtained sample was characterized by X-ray diffraction (XRD), cyclic voltammetry, DC polarization test
and AC impedance measurements. The formation of Li,P,S¢l was confirmed from the results of XRD. Cyclic voltammetry
and the DC polarization test indicated that the obtained Li,P,S¢I was stable at low potential versus Li/Li* and against Li
metal. The all-solid-state lithium-ion battery was fabricated by using Li-In, Li,P,Sl solid electrolyte and a graphite com-
posite that was prepared by mixing graphite, Li;P,S¢l solid electrolyte and vapor grown carbon fiber with a vortex mixer.
It was observed that the electrode materials were homogeneously mixed from the scanning electron microscopy image of
the composite prepared by using the vortex mixer. The fabricated half-cell was characterized by the charge—discharge test.
The Li,P,Sql solid electrolyte is suitable for use with a graphite anode because the charge—discharge test exhibited an initial
discharge capacity of 372 mA h g~! and high reversibility of capacity.
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All-solid-state lithium-ion batteries (ASSLiBs) with
inflammable solid electrolytes (SEs) have been extensively
studied because they are capable of working at high tem-
perature, compared with conventional lithium-ion batter-
Department of Electrical and Electronic Information ies that use liquid electrolytes. In addition, ASSLiBs are
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by increasing the active materials of the electrodes and
using SEs which have a wide electrochemical window.
However, SEs with an ionic conductivity no higher than
1073 S cm™! are currently available for ASSLiBs. Sulfide-
based SEs have been a focus all over the world because
they show unique mechanical properties and high ionic
conductivity; in particular, the Li,;;GeP,S;, SE has an
ionic conductivity higher than 107> S cm™!, which is
almost similar to liquid organic electrolytes [1, 2]. Mean-
while, it is well known that the addition of Lil into sulfide-
based SEs, such as Li;PS, (LPS), will increase its ionic
conductivity [3-5].

In general, sulfide-based SEs are synthesized by the
mechanochemical ball-milling technique or melt-quench-
ing method, which have many advantages for preparing
new materials, but many problems also arise for their
large-scale production because of the high energy require-
ment. In our laboratory, sulfide-based SEs, such as LPS
and Li,P;S,,, have successfully been prepared by the liq-
uid phase method since the reaction between raw materials
can be promoted in organic solvents such as ethyl propion-
ate or tetrahydrofuran [4, 6]. The liquid phase method is
able to synthesize SEs at room temperature more quickly
than the solid phase methods. In addition, the preparation
of Li,S—P,Ss—Lil SE by the liquid phase method has not
been reported in detail.

Graphite is a negative active material, which has a large
theoretical capacity of 372 mA h g~! and a low potential at
55 mV versus Li/Li*. However, the research of ASSLiBs
with a graphite anode has not proceeded because of the
requirement of a low-potential stability of the SEs. How-
ever, it was reported that Li,S—P,Ss—Lil SEs are stable at 0 V
versus Li/Li*, which makes Li,S—P,Ss—Lil SE a candidate
for application in ASSLiB with a graphite anode [7].

The focus of this work is on the preparation of the
Li;P,Sgl (LPSI) SE, which is a kind of Li,S—P,Ss-Lil SE,
by using the liquid phase method and its application in an
all-solid-state half-cell with graphite. The precursor of the
SE was prepared by mixing the raw materials with ZrO,
balls in ethyl propionate. The suspension thus prepared was
evacuated under low pressure to obtain the SE. The obtained
SE was characterized by X-ray diffraction (XRD), cyclic
voltammetry, DC polarization test and impedance measure-
ments. The half-cell with a graphite anode was fabricated
with the Li-In alloy, LPSI SE and the composite, which
consisted of graphite powder, SE and vapor grown carbon
fiber (VGCF). The obtained half-cell was characterized by
the charge—discharge tests. The formation of LPSI was con-
firmed by using XRD and it showed an ionic conductivity
of 3x10™* S cm™" at room temperature. In addition, the
obtained LPSI exhibited a wide electrochemical window
from 10 to 0 V versus Li/Li* and was suitable for applica-
tion in ASSLiB with a graphite anode.
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2 Experimental

A suspension of the SE precursor was prepared by the
liquid-phase shaking method as reported in our previous
study [8]. Li,S (Mitsuwa, 99.9%), P,Ss (Merck, 99%) and
Lil (Aldrich, 99.9%), as raw materials at the molar ratio of
3:1:1 (0.3827 g, 0.617 g and 0.3717 g, respectively), were
mixed with 4-mm zirconia balls (about 32 g) and ethyl pro-
pionate (10 mL; Aldrich) in a 45-mL centrifugation tube
(polypropylene, Labcon). The suspension was obtained by
shaking under a dry Ar atmosphere at 1500 rpm for 6 h.
The obtained suspension was evacuated at room tempera-
ture, 50 °C and 170 °C for 2 h under low pressure using a
rotary vacuum pump in an Ar atmosphere to obtain the SE.

