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Abstract Development of Li,S—P,Ss-based glass-ceramic
electrolytes is reviewed. Superionic crystals of Li;P;S;; and
Li; »5Po.95S4 were precipitated from the Li,S—P,Ss glasses
at the selected compositions. These high temperature or
metastable phases enhanced conductivity of glass ceramics
up to over 10 °S cm ! at room temperature. The original
(or mother) glass electrolytes itself showed somewhat lower
conductivity of 10*S cm™' and have important role as a
precursor for obtaining the superionic crystals, which were
not synthesized by a conventional solid-state reaction. The
substitution of P,0s for P,Ss at the composition
70Li,S:30P,S5 (mol%) improved both conductivity and
electrochemical stability of glass-ceramic electrolytes. The
all-solid-state In/LiCoO, cell using the 70Li,S-27P,S5-3P,05
(mol%) glass-ceramic electrolyte showed initial capacity of
105 mAh g ' (gram of LiCoO,) at the current density of
0.13 mA cm 2 and exhibited higher electrochemical perfor-
mance than that using the 70Li,S-30P,Ss glass-ceramic
electrolyte.

Keywords Solid electrolyte - Glass - Glass ceramic -
Sulfide - Lithium battery - All-solid-state battery
Introduction

All-solid-state lithium rechargeable batteries have attracted

much attention because the replacement of conventional
liquid electrolytes with inorganic solid electrolytes essen-
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tially improves safety and reliability of lithium batteries [1—
4]. There are two approaches of developing all-solid-state
batteries: one is a thin film micro battery prepared by RF
sputtering and laser ablation and the other is a bulk-type
battery constructed of electrolyte and electrode powders.
Several all-solid-state thin film batteries with the lithium
phosphorus oxynitride (LiPON) glass as an electrolyte were
reported to show excellent long-cycling performances at
room temperature. The ambient conductivity of the LiPON
is about 10°S cm™', which is not so high in lithium ion
conductors reported so far. The LiPON can be applied as a
solid electrolyte to thin film batteries because total
resistance of electrolyte is kept small by reducing the
thickness of the electrolyte film. The bulk-type battery has
an advantage of enhancing cell capacity by the addition of
large amounts of active materials to the cell. Utilizing
highly lithium ion conducting solid electrolytes is a key to
improve the cell performance.

Lithium ion conducting solid electrolytes have been
extensively developed during the last three decades. The
inorganic solid electrolytes offer advantages over liquid and
organic polymer electrolytes such as free of hazards of
leakage and nonflammability. Single ion conduction is also
an important feature of inorganic materials. Only Li ions
are mobile while the counter anions and other cations form
a rigid network, suggesting that undesirable side reactions
or decomposition of the electrolytes due to anion conduc-
tion would be suppressed in electrochemical cells.

In general, sulfide electrolytes are known to show higher
conductivity than oxide electrolytes. Li,S-based glasses [5—
7] and crystals [8, 9] exhibited lithium ion conductivity of
10*-10°S ecm ™' at room temperature. Sulfide glass
ceramics, which are prepared by crystallization of sulfide
glasses, are also attractive solid electrolytes. In particular,
the glass ceramics in the binary system Li,S—P,S5 showed
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high conductivity of over 10>S cm ' because superionic
crystalline phases were precipitated by careful heat treat-
ment of mother glasses [10—12]. Those superionic crystals
are mostly metastable or high-temperature phases, which
are difficult to be synthesized by conventional solid-state
reaction.

In this paper, the development of Li,S—P,Ss-based glass-
ceramic electrolytes is reviewed. The mechanical milling
and melt quenching methods were used for preparation of
the Li,S—P,S5 glasses. The Li,S—P,S5 glass ceramics were
obtained by crystallization at several heat treatment temper-
atures from the glasses at different Li,S compositions.
Electrical and electrochemical properties and structure of
the glass-ceramic electrolytes are demonstrated. Effects of
the substitution of P,Os for P,Ss on property and structure
of Li,S—P,S5 glass ceramics are discussed. The application
of the Li,S—P,Ss—P,05 glass-ceramic electrolytes to all-
solid-state lithium rechargeable batteries is also reported.

