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Lithium superionic conductors with the Li10GeP2S12 (LGPS)-type structure are promising 
materials for use as solid electrolytes in the next-generation lithium batteries. A novel 
member of the LGPS family, Li9.42Si1.02P2.1S9.96O2.04 (LSiPSO), and its solid solutions were 
synthesized by quenching from 1273 K in the Li2S–P2S5–SiO2 pseudoternary system. 
The material exhibited an ionic conductivity as high as 3.2 ×  10−4 S  cm−1 at 298 K, 
as well as the high electrochemical stability to lithium metal, which was improved by 
the introduction of oxygen into the LGPS-type structure. An all-solid-state cell with a 
lithium metal anode and LSiPSO as the separator showed excellent performance with 
a high reversibility of 100%. Thus, oxygen doping is an effective way of improving the 
electrochemical stability of LGPS-type structure.

Keywords: li10geP2s12, lithium conductor, solid-state battery, solid electrolyte, superionic conductor, ionic 
conductor, sulfides

inTrODUcTiOn

Lithium batteries have become pervasive in our daily lives, powering portable electronics and power 
tools, and are expected to play an important role in a vast range of energy storage applications, such 
as purely electric vehicles and power back-up devices, as well as the grid-level storage of renewably 
generated energy (Armand and Tarascon, 2008; Scrosati and Garche, 2010; Dunn et al., 2011). These 
advanced applications will inevitably require batteries that exhibit higher energy and power densi-
ties, as well as the ability to be scaled-up. As such batteries undergo improvements in terms of their 
energy and power densities and size, high-performance electrolytes become essential; a new class of 
electrolytes must provide high ionic conductivity over a broad range of ambient temperatures and 
also be thermally/electrochemically stable and compatible with the more reactive electrodes used in 
the batteries to ensure higher energy and power densities (Jow et al., 2014).
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After the discovery of Li10GeP2S12 (LGPS) (Kamaya et  al., 
2011), which is a new type of lithium superionic conductor, solid 
electrolytes are expected to satisfy the abovementioned stringent 
requirements. Consequently, all-solid-state lithium batteries that 
are based on inorganic solid electrolytes have emerged as attractive 
options for the next-generation energy storage systems, as they 
exhibit fewer safety concerns in comparison to battery systems 
based on flammable organic liquids (Robinson and Janek, 2014; 
Dudney et al., 2015). Note that the superionic conductor LGPS 
exhibits a conductivity of 1.2 × 10−2 S cm−1 at room temperature, 
which is comparable to or even higher than that of the liquid 
electrolytes. The high ionic conductivity is attributable to the 
unique structure of LGPS, in which lithium ions are distributed 
along the c-axis in a three-dimensional framework composed of 
an octahedral LiS6 unit and tetrahedral PS4 and GeS4 units (Kwon 
et al., 2015; Wang et al., 2015).

So far, a number of studies motivated by this attractive feature 
of LGPS have investigated the charge/discharge performances 
of all-solid-state cells based on LGPS and have suggested that 
developing other LGPS-type solid electrolytes would be a sig-
nificant step toward the realization of all-solid-state batteries 
with higher power and energy densities (Kato et al., 2012, 2016). 
However, the following two obstacles need to be overcome 
before LGPS finds wide application as a solid electrolyte in bat-
teries: the fact that it contains germanium, which is relatively 
rare and hence expensive, and its low electrochemical stability 
when in contact with lithium metal. Note that lithium metal 
exhibits the lowest theoretical potential and a capacity as large 
as 3860 mAh g−1, which contributes to the increase in the energy 
density of batteries.

Therefore, the development of LGPS-type solid electro-
lytes with a high electrochemical stability, reasonably good 
conductivity, and low cost is desirable. Although previous 
studies have reported LGPS-type phases in the Li2S–P2S5–SiS2 
and Li2S–P2S5–SnS2 pseudoternary systems (Bron et al., 2013; 
Hori et al., 2014; Kuhn et al., 2014; Whiteley et al., 2014), the 
electrochemical stability of these LGPS-type materials needs to 
be improved further. To achieve this goal, we doped oxygen 
atoms into the LGPS-type structure. The Li2S–P2S5–SiO2 pseu-
doternary system – Li9.42Si1.02P2.1S9.96O2.04 (LSiPSO) was reported 
as an LGPS-type phase with promising preliminary results 
(Kato et al., 2016) – was selected for investigation since SiO2 is 
a relatively inexpensive and abundant material. We investigated 
in detail the properties and characteristics of the LSiPSO phase, 
such as its crystal structure, conductivity, and performance 
as a solid electrolyte in all-solid-state cell. We found that the 
oxygen atoms are introduced at specific sites in the LGPS-type 
structure and that the electrochemical stability is improved 
significantly but at the expense of a tolerable decrease in the 
lithium conductivity.