The structure characterization of the prepared sample
was conducted by using XRD (Ultima IV, Rigaku). The
sample was protected from exposure to air humidity by
using special holders.

The temperature dependence of the ionic conductivity
of the prepared sample was investigated by using alter-
nating-current impedance spectroscopy (SI 1260, Solar-
tron) from 1 MHz to 10 Hz. The sample for measuring the
ionic conductivity was prepared by uniaxial cold pressing
approximately 80 mg of the sample into a pellet (diameter
of 10.0 mm, thickness of approximately 0.60 mm) at a
pressure of 510 MPa. The obtained pellet was put in poly
ether ether ketone (PEEK) holder and sandwiched between
stainless steel (SUS) electrodes to fabricate the cell for
impedance measurements. The temperature was gradually
increased from room temperature to 130 °C, while each
temperature was held for 1 h prior to measurement.

Cyclic voltammetry was conducted by using a poten-
tiostat (SI 1287, Solartron). The cell was prepared by
attaching lithium foil (diameter of 9 mm, thickness of
approximately 0.1 mm) to one face of the pelletized sam-
ple and sandwiching it between the SUS electrodes. Then
the prepared SUS | Li | SE | SUS cell was tested at a scan
of 5mV s~! between —0.3 and 10 V.

The DC polarization test was performed by using a
charge—discharge device (BST-2004H, Nagano) with a Li
| SE | Li symmetric cell. The cell was prepared by attach-
ing lithium foil on both sides of the pelletized SE. The test
was carried out with a current density of +0.1 mA cm™!.

The negative electrode composite was prepared by mix-
ing graphite (SFG-15, TIMCAL), LPSI SE and VGCF as
the conductive additive (each weight ratio was 50 wt%,
50 wt% and 3 wt%) with 1-mm zirconia balls (about 12 g)
in a 45-mL centrifugation tube with a vortex mixer at
4800 rpm for 15 min (shaking).

The all-solid-state half-cell with a graphite anode was
fabricated with the Li—In alloy, SE and the composite. To
prepare the cell, the bilayer pellet (diameter of 10 mm),
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composed of the electrode composite (10 mg) and the SE
(80 mg), was obtained by cold pressing at 200 MPa; then
indium and lithium foils were attached on the opposite
sides of the SE. After that, the cell was prepared by sand-
wiching the pellet between SUS electrodes. The cut-off
voltages were 1.0 and —0.62 V versus Li—In at 0.05 C. The
cell was kept at 60 °C + 1 °C for 2 h prior to being tested.

3 Results and Discussion

Figure 1 shows the XRD patterns of the obtained sample
dried at 170 °C, LPS, which was prepared by the same
method without Lil addition, and the starting materials as
the reference. The peaks attributed to the starting materi-
als and LPS were not observed, but new peaks attributed
to LPSI crystalline were detected in the XRD patterns of
the obtained sample [4]. This observation proved that the
reaction among the starting materials was complete after
the shaking and drying processes. It has been reported that
the Lil solution and LPS precursor, which was prepared by
reaction between Li,S and P,S; in ethyl propionate medium,
were obtained after the shaking process, then LPSI was
formed by the reaction occurring during the drying process,
in which Lil inserted into the structure of LPS at the same
time as co-crystalline ethyl propionate contained in the LPS
precursor was eliminated [11]. In this study, we propose that
the similar reaction steps occurred during the preparation
process.

Figure 2 shows the temperature dependence of the ionic
conductivities of the prepared LPSI and LPS. The obtained
LPSI exhibited an ionic conductivity of 3.8 x 10~ S cm™! at
room temperature with activation energy of 26 kJ mol~'. In
comparison with LPS, the ionic conductivity was two times
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Fig. 1 XRD patterns of the obtained sample by dried at 170 °C, LPS
and raw materials
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Fig.2 Temperature dependence of ionic conductivity and activation
energy of LPSI and LPS

higher and the activation energy was decreased. Therefore,
the addition of Lil into the LPS resulted in an improvement
of the ionic conductivity of the obtained sample in this study.
Conductivities and activated energy of some sulfide electro-
lytes were summarized in Table 1. Though it is still lack of
evidence, it seems that conductivity and activated energy of
sulfide based solid electrolytes are strongly depended on the
solvents employed in preparation process.

