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Solid solutions of the silicon and tin analogous phases of the superionic 
conductor Li10MP2S12 (M = Si, Sn) were synthesized by a conventional 
solid-state reaction in an evacuated silica tube at 823 K.  The ranges of the 
solid solutions were determined to be 0.20 < δ < 0.43 and -0.25 < δ < -0.01 
in Li10+δM1+δP2-δS12 (0.525 ≤ k ≤ 0.60 and 0.67 ≤ k ≤ 0.75 in Li4-kM1-kPkS4) 
for the Si and Sn systems, respectively.  The ionic conductivity of these 
systems varied as a function of the changing M ions: the Si and Sn systems 
showed lower conductivity than the Ge system, Li10+δGe1+δP2-δS12.  The 
conductivity change for different elements might be due to the lattice size 
and lithium content affecting the ionic conduction.  The relationship 
between ionic conduction, structure, and lithium concentration is discussed 
based on the structural and electrochemical information for the silicon, 
germanium, and tin systems. 

Introduction  
Solid lithium ionic conductors are of technological importance for future 
applications as solid electrolytes for all-solid-state batteries, which are expected to 
solve the safety issues in current lithium batteries by replacing flammable liquid 
electrolytes with solid electrolytes.1  The conditions required for high lithium ionic 
conductors for battery applications are considered to be as follows: (i) a high lithium 
ionic conductivity (≥ 1.0 × 10-3 S cm-1) at room temperature with negligible 
electronic conduction, (ii) high ionic transport number, (iii) electrochemical stability, 
and (iv) low-cost elements.2  Recently, a lithium containing sulphide with a 
composition of Li10GeP2S12 (LGPS) was reported to exhibit a wide electrochemical 
window of up to 5 V and an extremely high conductivity value of 1.2 × 10-2 S cm-1, 
which almost equals the conductivity values of liquid electrolytes.3  The discovery 
of LGPS opened the door to a new era of materials research, targeting new 
crystalline solid electrolytes with the same structure as LGPS.  Its structure, shown 
in Figure 1, consists of one-dimensional chains formed by LiS6 octahedra and 
(Ge0.5/P0.5)S4 tetrahedra, which are connected by a common edge, and these chains 
are connected at a corner with PS4 tetrahedra. 
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Fig.  1 Framework structure of the Li10GeP2S12 (LGPS) crystal.  Hatched blue octahedra, dark 
purple tetrahedra, and light green tetrahedra represent LiS6, (Ge0.5/P0.5)S4, and PS4.  The dotted lines 
represent the unit cell.  Lithium atoms participating in ionic conduction are not drawn for simplicity. 

 The search for new LGPS-type compounds is of practical importance for battery 
applications, because the use of rare and expensive germanium increases the cost of 
the electrolyte.  The substitution of Ge4+ with Sn4+ yields Li10SnP2S12,4 which shows 
a lower conductivity value of 4.0 × 10-3 S cm-1 at room temperature; the Si4+-
substituted material, Li11Si2PS12, was also synthesized under a high-pressure 
condition.5  On the other hand, the ionic conduction mechanism of these phases was 
studied based on information on the crystal structures,6 dynamics of ionic motion, 
and theoretical analysis.7, 8  In particular, Li10SiP2S12 has been predicted to have a 
higher bulk conductivity value than the LGPS phase, from first principle 
calculations.9  Materials synthesis and an understanding of the conduction 
mechanism in these LGPS-type analogous phases are still issues to be considered.  
 In the present study, the LGPS-related phases, Li10+δM1+δP2-δS12 where M = Si and 
Sn, were synthesized by a conventional solid-state reaction in a sealed and evacuated 
silica tube.  The ranges of the solid solutions were determined, and the conductivity 
and electrochemical stabilities were clarified.  The relationships between ionic 
conduction, metal ions, lithium content, lattice volume, and local environment of 
lithium along the conduction pathway were studied on the basis of the crystal 
structures and conductivities of these solid solutions.  The conduction mechanism is 
discussed for the Li10+δM1+δP2-δS12 (M = Si, Ge, Sn) systems with the LGPS-type 
structure in order to develop further materials design of these solid lithium ion 
conductors. 