MaTerials anD MeThODs

Material synthesis and characterization
The starting materials, Li2S (Idemitsu Kosan, >99.9% purity) 
and SiO2 (Kanto Chemical Co. Ltd., >99% purity) powders, were 
milled to obtain fine particles using a ball-milling apparatus. 

These starting materials were then weighed together with P2S5 
(Aldrich, >99.9% purity) in the appropriate molar ratios in an 
Ar-filled glove box, placed in a stainless steel pot, and mixed 
for 90 min using a vibrating mill (CMT, Tl-100). The specimens 
were then pressed into pellets, placed into a carbon crucible, and 
then sealed at 10 Pa in a carbon-coated quartz tube. After being 
heated at a reaction temperature of 1273 K for 5 h, the tube was 
quenched into ice water. The X-ray diffraction (XRD) patterns 
of the samples were collected with an X-ray diffractometer 
(Rigaku, SmartLab) with CuKα1 radiation (λ = 1.5405 Å). The 
high-temperature XRD patterns were obtained using a high-flux 
synchrotron X-ray source with a wavelength of 0.5  Å at the 
B19B2 beamline at the SPring-8 facility in Hyogo, Japan. The 
measurements were made at temperatures of 300–873 K using 
a Debye–Scherrer diffraction camera; the specimens were sealed 
under vacuum in a quartz capillary (ca. 0.5  mm in diameter). 
Neutron diffraction data were collected using a time-of-flight 
diffractometer (SPICA) installed on the BL09 beamline at the 
Japan Proton Accelerator Research Complex in Tokai, Japan. The 
specimens were sealed in a vanadium cell (ca. 6 mm in diameter) 
with an indium ring. The software program Z-Rietveld was used 
to refine the structural and profile parameters (Oishi et  al., 
2009). Differential thermal analysis (DTA) was performed using 
a Rigaku Thermo plus TG8120 system at temperatures between 
room temperature and 1173 K.

electrochemical Measurements
The test cell used in this study for the electrochemical measure-
ments has been described previously (Kobayashi et  al., 2008). 
The ionic conductivity was measured by the AC impedance 
method in an Ar atmosphere at temperatures of 248–373 K. A 
signal with an amplitude of 100 mV and frequencies between 
1  Hz and 10  MHz was applied using a frequency response 
analyzer (Solartron, 1260). The sample powder was pressed into 
a pellet in a cylinder. The electrodes were prepared by pressing 
an Au powder at 444  MPa onto both sides of the pellet. The 
electrochemical window of the solid electrolyte was evaluated 
using cyclic voltammetry. The asymmetric Li/solid electrolyte/
stainless steel cell was examined with a scan rate of 1  mV  s−1 
and voltages between −0.1 and 5  V using a Solartron 1287 
electrochemical interface. The solid-state cells were constructed 
using the synthesized solid electrolyte as the separator, a 
mixture of LiNbO3-coated LiCoO2 and LGPS as the composite 
cathode (7:3 in weight ratio), and Li metal (thickness: 0.3 mm, 
diameter: 5 mm) as the anode (Ohta et al., 2007; Li et al., 2016). 
Besides LSiPSO, three LGPS-type materials (such as LGPS, 
Li10.35Si1.35P1.65S12, and Li9.81Sn0.81P2.19S12) were used as separators 
for comparison purpose. Each of these electrolyte powders of 
200 mg was pressed into a pellet in an insulator tube. The com-
posite cathode of 2–3 mg was then pressed onto one side of the 
separator-pellet, and Li metal foil was attached onto the other 
side. Cycling tests were performed at 2.55–4.25 V using a charge/
discharge testing machine (TOSCAT-3100, Toyo System). The 
current applied to the cell was 7.25 mAh g−1 (0.05 C rate), which 
corresponded to current densities of 0.015–0.019  mA  cm−2. 
The specific capacities of the cells were calculated based on the 
weight of the LiNbO3-coated LiCoO2 sample.
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FigUre 1 | composition diagram for the li2s–P2s5–siO2 
pseudoternary system. The compositions synthesized in this study are 
indicated along with the related label numbers in the magnified view of the 
diagram. The compositional formulas corresponding to these label numbers 
are also shown on the lower right-hand side.