Experimental

The glasses in the systems Li,S—P,Ss and Li,S—P,S5—P,05
were prepared by mechanical milling using a planetary ball
mill apparatus. The mixture of reagent-grade crystals of
Li,S (Idemitsu Kosan, 99.9%), P,Ss (Aldrich, 99%), and
P,Os5 (Aldrich, 99.99%) was put into an alumina pot with
several alumina balls. The ball-milling process was con-
ducted at room temperature under dry Ar atmosphere and
the rotation speed was fixed to 370 rpm [13]. The glasses
were also prepared by melt quenching. The mixture of
reagent-grade crystals was put into a carbon-coated quartz
tube and then the tube was sealed under vacuum. Melting
condition was fixed at 750°C for 10 h [14]. The glasses
were obtained by quenching of molten samples with an ice
water. The glass ceramics were prepared by heating the
glasses at temperatures higher than the crystallization
temperature. All the processes were carried out in a dry
Ar-filled glove box.

X-ray diffraction measurements (CuK«) were performed
using a diffractometer (M18XHF*2-SRA, MAC Science) to
identify crystals in glass ceramics. Local structures of the
samples were analyzed by Raman spectroscopy using a
spectrometer (NR-1000, JASCO) equipped with an Ar"
laser (514.5 nm) and solid-state >'P MAS-NMR measure-
ments using a spectrometer (Varian, Unity Inova 300). A
single pulse sequence with 7t/2 pulse of 2.0 us and a cycle
pulse delay of 5.0 s were used in the NMR measurement.
The size of electrolyte powders was examined by using a
scanning electron microscope (SEM; JEOL, JSM-5300).

Electrical conductivities were measured for the pelletized
samples with 10 mm in diameter and about 1 mm in
thickness. A carbon paste diluted with anhydrous toluene
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was applied on both sides of a sample and carbon
electrodes were formed after heat treatment. AC impedance
measurements were carried out in dry Ar atmosphere using
an impedance analyzer (SI1260, Solartron) in the frequency
range of 10 Hz to 8 MHz.

Electrochemical properties of the glass ceramics were
evaluated by a cyclic voltammetry technique. A stainless
steel disk as a working electrode and a lithium foil as a
counter electrode were attached on each face of the pellet.
The potential sweep was performed using a potentiostat/
galvanostat device (SI 1287, Solartron) with a scanning rate
of I mV s

All-solid-state In/LiCoO, cells using the Li,S—P,Ss—
P,0Os5 glass-ceramic electrolytes were constructed as
follows. The LiCoO, (Toda Kogyo Corp.) and the glass-
ceramic electrolyte with a weight ratio of 70:30 were mixed
using an agate mortar to prepare a composite positive
electrode. An indium foil was used as a negative electrode
because indium electrode stably works as a counter
electrode in all-solid-state cells using sulfide solid electro-
lytes [15]. A bilayer pellet consisting of the composite
positive electrode (10 mg) and glass-ceramic solid elec-
trolytes (80 mg) was obtained by pressing under
360 MPa(10 mmg¢); then indium foil was attached to the
bilayer pellet by pressing under 240 MPa. The pellet was
sandwiched in between two stainless steel rods; the
stainless steel rods were used as current collectors for both
positive and negative electrodes. All processes were
performed in a dry Ar-filled glove box.

Results and discussion

Characterization of Li,S—P,Ss glass electrolytes prepared
by mechanical milling

The sulfide glasses in the binary system Li,S-P,S5 were
prepared by mechanical milling technique. The mechano-
chemical process is basically a room temperature process
with no vaporization of sulfides. Fine powder electrolytes
are obtained directly from starting materials by the process.
Those fine sulfide electrolyte powders are suitable for good
contact with the electrode materials in fabrication of bulk-
type all-solid-state batteries. Figure 1 shows the SEM
image of the 70Li,S-:30P,S5 (mol%) glass sample prepared
by mechanical milling for 20 h. The obtained sample was
agglomerated particles and the size of secondary particles
was 1-5 pum. The sample showed halo pattern in X-ray
diffraction and typical glass transition phenomenon at ca.
210°C in thermal analysis, indicating that the obtained
sample was in glass state.