Experimental 
The starting materials in this work were Li2S (Idemitsu Kosan, > 99.9% purity), P2S5 
(Aldrich, > 99.9% purity), SiS2 (Mitsuwa Chemical, > 99% purity), and SnS2 
(Kojundo Chemical Laboratory, > 99% purity).  These were weighed in appropriate 
molar ratios in an Ar-filled glove box, and mixed by planetary ball-milling for 40 h.  
The specimens were then pressed into pellets, sealed in a carbon-coated quartz tube 
at 10 Pa, and heated at a reaction temperature of 823 K for 3 days.  After heating, 
the tube was slowly cooled to room temperature.  The materials synthesized were 
characterized by an X-ray diffractometer (Rigaku SmartLab) with CuKα radiation.  
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Diffraction data were collected at each 0.01° step width over the 2θ range from 10° 
to 35°.  Synchrotron X-ray diffraction data for structural analysis were obtained 
using a high-flux synchrotron X-ray source at the BL19B2 beamline at SPring-8, 
operating at room temperature with a wavelength of 0.5 Å or 0.6 Å.  A Debye-
Scherrer diffraction camera was used for the measurements, and the specimens were 
sealed under vacuum in a Lindemann glass capillary (about 0.5 mm in diameter).  
The structural and profile parameters were refined by Rietveld analysis with the 
refinement program RIETAN-FP.10  Neutron diffraction data were obtained using a 
special environmental neutron powder diffractometer (SPICA) installed on the BL09 
beamline at the Japan Proton Accelerator Research Complex in Tokai, Japan.  The 
specimen was sealed in a vanadium cell (about 6 mm diameter) with an indium ring.  
Rietveld refinement of the data was performed using the Z-Rietveld program.11  
 The electrochemical window of the solid electrolyte (SE) was evaluated by cyclic 
voltammetry.  An Au electrode and a lithium electrode was used as a working, and a 
counter and reference electrode, respectively.  The asymmetric Li/ SE/ Au cell was 
examined with a scan rate of 1 mV s-1 and scan range between -0.5 V and 5 V using 
a Solartron 1287 electrochemical interface.  Ionic conductivity was measured by the 
ac impedance method in an Ar gas flow over a 253 K ≤ T ≤ 373 K temperature range 
with applied frequencies in the range between 100 Hz and 15 MHz using a Solartron 
1260 frequency response analyser.  The sample was pressed into a pellet (diameter 
11-12 mm; thickness 1-2 mm) and heated at 823 K in vacuum.  The pellet was then 
coated with Au to form electrodes.  

Results and Discussion 
Materials synthesis 

Solid solutions of the germanium system, Li10+δGe1+δP2-δS12, were synthesized with a 
composition range of 0 ≤ δ ≤ 0.35 at 823 K by the conventional solid-state 
reaction.12  Similar solid solutions can be expected for silicon- and tin-based LGPS-
type phases.  As superionic conducting phases of the LGPS-type structure exist in 
the binary Li4MS4 – Li3PS4 system (M = Si, Ge, Sn), the composition of the phase 
could be described by the formula, Li4-kM1-kPkS4, where the ratio, 1-k:k, corresponds 
to the molar ratio of M4+:P5+.  Based on the original LGPS phase, the solid solution 
is described by Li10+δM1+δP2-δS12, where the original composition of Li10GeP2S12

 (δ = 
0.0 in Li10+δM1+δP2-δS12) corresponds to k = 0.67 in Li4-kM1-kPkS4.  In the present 
study, the compositions of the solid solutions were described mainly by the k value 
in Li4-kM1-kPkS4.    