3

Hori et al. Electrochemically Stable LGPS-Type Electrolyte

Frontiers in Energy Research | www.frontiersin.org December 2016 | Volume 4 | Article 38

resUlTs anD DiscUssiOn

synthesis
Figure 1 shows the Li2S–P2S5–SiO2 pseudoternary diagram along 
with the compositions at which the samples were obtained. Since 
the solid-solution ranges for the LGPS-type phases have been 
reported to exist in the Li4MS4–Li3PS4 system (M = Si, Ge, Sn) 
(Hori et al., 2014, 2015a), we investigated the compositions on the 
Li4SiS2O2–Li3PS4 tie line (samples #2–4) and those surrounding 
the tie line (samples #1 and #5–10).

The XRD patterns of the synthesized samples are shown in 
Figure 2. All the diffraction lines for the sample with the nominal 
composition, LSiPSO (sample #1), which was synthesized as 
described in Section “Materials and Methods,” were indexed to 
the same space group as that of the original LGPS phase [P42/nmc 
(137)], indicating that the LSiPSO phase had a LGPS-type 
structure. We tested various synthesis conditions and found that 
although the optimized mixing procedures and cooling rates are 
important for obtaining monophasic LSiPSO (see Figure S1 and 
Table S1 in Supplementary Material), the composition is more 
relevant with respect to the phase that appears in the samples. 
In the case of the compositions on the Li4SiS2O2–Li3PS4 tie line, 
the LSiPSO phase was not obtained as a pure phase; the main 
phases were a β-Li3PS4-derived phase in samples #2 and #3, a 
LSiPSO phase along with the Li7PS6 phase with an argyrodite-
like structure in sample #4, and a Si-based LGPS-type phase in 

sample #5 (Kong et al., 2010; Homma et al., 2011). For composi-
tions derived from the Li4SiS2O2–Li3PS4 tie line, the phases that 
appeared changed with the amount of SiO2 in the composition; 
for the samples with smaller amounts of SiO2 compared to the 
case for sample #4, the Li7PS6 phase and a β-Li3PS4 modification 
were observed as the main primary phases in the samples #6 and 
#7, respectively. When the amount of SiO2 in the compositions 
was increased from that in sample #4, the volume fraction of the 
LSiPSO phase also increased (samples #8–11). Since samples #8 
and #11 exhibited impurity phases such as γ-Li3PS4 and a crystal-
line SiO2 phase, it was concluded that the solid-solution range for 
the LSiPSO phase exists for compositions very similar to LSiPSO 
in the Li2S–P2S5–SiO2 pseudoternary system. The detected phases 
for each sample are listed in Table  1 along with the synthesis 
parameters.