Local structure of the milled glass was compared with
that of glass prepared by conventional melt quenching.
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Fig. 1 SEM image of the 70Li,S-30P,Ss (mol%) glass powder
prepared by mechanical milling for 20 h

Figure 2 shows the Raman spectra of the 70Li,S-30P,S5
glasses prepared by mechanical milling and melt quench-
ing. The spectrum of the milled glass was quite similar to
that of the quenched glass. Two peaks at 420 and 410 cm ™'
were observed in both the spectra. The peaks at 420 and
410 cm ! are attributable to the PS437 and PZS747 ions,
respectively [16]. The local structure around phosphorus
atoms of the milled glass was almost the same as that of the
melt quenched glass.

Characterization of Li,S—P,Ss glass-ceramic electrolytes

X-ray diffraction and differential thermal analysis were
carried out for xLi,S(100—x)P,Ss glass samples in the
composition range from x=67 to 87.5 mol% prepared by
mechanical milling for 20 h. Halo patterns were observed
for all the glasses, although broad diffraction peaks due to
the Li,S crystal as a starting material were still present in
the compositions with 80 mol% Li,S or more. Furthermore,
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Fig. 2 Raman spectra of the 70Li,S-30P,Ss (mol%) glasses prepared
by mechanical milling and melt quenching

the first exothermic peak due to crystallization was
observed in the temperature range from 220°C to 260°C
for all the glasses. Hence, the Li,S—P,Ss glass ceramics
were prepared by heating the milled glasses over the first
crystallization temperatures.

Figure 3 shows the XRD patterns of the xLi,S(100—x)
P,Ss (x=67, 70, 75, 80, and 87.5 mol%) glass ceramics.
The LizP,S4 crystal was mainly precipitated in the glass
ceramic with 67 mol% Li,S, while the Li;P3S;; crystal
[17] was formed in the glass ceramic with 70 mol% Li,S.
In the glass ceramics with 75 mol% Li,S or more, crystals
analogous to thio-LISICON Lis.,GeP;-,S, solid solution
were precipitated. In the binary system Li,S—P,Ss without any
Ge atoms, Lis . s5,P, -S4 with phosphorus deficiency would be
formed; thio-LISICON region III (Li;,Gey,PpS4) analog,
the Liz»Pp96S4 crystal, was precipitated in the glass ceramic
of x:75, while thio-LISICON region 1T (Li3'25Geo_25P0'7ss4)
analog, the Liz,sPg9s5S4 crystal, was precipitated in the
glass ceramics of x=80 and 87.5.

Crystals such as Li;PS; and LiyP,Sg showed low
conductivity of below 107’S cm™' at room temperature
[16], resulting in lower conductivity of the glass ceramic of
x=67. The thio-LISICON region II and III crystals were
reported to show high conductivity of 2.2x10° and 6.4x%
10*S em™', respectively [8]. The formation of highly
conductive thio-LISICON analogs is responsible for the
enhancement of conductivity (ca. 10S cm™') by crystal-
lization at the compositions with 75 mol% Li,S or more.
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Fig. 3 XRD patterns of the xLi,S-(100—x)P,Ss (mol%) glass

ceramics obtained by heating the glasses up to their first crystallization
temperatures
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Table 1 Crystalline phases, electrical conductivity at 25°C, and activation energy for conduction of the 70Li,S-30P,Ss (mol%) glass-ceramic

electrolytes prepared by heat treatment at several temperatures

heat treatment temperature (°C) Precipitated crystal

Conductivity at 25°C (Sem ')

Activation energy for conduction (kJmol ")

None Glass

250 Li;P5Sy;

360 Li;P5Sy,;

550 LigP,S¢, Liz 2Pg.06S4

Solid-state reaction LisP,Se, LizPSy

5.4x107° 38
22x1073 18
3.2x1073 12
1.1x107° 50
1.0x10°% 55

The data for the 70Li,S-30P,S5 crystal prepared by solid-state reaction is also listed

The glass ceramic of x=70 with Li;P3S;; showed the
highest conductivity of 2.2x107S cm™' at room tempera-
ture and the lowest activation energy for conduction of
18 kJ mol ™! among all the Li,S—P,Ss glass ceramics. The
crystal structure of Li;P3S;; was clarified by the Rietveld
analysis based on synchrotron XRD measurements [17].
The compound crystallized in a triclinic cell with space
group of P-1, and contains P,S; ditetrahedra and PS,
tetrahedra. The lithium atoms are located around the P,S,
and PS, and surrounded by three to five sulfur atoms.