Silicon system 

A previous material search on the pseudo binary Li4SiS4 – Li3PS4 system indicated 
the existence of the lithium conducting phase, Li3.4Si0.4P0.6S4, which was regarded as 
a member of the thio-LISICON family with a conductivity value of 6.4 × 10-4 S cm-1 
at room temperature.13  The Li3.4Si0.4P0.6S4 phase is composed of a three-dimensional 
framework structure formed by isolated PS4 tetrahedral units, which is different 
from the LGPS-type structure.  The solid-state synthesis of the binary system in this 
study confirmed the existence of the LGPS-type phase with the nominal composition 
of Li3.45Si0.45P0.55S4 and Li10.35Si1.35P1.65S12 (k = 0.55 in Li4-kSi1-kPkS4 and δ = 0.35 in 
Li10+δSi1+δP2-δS12), which was close to that of the thio-LISICON phase, 
Li3.4Si0.4P0.6S4 (k = 0.6 in Li4-kSi1-kPkS4).  
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Fig. 2 (a) Synchrotron X-ray and (b) neutron Rietveld refinement patterns for Li3.55Si0.45P0.55S4 
at 298 K.  Bragg positions for secondary Li3PO4 phases are represented by the lower vertical marks. 

Table 1 Rietveld refinement results for Li3.45Si0.45P0.55S4 at 298 Ka. 

Atom Site g x y z U /Å2 
Li(1) 16h 0.488(4) 0.2657(5) 0.2641(5) 0.1946(3) — 
Li(2) 4d 1 0 0.5 0.94524(13) — 
Li(3) 8f 0.716(8) 0.24717(13) 0.24717(13) 0 — 
Li(4) 4c 0.791(3) 0 0 0.24973(19) — 
Si(1) 4d 0.675 0 0.5 0.69145(6) 0.02252(18) 
P(1) 4d 0.325 0 0.5 0.69145(6) 0.02252(18) 
P(2) 2b 1 0 0 0.5 0.0322(2) 
S(1) 8g 1 0 0.18779(7) 0.40795(5) 0.0290(2) 
S(2) 8g 1 0 0.29962(8) 0.09879(7) 0.0310(2) 
S(3) 8g 1 0 0.69561(9) 0.79026(6) 0.0262(2) 
       
Atom U11 /Å2 b U22 /Å2 U33 /Å2 U12 /Å2 U13 /Å2 U23 /Å2 
Li(1) 0.126(4) 0.007(3) 0.329(14) 0.0261(18) 0.061(4) -0.029(4) 
Li(2) 0.0760(17) 0.0952(17) 0.0075(14) 0 0 0 
Li(3) 0.075(2) 0.075(2) 0.352(9) -0.0508(18) 0.141(2) -0.141(2) 
Li(4) 0.097(3) 0.207(4) 0.060(3) 0 0 0 
a Note: space group P42 /nmc (137), a = 8.669578(18) Å, c = 12.536058(48) Å, Rwp = 2.46 %, Rp = 
1.92 %, S = Rwp/ Re =5.66, RB = 2.26 %, RF = 3.30 %.  b The form of the anisotropic temperature 
factor is exp[-2π2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2hka*b*U11 + 2hla*c*U13 + 2klb*c*U23)]. 