ionic conductivity
The conductivity was measured by the AC impedance method 
using a pressed sample of powdered LSiPSO. The highest 
temperature during the measurement was restricted to 373  K, 
owing to experimental limitations; however, the thermal and 
high-temperature XRD analyses indicated that LSiPSO was 
stable at even 573 K (see Figure S2 in Supplementary Material). 
Figure 3 shows the Nyquist and Arrhenius plots for LSiPSO. The 
impedance plots at and below 298 K consisted of a semicircle in 
the high-frequency range and a spike in the low-frequency range. 
The spike is considered due to formation of a double layer in the 
electrolyte/Au electrode interface (Irvine et al., 1990). The inset 
in Figure 3A shows the equivalent circuit used for simulating the 
data at and below 298 K. It consists of a resistance and constant-
phase element (CPE) in parallel, with the two being in series 
with a CPE; these, respectively, represent the combined effects 
of the bulk and the grain boundaries and the effect of double-
layer capacitance. The capacitance value for the high-frequency 
semicircle was calculated to be 1.2–1.5 ×  10−10 F (see Table S2 
in Supplementary Material). Since the bulk and grain-boundary 
capacitances are empirically considered to be of the order of 10−12 
and 10−9 F, respectively, the capacitance values indicated that the 
observed semicircles were ascribable to the fact that the grain 
boundaries contributed more to the resistance than did the bulk 
(West, 1984; Irvine et al., 1990). The shape of the impedance plots 
above 298 K was no longer semicircular, and the spike from the 
electrode contribution was observed; the intercept to the real axis 
was used for calculating the electrical conductivity. The ionic con-
ductivity of LSiPSO was 3.2 × 10−4 S cm−1 at room temperature. 
This value is one order of magnitude smaller than that of LGPS, 
which shows the ionic conductivity of 1.2  ×  10−2  S  cm−1 for a 
sintered pellet (Kamaya et al., 2011) or 6–8 × 10−3 S cm−1 for a 
cold-pressed pellet (Kato et al., 2012; Shin et al., 2014; Han et al., 
2015). Nevertheless, the ionic conductivity value of LSiPSO meets 
the conductivity criterion (>10−4 S cm−1) proposed for practical 
electrolytes in lithium batteries (Goodenough and Kim, 2010). 
The activation energy was calculated as being 33.7 kJ mol−1, which 
is larger than that for other LGPS-type phases reported previously 
(25–26 kJ mol−1) (Kato et al., 2016). In general, oxides show larger 
grain-boundary resistances than do sulfides; we assume that 
the higher activation energy observed for the LSiPSO phase is 
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Table 1 | Methods used to prepare the various samples in the li2s–P2s5–siO2 system synthesized in this study.

no. composition Vibrational milling (min) Preparation process identified phasesa

1 Li9.42Si1.02P2.1S9.96O2.04 90 5 h at 1000°C, quench in water LSiPSO
2 Li9.3Si0.3P2.7S11.4O0.6 90 5 h at 1000°C, quench in water β-Li3PS4, LPSO
3 Li9.6Si0.6P2.4S10.8O1.2 90 5 h at 1000°C, quench in water β-Li3PS4, LSiPSO, Li7PS6

4 Li9.78Si0.78P2.22S10.44O1.56 60 1 h at 940°C, slow cooling LSiPSO, Li7PS6, β-Li3PS4

5 Li10.05Si1.05P1.95S9.9O2.1 60 1 h at 965°C, slow cooling LSiPS, Li7PS6, LPSO
6 Li10.52Si0.42P2.36S11.16O0.84 60 1.5 h at 1000°C, slow cooling Li7PS6, β-Li3PS4, γ-Li3PS4

7 Li9.15Si0.9P2.25S10.2O1.8 90 1 h at 1000°C, slow cooling LSiPSO, LPSO, β-Li3PS4

8 Li9.48Si0.98P2.12S10.04O1.96 60 1.5 h at 1000°C, slow cooling LSiPSO, Li7PS6, γ-Li3PS4

9 Li9.6Si1.02P2.064S9.96O2.04 90 5 h at 1000°C, quench in water LSiPSO
10 Li9.3Si1.05P2.1S9.9O2.1 90 5 h at 1000°C, quench in water LSiPSO, SiO2

11 Li9.2Si1.1P2.08S9.8O2.2 60 1.5 h at 1000°C, slow cooling LSiPSO, SiO2

aLPSO, Li9P3S9O3 (Takada et al., 2005); LSiPS, Si-based LGPS-type phase (Hori et al., 2014).

FigUre 2 | X-ray diffraction patterns for the synthesized samples and that of the original lgPs phase. The sample numbers and compositions 
correspond to those shown in Figure 1.
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ascribable to the larger resistance of the grain boundaries, which 
is the result of the oxide doping. This assumption was consistent 
with the fact that the capacitance value observed at 298 K was 
closer to the typical value of the grain-boundary capacitance 
than that of the bulk capacitance. The ionic conductivity would 
potentially be increased by the optimization of the annealing 
conditions, which would reduce the grain-boundary resistance.