The thermal stability of the superionic Li;P3S; crystal
precipitated from the 70Li,S-30P,S5 glass was investigated.
Crystalline phases, electrical conductivity at 25°C, and
activation energy for conduction of the 70Li,S-30P,Ss
glass-ceramic electrolytes prepared by heat treatment at
several temperatures are listed in Table 1. The data for the
70Li,S-30P,S5 crystal prepared by solid-state reaction is
also listed.

In the 70Li,S-30P,S5 glass ceramic, the Li;P3S;; crystal
was precipitated as a primary crystal by heating the glass at
250°C over the first crystallization temperature. The
Li;P5S;; crystal with higher crystallinity was present at
heat treatment of 360°C. The crystal, however, disappeared
after heating up to 550°C, and the LisP,S¢ (main phase)
and Li3»Pg96S4 crystals were formed; the LisP,S4 crystal
was synthesized by solid-state reaction of Li,S and P,Ss
crystals. With an increase in heat treatment temperatures up
to 550°C, the Li;P;S;; crystal was transformed to thermo-
dynamically stable phases such as the LiyP,S¢ crystal. The
Li;P;S;, crystal was not synthesized by conventional solid-
state reaction. Very recently, we have found that the
Li,P3S;; crystal was prepared from the 70Li,S-30P,Ss melt
[18]. The melt, which was obtained by heating at 750°C for
10 h in a silica ampoule, was kept at 700°C for 48 h for
nucleation and crystal growth, and then quenched to room
temperature. The Li;P3S;; crystal was obtained as a single
phase. The results above mentioned indicate that the
Li;P;S;; crystal is a high-temperature phase in the binary
system Li,S—P,Ss. The glass electrolyte has an advantage
as a precursor for stabilizing of a high-temperature phase of
Li,P3S;; at room temperature.
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The relationship between precipitated crystals and
conductive properties of the 70Li,S-30P,Ss glass-ceramic
electrolytes is discussed. The conductivity of the glass was
5.4x107°S ecm ' at 25°C. The conductivities of the glass
ceramics increased with increasing heat treatment temper-
ature, and then the highest conductivity of 3.2x10 S cm
was observed after heating at 360°C. The conductivity of
the glass ceramic heated at 550°C decreased to 1.1x107°
S cm™'. The heat treatment temperature dependence of the
activation energies of the glass ceramics corresponded to
that of the conductivities at 25°C. The minimum activation
energy of 12 kJ mol™' was obtained for the glass ceramic
heated at 360°C; the activation energy is the lowest one in
all the lithium ion conductors reported so far. The activation
energy of the glass ceramic heated at 550°C increased to
50 kJ mol ', The conductivities and activation energies of
the 70Li,S-30P,Ss glass ceramic largely depended on the
precipitated crystalline phases. The formation of Li;P3S;;
brought about a remarkable enhancement on conducting
properties. The crystallinity of Li;P;S;; phase was in-
creased by increasing heat treatment temperature from 250°
C to 360°C, and this is responsible for the higher
conductivity and lower activation energy of the glass
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Fig. 4 Cyclic voltammograms of the 70Li,S:(30—y)P,S5'yP,05 (y=0
and 3 mol%) glass-ceramic electrolytes
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Fig. 5 XRD patterns of the 70Li,S:(30—y)P,Ss:yP,Os (y=0 and
6 mol%) glass ceramics in the limited angle range of 21°<260<27°

ceramic prepared at 360°C. On the other hand, the
precipitation of thermodynamically stable crystals such as
LiyP,S¢ decreased the conductivity because the crystals
consisted of LiyP,S4 and Li;PS, synthesized by solid-state
reaction showed low conductivity of 1.0x10°®S cm™' and
large activation energy of 55 kJ mol '. Hence, the
formation of the high-temperature phase Li;P5S;; is a
key to achieve excellent conducting properties of the
70Li,S-:30P,S5 glass-ceramic electrolyte.