Figure 3a shows the cyclic voltammogram of the obtained
LPSI using a Li | LPSI| SUS cell, in which Li and SUS were
the reference and counter electrode, respectively. None of
the other peaks were observed from 10 V to —0.3 V except
for the anodic and cathodic peaks of Li. It was considered
that LPSI has the wide electrochemical window and is stable
at 0 V versus Li/Li* from this result. Meanwhile, the inset
shows a magnification of the low voltage region. As shown
in the inset, a reduction current flowed from around 1.5 V
for the first scan, but the current was not observed for the
second scan. It was suggested that the interface between the
SE and Li metal was being formed during first scan and
the formation had already finished after the first scan. In
addition, the interface was stable for Li metal because the
reduction current nearly disappeared for the second scan.
Zhu et al. [15] studied the intrinsic electrochemical window
of Lithium solid electrolyte materials using DFT calculation
and predicted the reduction of Li;P,Sql starting from 1.71 V
versus Li*/Li. Their result suggested that Li,S, P and Lil
would be the products formed from reduction of LPSI. In
practical, XRD result illustrated that LPSI was reduced at
about 1.71 V versus Li*/Li to form Li;P, LisP, Li,S and Lil
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Table 1 .S.ummarize _Of Structure Solvent 6,</S cm™! E./kJ mol™! References
conductivity and activated > “
energy Of. some common sulfide Li;P,S,l Ethyl propionate 3.8x107 26 This work
ba§ed solid electrolyte§ that are Li;P;S;, Dimethoxy ethane 2.5x107* 38 [9]
being prepared by liquid phase - 4
synthesis Li,P,Sgl Acetonitrile 6.4x107 - [4]
B-LisPS, Acetonitrile 1.2%x107* 35 [12]
B-LisPS, Ethyl acetate 3.3%x107 31 [13]
Lij »5Geg »5Pg 7554 Hydrazine 1.8x107** 41 [14]
* It was 30 °C in this case
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Fig. 3 Electrochemical properties of the obtained LPSI and LPS. a Cyclic

curves of LPS and LPSI at +0.1 mA cm™

[8]. In addition, Swamy et al. [16] employed XPS to study
the chemical nature of the interface between pB-Li;PS, and
Li metal. Their results revealed that the reduction of Li;PS,
in the voltage range from 1.71 to 1.0 V versus Li*/Li led to
the formation of Li,S and P; whilst, Li;P and Li,S were the
products of the reduction of Li;PS, in the voltage range from
1.0 to 0.0 V versus Li*/Li. The results observed by Swamy
et al. [16] also closed the gap between the practical result
studied by Phuc et al. [8] and the theoretical study of Zhu
et al. [15]. Figure 3b shows the result of the DC polarization
test of the obtained LPSI. The voltage remained constant
over 30 cycles. From these results of cyclic voltammetry
and DC polarization test, it was suggested that the obtained
LPSI is a suitable SE for the cell using Li metal and graphite
because LPSI is not decomposed at low potential and the
interface formed on the SE has good stability against Li
metal for a long time.

Figure 4a—d shows the scanning electron microscopy
(SEM) images of LPSI prepared by the liquid-phase shak-
ing method, graphite particles, the composite prepared by
shaking with graphite, LPSI and VGCF in a vortex mixer,
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voltammogram of LPSI at a scan rate of 5 mV s~'; b DC polarization

and the EDX mapping of the composite, respectively. The
particle sizes of sulfide-based SEs prepared by the liquid
phase method usually tend to be big, up to more than 5 pm
[9, 10]. As shown in Fig. 4a, the obtained LPSI particles
appeared to have an uncertain morphology with diameters
of 1-5 pm. Meanwhile, it was found that the morphology of
the graphite particle was flake-like. As shown in Fig. 4c, d,
graphite particles, SE particles and VGCF were homogene-
ously mixed by using the lab mixer.

Figure 5 shows the charge—discharge curves of the half-
cell with graphite composites prepared by hand mixing and
shaking. The initial discharge capacity of the cell using the
composite prepared by shaking was 372 mA h g~! higher
than the second discharge capacity. The second charge
capacity of the cell using the composites prepared by hand-
mixing decreased dramatically from the first charge capacity,
but the reduction of the second charge capacity was sup-
pressed by using the shaking method. It was suggested that
more Li* conductive paths were formed and Li* was better
inserted to graphite in the cell using the composite prepared
by shaking because of the better contacts between graphite
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Fig.4 SEM image of a the obtained LPSI SE, b graphite and ¢ the graphite composite prepared by shaking with a vortex mixer. d EDX mapping

of the graphite composite
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Fig.5 Charge—discharge curves of the half-cell with graphite com-
posite prepared by hand mixing and shaking

and SE in the composite. Thus, LPSI SE is suitable for a
graphite anode, but we need to determine better ways to pre-
pare graphite composite that has more Li* conductive paths.

4 Conclusion

The Li,P,Sql solid electrolyte was prepared by reaction of
raw materials in ethyl propionate and drying the precur-
sor in vacuum. Crystalline Li,P,S¢l was observed from the
XRD patterns of the obtained sample. It was observed that
the solid electrolyte exhibited a good stability against Li
metal from the results of cyclic voltammetry and the DC
polarization test. The all-solid-state lithium-ion battery was
fabricated by using Li—In, Li;P,S¢I and a graphite composite
prepared by mixing graphite, Li;P,S¢I and VGCF with a
vortex mixer. The Li,P,Sql solid electrolyte was suitable for
a graphite anode because the charge—discharge test exhib-
ited an initial discharge capacity of 372 mA h g™! and high
reversibility of the capacity.
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