electrochemical stability
In the present study, we studied in detail the electrochemical 
stability of LSiPSO, which had been explored briefly in a previous 

study (Kato et  al., 2016). The charge/discharge performance of 
a solid-state cell using LSiPSO and examined at 298 K is shown 
in Figure 4. The inset in Figure 4A shows a schematic drawing 
of the cell used in this study. The cell consists of the synthesized 
solid electrolyte as the separator, a composite of LiNbO3-coated 
LiCoO2 with LGPS as the cathode composite material, and Li 
metal as the anode. Figure 4A shows the charge/discharge curves 
of the cells using a different LGPS-type solid electrolyte such 
as the original LGPS phase (LGPS) and Si-/Sn-based isostruc-
tural phases such as Li10.35Si1.35P1.65S12 (LSiPS), Li9.81Sn0.81P2.19S12 
(LSnPS), and LSiPSO. The capacity was calculated based on the 
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FigUre 3 | impedance plots (a–c) and arrhenius plots of the conductivity data (D) measured at 248–373 K. The solid line in the left panel shows the fit 
obtained using the equivalent circuit (inset), which was composed of the total resistance and the constant-phase elements (CPEs), which, in turn, represent the 
combined response of the bulk and the grain boundaries, and the electrode response.

FigUre 4 | results of the charge/discharge tests of the all-solid-state cell consisting of a linbO2-coated licoO2 cathode, li9.42si1.02P2.1s9.96O2.04 (lsiPsO) 
as the electrolyte, and a li metal anode. The figure also shows the data for cells with Si-, Sn-, and Ge-based LGPS-type solid electrolytes as the separator. The left 
panel shows charge–discharge curves (a) and right panels show the capacity retention (b) and coulombic efficiency (c) as functions of the cycle number.
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FigUre 5 | current–voltage curves of the li/li9.42si1.02P2.1s9.96O2.04/stainless steel cell. The figure also shows the data corresponding to the Si-, Sn-, and 
Ge-based LGPS-type solid electrolytes.
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weight of LiCoO2 powder in the cathode composite. The plateau 
regions of the charge/discharge curves during the first cycle at 
approximately 3.9 V for all the cells probably correspond to the 
lithium extraction/insertion reaction of LiCoO2. The test cell with 
LSiPSO exhibited an initial discharge capacity of ca. 100 mAh g−1, 
which is larger than those reported for all-solid-state cells using 
a sulfide-based electrolyte and cathode and anode materials 
similar to those used in the present study (Takahara et  al., 
2004). Furthermore, LSiPSO exhibited high electrochemical 
stability during cycling. The discharge capacity of the LSiPSO cell 
remained higher than 95 mAh g−1 (>98% of the initial capacity), 
whereas the LMPS (M = Si, Ge, Sn) cell showed a rapid capacity 
fading, with the capacity eventually dropping to less than 20% of 
the initial discharge capacity, as shown in Figure 4B. Moreover, 
the charge/discharge reversibility calculated from the discharge/
charge capacity ratio, which is given in Figure 4C, also confirmed 
the better performance of the cell with LSiPSO; the efficiency of 
the LSiPSO cell reached almost 100% after the second cycle while 
LMPS showed much lower efficiency.

Previous studies have proposed that the performance of all-
solid-state cell using Li anode is closely related to the continuous 
growth of the interphase formed by reductive decomposition 
of the solid electrolyte on the Li electrode (Kanno et al., 2004; 
Takahara et  al., 2004). We presume that the capacity fading of 
the LMPS cell is due to overpotentials during charge–discharge 
processes, which could be observed when an interphase with 
low ionic conductivity continuously grows with cycling (Kanno 
et al., 2004; Whiteley et al., 2014). The irreversibility of the LMPS 

cell can be ascribed to the larger overpotential during discharge 
process than that during charge process (Whiteley et al., 2014); 
the cell voltage was dropped down to the cut-off voltage by the 
overpotential before the discharge of the cell was completed.

On the other hand, charge–discharge characteristics can be 
improved by generating stable interphase between anode and 
solid electrolyte, as demonstrated in previous studies (Kanno 
et al., 2004; Takahara et al., 2004). The excellent performance of 
the cell with LSiPSO suggests that the LSiPSO phase has stability 
to reductive decomposition on Li electrode and/or forms a stable 
interphase on Li electrode and, therefore, is expected to find 
application in high-energy density all-solid-state batteries using 
Li metal electrodes. Charge–discharge tests at high temperatures 
to demonstrate rate capabilities of the all-solid-state cell with 
LSiPSO are planned for future works.