Characterization of Li,S—P,Ss—P,05 glass-ceramic
electrolytes

To improve properties of glass-ceramic electrolytes, a third
component P,Os was introduced to the Li,S—P,Ss binary

Intensity (arb.unit)

120 110 100 90 80 70 60

J /ppm

Fig. 6 >'P MAS-NMR spectra of the 70Li,S-(30—)P>S51P,05 (y=0
and 6 mol%) glasses ceramics

system. The effects of substituting P,Os for P,Ss on
properties and structure of glass ceramics were examined.
The mother glasses in the system Li,S—P,Ss—P,05 were
prepared by melt quenching and mechanical milling. Here,
we focus on the 70Li,S-(30—y)P,S5vP,05 (mol%) oxy-
sulfide glasses prepared by melt quenching because the
glass ceramic with 70 mol% Li,S exhibited the highest
conductivity in the Li,S—P,S5 binary system as mentioned
above.

The 70Li,S-(30—y)P,Ss:yP,05 oxysulfide glasses were
heated at their first crystallization temperatures (ca. 280°C)
to form glass ceramics. Electrochemical stability of the
glass ceramics as a solid electrolyte was investigated by
cyclic voltammetry. Figure 4 shows the cyclic voltammo-
grams of the 70Li,S-(30—y)P,Ss'yP,05 (y=0 and 3) glass
ceramics at the first cycle in the potential range from —0.1
to 10 V (vs. Li"/Li). The measurement was carried out at
the scan speed of 1 mV s~ at 25°C. Current at the vertical
axis was magnified in the potential range from 1 to 5 V and
shown as an inset figure. Both cathodic and anodic current
peaks attributable to deposition/dissolution of lithium metal
were observed in the potential range from —0.1 to +0.3 V,
suggesting that both the glass-ceramic electrolytes are
electrochemically stable for lithium metal. The glass
ceramics basically exhibited a wide electrochemical win-
dow of ca. 10 V because no large anodic current was
observed up to 10 V. However, a very small anodic current
(ca. 10 pA) compared to the current of the lithium
deposition/dissolution reaction (ca. 800 pA) appeared at
the voltage ca. 2 V for the 70Li,S-30P,S5 glass ceramic (x=
0). On the other hand, no obvious anodic current at 2 V was
observed for the 70Li,S-27P,S5:3P,05 glass ceramic (y=3).
Substitution of 3 mol% of P,Os for P,Ss is useful for
improving electrochemical stability of the glass ceramics.
The small anodic peak at ca. 2 V is probably attributable to
the oxidation of S free ions as a similar behavior was

5 T L] L] L] T T T
25°C
0.13 mA cm?
> 4r ]
Z charge
(]
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N} SRR = ]
o discharge >
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(8] oL y:O \ ]
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0 20 40 60 80 100 120 140

Capacity / mAh g
Fig. 7 Initial charge-discharge curves for all-solid-state In/LiCoO,

cells using the 70Li,S-(30—y)P,S5yP,0s (=0 and 3 mol%) glass-
ceramic electrolytes
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observed in the cyclic voltammogram of the 67Li,S-33P,S;
glass [19].

Electrical conductivity of glass ceramics was also
increased by the substitution of small amounts of P,Os.
The glass ceramic with 3 mol% P,0s exhibited the
conductivity of 3.0x107°S cm ™' at room temperature,
which is higher than that of the 70Li,S-30P,Ss glass
ceramic without substitution [20]. The activation energy
for conduction of 70Li,S-27P,S5:3P,05 glass ceramic was
16 kJ mol' and the value is the minimum at all the
compositions 70Li,S(30—y)P,S5:yP,0s.