 
Figure 2(a) shows synchrotron X-ray diffraction patterns of Li3.45Si0.45P0.55S4.  All 
the diffraction peaks were indexed by the same space group as LGPS, P42/nmc (137), 
although small diffraction peaks indexed by Li3PO4, which was present in the raw 
starting materials, were also observed.  The amount of the impurity phase was 
calculated to be ca. 3.8wt% by Rietveld refinements.  The refined lattice parameters, 
a = 8.67088(8) Å and c = 12.53955(19) Å, are smaller than those of LGPS (a = 
8.71771(5) Å and c = 12.63452(10) Å),3 indicating that Ge4+(ionic radii r = 0.39 Å) 
ions are substituted by Si4+(r = 0.26 Å).13  The structure parameters were refined by 
Rietveld analysis using neutron diffraction data at room temperature.  The 
composition was fixed to Li3.45Si0.45P0.55S4 and multiphase models were employed 
for the small amount of impurity phase throughout the refinements.  The structure 
model of the LGPS was used for the initial refinement.  Four lithium sites reported 
recently, 9, 12 the 16h, 4d, 8f, and 4c sites, were employed as initial positions.  Initial 
atomic positions for other elements were as follows: S at 8g sites, P at 2b sites and 
4d sites, and Si at 4d sites.  Isotropic Debye-Waller factors were used for all atoms 
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at the initial stage of the refinements, and then anisotropic Debye-Waller factors 
were applied to the four Li atoms.  Several structure models were examined to 
determine the Si position; the model of Si in the 4d site provided better fitting 
results than the structure model with partial disordering of Si in the 2b site.  Lithium 
was found to be distributed over four sites: Li(1) on the 16h site (site occupation 
parameter, g = 0.488(4)), Li(2) on the 4d site (g = 1.0), Li(3) on the 8f site (g = 
0.716(8)), and Li(4) on the 4c site (g=0.791(3)).  These results confirmed that the 
Li3.45Si0.45P0.55S4 phase is iso-structural to the LGPS phase.  Figure 2(b) shows the 
neutron Rietveld refinement pattern and Table 1 lists the final structure parameters 
for Li3.45Si0.45P0.55S4. 

Silicon solid-solution system  

Solid solutions were synthesized according to the composition Li4-kSi1-kPkS4.  Figure 
3(a) shows X-ray diffraction patterns for the samples with 0.45 ≤ k ≤ 0.65 in Li4-kSi1-

kPkS4, together with the diffraction data for Li4SiS4 and β-Li3PS4,13, 14 which 
corresponds to the composition, k = 0 and 1.0, respectively.  The figure shows select 
diffraction lines, indicating a continuous peak shift in the composition range of 
0.525 ≤ k ≤ 0.60.  The samples for k = 0.45 and 0.50 show additional diffraction 
lines due to the phase with a similar structure to Li4SiS4.  On the other hand, the 
sample with k = 0.65 shows diffraction lines due to the presence of β-Li3PS4.  The 
lattice parameters, a and c, and volume V were calculated based on the LGPS-type 
structure.  Figure 3(b) shows the lattice parameters and volume of Li4-kSi1-kPkS4.  A 
continuous decrease in the lattice parameters was observed with the variation of k 
from 0.525 to 0.60, which corresponds to the range of the solid solution.   

 
Fig. 3 (a) XRD patterns (left) and peak shifts (right) for the sample, Li4-kSi1-kPkS4 (0.45 ≤ k ≤ 
0.65).  XRD patterns for Li4SiS4 and β-Li3PS4 are also shown.  (b) Composition dependence of the 
lattice parameters in LGPS-type phase with k in Li4-kSi1-kPkS4. 
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The decrease in the lattice parameter is due to a decrease in the silicon content (Si4+: 
r = 0.26 Å; P5+: r = 0.17 Å), and also due to a decrease in the lithium content in the 
structure.     

Tin solid-solution system  

The solid solution of the Sn-substituted system was synthesized at 823 K by the 
solid-state reaction based on the composition, 0.50 ≤ k ≤ 0.75 in Li4-kSn1-kPkS4 (-0.25 
≤ δ ≤ 0.50 in Li10+δSn1+δP2-δS12), which is near the original LGPS composition of 
Li10SnP2S12.  Figure 4(a) shows X-ray diffraction patterns for the sample with Li4-

kSn1-kPkS4 (0.50 ≤ k ≤ 0.75).  The mono-phasic region of the LGPS-type structure 
was obtained near the composition k = 0.73, and the samples with the compositions 
0.50 ≤ k ≤ 0.65 and k = 0.75 showed additional diffraction peaks due to the Li4SnS4-
type phase and the β-Li3PS4-type phase, respectively.14, 15  On the other hand, the 
sample with 0.67 ≤ k ≤ 0.72 showed diffraction peaks from a small amount of 
impurity phases, and the samples with k = 0.73 and 0.74 were found to be mono-
phasic in character.  Figure 4(b) shows the lattice parameters and volume of the Li4-

kSn1-kPkS4 phase obtained in the present study.  The lattice parameters decreased 
from k = 0.67 to 0.75, indicating the formation of the solid solution.  The decrease in 
the lattice parameter is due to a decrease in the amount of Sn4+ ions that have a 
larger ionic radius (r = 0.55 Å) than the P5+ ion (r = 0.17 Å), and also due to a 
decrease in the lithium content in the structure.    
 