To elucidate why the solid-state cell with LSiPSO exhibited 
better performance than those with the other LGPS-type solid 
electrolytes, the electrochemical window was examined by cyclic 
voltammetry using a lithium metal electrode as the reference. 
Figure 5 displays current–voltage curves for LSiPSO as well as 
the other LGPS-type electrolytes. No significant current was 
observed till voltages of up to 5 V (vs. Li+/Li) with respect to all 
the solid electrolytes. In addition, the shapes of the CV curves 
at 3–5  V did not change significantly over five cycles, indicat-
ing electrochemical stability with respect to oxidation when in 
contact with cathode materials having a high electrochemical 
potential (4–5  V vs. Li/Li+). This experimentally observable 
stability toward oxidation is considered due to formation of 
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FigUre 6 | schematic drawings of the lsiPsO crystal structure determined by rietveld analysis. The structure is represented by polyhedrons and 
ellipsoids; the blue and purple octahedra represent Li2(4d)[S/O]6 and Li4(4c)[S/O]6, respectively; the hatched and dark gray tetrahedra represent [Si1/P1][S/O]4 and 
P2[S/O]4, respectively; Li1(16h) and Li3(16h), which show large atomic displacement parameters, are drawn with a 50% probability as light- and dark-green ellipsoids, 
respectively. Li1 and Li3 are distributed along the c-axis in the framework composed of Li2[S/O]6 octahedra, [Si1/P1][S/O]4 tetrahedra, and P2[S/O]4 tetrahedra. The 
left side shows the top view from the c-direction. The right side shows a perspective view, in which parts of Li1, Li3, and Li4 are not drawn for simplicity. The 
coordination of the sulfide/oxide atoms in the polyhedral is indicated in the dotted rectangles along with the occupation parameters, g, for the oxide atoms.
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a passivation layer between a solid electrolyte and electrode 
(Han et  al., 2015; Richards et  al., 2016). Cathodic and anodic 
currents were observed near 0 V (vs. Li+/Li), these were partly 
owing to the lithium deposition reaction (Li+ + e− → Li) and the 
dissolution reaction (Li → Li+ + e−), respectively. However, the 
cathodic current near 0 V could also be ascribed to the reductive 
decomposition of the solid electrolyte or the interfacial reactions 
that occur on the Li electrode, while the anodic current was 
probably attributable to the corresponding reverse reactions. In 
the case of LSiPSO, the cathodic current was observed at below 
1.5 V, suggesting a reaction of LSiPSO at the electrolyte/electrode 
interface starts at this voltage. On the other hand, the ratio of 
the peak areas of anodic/cathodic current, which potentially indi-
cates reversibility of the deposition–dissolution reaction (Kondo 
et al., 1992), was much higher than that in the case of the other 
LGPS-type electrolytes. Moreover, while the shapes of the CV 
curves of the other LGPS-type materials changed significantly 
near 0 V over five cycles, the CV curves of LSiPSO underwent no 
significant change. These observations suggested the interfacial 
reaction of LSiPSO, and Li deposition–dissolution reactions were 
more reversible than those corresponding reactions in the case 
of the other LGPS-type materials. This assumption is consistent 
with our observation that the all-solid-state cell with the LSiPSO 
phase showed greater performance than those with the other 
LGPS-type materials.

structure analysis
The crystal structure of LSiPSO was analyzed based on the neu-
tron diffraction data using the Rietveld refinement. In this study, 
the structure of LSiPSO was analyzed based on the original LGPS 
composition; Li10SiP2S10O2 was used for the structural analysis.