XRD patterns attributable to Li,P3S;; were basically
observed for the 70Li,S-(30—y)P,S5yP,05 glass ceramics
as shown in Fig. 5. In detail, the diffraction peaks due to
Li;P;S;; shifted to the higher diffraction angle side for the
glass ceramics with 6 mol% P,0Os, suggesting that the
oxygen atoms were incorporated into the Li;P5S;; crystal.
Figure 6 shows the *'P MAS-NMR spectra of the glass
ceramics at the compositions of 70Li,S-(30—y)P,S5vP,05
(=0 and 6). The peaks at 86 and 91 ppm are attributable to
the (PS4+POS;) structural unit and the P,S; unit, respec-
tively [20]. The intensity of the peak due to the P,S; unit
was decreased with an increase in P,Os content while that
due to the (PS4+POS;) unit was increased. It was suggested
that the P,OS¢ oxysulfide unit, where a bridging oxygen is
substituted for a bridging sulfur in the P,S; unit, would be
partially formed in the 70Li,S-24P,S5-6P,05 glass ceramic.
The structural analyses mentioned above suggest that an
oxygen-incorporated Li;P3S;; crystal (Li;P3S;;-.0.) was
formed in the 70Li,S:(30—))P,SsyP,O5 glass ceramics.
Electrical and electrochemical properties of glass ceramics
mainly depend on the precipitated crystals. Those proper-
ties of the 70Li,S-30P,Ss glass ceramic was improved by
the partial substitution of P,0s, suggesting that the
Li;P3S;,-.0. crystal would have higher conductivity and
electrochemical stability than the Li;P5S;; crystal without
substitution.

All-solid-state In/LiCoO, cells using the 70Li,S-(30—y)
P>S5yP,05 (x=0 and 3) glass-ceramic electrolytes were
constructed. The glass ceramics were obtained by crystal-
lization of the mother glasses prepared by mechanical
milling. Figure 7 shows initial charge—discharge curves of
all-solid-state In/LiCoQO, cells. The cell capacity is shown as
the capacity per gram of LiCoO,. The measurements were
carried out at the current density of 0.13 mA cm > in the
voltage range from 2.0 to 3.6 V (vs. Li—In counter electrode),
which corresponds to 2.6 to 4.2 V (vs. Li electrode). Both
the cells were charged and then discharged at 25°C.
Charge—discharge plateaux were somewhat different in
both the cells; the cell using the 70Li,S-27P,S5:3P,05
oxysulfide electrolyte showed slightly lower charge plateau
and higher discharge plateau than the cell using the
70Li,S-30P,Ss sulfide electrolyte. The electrochemical
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performance of the former cell was better than that of the
latter cell, although both the cells exhibited almost the
same discharge capacity of 105 mAh g '. The enhance-
ment of electrochemical stability and conductivity in the
oxysulfide solid electrolyte is a possible reason for
improvement of electrochemical performance of all-solid-
state cells.

Conclusions

Properties and structure of glass-ceramic electrolytes in the
systems Li,S—P,S5 and Li,S-P,Ss—P,05 were investigated.
The mother glasses for obtaining glass ceramics were
prepared by mechanical milling as well as melt quenching.
Superionic crystals of Li;P3S;; and Li;;sPg95Ss were
precipitated from the Li,S—P,Ss glasses at the selected
compositions, and these high temperature or metastable
crystals enhanced conductivity of glass ceramics up to over
107°S cm ™' at room temperature. The glass electrolytes
itself showed conductivity of 107*S cm™' and have
important role as a precursor for obtaining the superionic
phases, which were not synthesized by a conventional
solid-state reaction. The substitution of P,Os for P,S5 at
the composition 70Li,S-30P,Ss improved both conductiv-
ity and electrochemical stability. The all-solid-state In/
LiCoO, cell using the 70Li,S-27P,S5:3P,05 glass-ceramic
electrolyte exhibited better electrochemical performance
than that using the 70Li,S-30P,Ss glass-ceramic electro-
lyte. The formation of an effective interface between active
material and solid electrolyte would improve battery
performance. The coating of active material with oxide
thin films was reported to be useful for decreasing
interfacial resistance and enhancing rate performance of
all-solid-state cells [21, 22]. Further development of solid
electrolyte itself and interfacial design is needed for
realizing all-solid-state cells with higher energy density
and higher power density.
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