Figure 6 shows a schematic drawing of the crystal structure 
based on the analysis. The details of the refinement results are 
described in Figure S3 and Tables S3 and S4 in Supplementary 
Material along with the refinement process. The lattice param-
eters for LSiPSO were calculated to be a  =  8.43126 (4) Å and 
c = 12.3666 (9) Å; these are smaller than those of the LGPS and 
LGPS-type phases in the Li–Si–P–S system, indicating that all 
the Ge (ionic radii r = 0.39 Å) atoms and some of the S atoms 
(r = 1.84 Å) were substituted with Si (r = 0.26 Å) and O atoms 
(r = 1.40 Å), respectively (Shannon, 1976; Hori et al., 2014). The 
Li ions were in the Li1 and Li3 sites distributed along the c-axis; 
this was in keeping with the original LGPS model. Moreover, 
these sites showed larger atomic displacement parameters than 
those of the Li2 and Li4 sites, suggesting that, in the case of 
LSiPSO, the Li1 and Li3 sites play an important role in lithium 
conduction, which is the conduction mechanism of LGPS as 
observed experimentally and suggested by previous theoretical 
studies. The O atoms were found to selectively occupy one of the 
three 8g sites (the site for S1); 76% of the total O atoms in the 
structure occupied the vertices of the P2[S/O]4 tetrahedra, which 
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connect the polyhedral chains along the Li1 and Li3 sites. The 
average [Si1/P1]–[S/O] distance in the [Si1/P1][S/O]4 tetrahedra 
(: 2.046 Å) was smaller than that for Si-based LGPS-type phase 
(: 2.094  Å) (Hori et  al., 2015b), indicating the introduction of 
O atoms, which possess a smaller ionic radius than S atoms. 
The average P2–[S/O]4 distance (: 1.789 Å) showed a significant 
decrease in comparison to the corresponding P2–S distance for 
the Si-based LGPS-type phase (: 2.005 Å); this corresponded to 
the selective substitution of oxygen atoms at the S1 site.

The doping of O atoms caused a decrease in the lattice param-
eters, which is often unfavorable for lithium conduction. The 
doped O atoms occupied vertices of the tetrahedra located at the 
centers of the tunnels along the c-axis, in which lithium atoms 
are distributed (Figure 6). These positions of the doped O atoms 
and the lowering of the conductivity of LSiPSO in comparison to 
that of the original LGPS phase supported the assumption that 
the tubes along the c-axis are the primary conduction pathways 
for lithium ions, as has also been proposed by experimental 
research as well as theoretical studies (Kwon et al., 2015; Wang 
et al., 2015). With respect to electrochemical stability, the doped 
oxygen is expected to increase it. A recent computational study 
has proposed that the inherent electrochemical stability of oxides 
is higher than that of sulfides (Richards et al., 2016). The oxygen 
doping might provide inherent electrochemical stability of the 
LSiPSO phase as well as enable formation of a stable interphase 
at the LSiPSO/Li electrode interface.

cOnclUsiOn

We doped oxygen atoms into the LGPS-type structure to improve 
its electrochemical stability. The Li2S–P2S5–SiO2 pseudoternary 
system was investigated, and the monophasic LGPS-type phase 
was obtained at the composition of LSiPSO. The LSiPSO phase 
showed a lower ionic conductivity (3.2 × 10−4 S cm−1) and higher 
activation energy (33.7 kJ mol−1) than those of the original LGPS 
phase. Impedance analysis indicated that the grain boundaries 
contributed more to the total resistance than did the bulk; the 
decreased conductivity and increased activation energy were 
attributable to the increase in the grain-boundary resistance, 
which was the result from oxygen doping. Based on the crystal 
structure analysis, we assume that the doped oxygen also affected 
the ionic conduction in bulk crystal; the doped oxygen atoms 
made the lattice size smaller, which caused the shortening of 
the primary lithium conduction pathway. On the other hand, 

the electrochemical stability was improved significantly by the 
oxygen doping. The LSiPSO phase showed higher electrochemi-
cal stability when in contact with lithium relative to those of the 
other LGPS-type phases without oxygen doping, based on cyclic 
voltammetry and charge/discharge measurements performed 
using an all-solid-state cell with Li metal as an anode and the 
synthesized solid electrolyte as the separator. Therefore, we sug-
gest that oxygen doping is an effective technique for increasing 
the electrochemical stability of sulfide superionic conductors. 
Since similar relationships between compositions and structures 
have been reported previously for the superionic conductors in 
the Li–M–P–S system (M  =  Si, Sn, and Ge) (see Figure S4 in 
Supplementary Material), the results of this study demonstrate 
that the Li–M–P–S–O system is a promising compositional space 
to investigate for electrochemically stable superionic conductors.
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