 
Fig. 4 (a) XRD patterns (left) and peak shifts (right) for the sample, Li4-kSn1-kPkS4 (0.50 ≤ k ≤ 
0.75).  (b) Composition dependence of the lattice parameters in the LGPS-type phase as a function 
of k in Li4-kSn1-kPkS4. 
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Fig. 5 (a) Composition dependence of the lattice volume in monophasic of LGPS-type phase 
with k in Li4-kM1-kPkS4 (M = Si, Ge, Sn).  (b) Variation in polyhedral volumes of monophasic LGPS-
type phase as a function of lattice volume V.  The values were calculated based on Rietveld analysis 
of synchrotron X-ray diffraction data for M = Si and Sn.  For M = Ge, the values were calculated 
based on a previous study. 12 

Solid solutions of the LGPS-type phases 

LGPS-type phases were synthesized in the Si (ref.5, present study), Ge (ref.12), and 
Sn (ref.4, present study) systems, and all the LGPS-type phases form a solid solution 
with the composition Li4-kM1-kPkS4 (M = Si, Ge, Sn).  Figure 5(a) summarizes the 
lattice volume data of the LGPS-type solid solutions as a function of k.  Each system 
has a different range of the solid solutions: 0.525 ≤ k ≤ 0.60, 0.50 ≤ k ≤ 0.67, and 
0.67 ≤ k ≤ 0.75 in Li4-kM1-kPkS4 for the Si, Ge, and Sn systems, respectively.  The 
differences in the single-phase region are discussed below in relation to the size of 
the cations (Si4+, Ge4+, and Sn4+), which are present in the tetrahedral unit, (M/P)S4 
on the 4d sites.  Figure 5(b) shows the volume of the (M/P)S4 unit as a function of 
the lattice volume together with other polyhedral units consisting of the framework 
structure, LiS6 octahedra, and PS4 tetrahedra.  The volume of the (M/P)S4 unit 
became larger depending on the cation size in the order of M = Si4+, Ge4+, and Sn4+.  
This indicates that the M ions occupy the (M/P)S4 tetrahedra.  In contrast to the case 
of the (M/P)S4 unit, no significant volume changes were observed for the PS4 
tetrahedra, which connect four LiS6 octahedra in the one-dimensional framework 
chain by sharing S(1) as shown in Figure 6(a).  This is consistent with the structure 
analysis results that no metal ions are situated at the P (2b) sites.  The dependence 
on the size of the M4+ ions was also observed in the volume of the LiS6 unit.  The 
volume of the octahedra is affected by the size of the (M/P)S4 tetrahedra, because the 
octahedra share their S(2)-S(2) and S(3)-S(3) edges with the (M/P)S4 tetrahedra.  
 Figure 6(b) shows the atomic distances between sulphide atoms at LiS6 octahedra 
as a function of k in Li4-kM1-kPkS4 (M = Si, Ge, Sn).  The S(1)-S(1) distance was 
maintained constant with the variation of M and k, because no changes in the volume  
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Fig. 6 (a) Coordination of sulphide atoms at LiS6 octahedra.  The large blue sphere represents 
Li(2), which is situated in the LiS6 octahedra.  Small spheres represent sulphide atoms.  White 
spheres: S(1); grey  spheres: S(2); black spheres: S(3).  (b) Composition dependence of distances 
between sulphide atoms in the LiS6 unit of the LGPS-type phase as a function of k in Li4-kM1-kPkS4. 
The values were calculated based on Rietveld analysis of synchrotron X-ray diffraction data for M = 
Si and Sn.  For M = Ge, the values were calculated based on a previous study. 12  

were observed for the PS4 unit, which connects LiS6 octahedra by sharing S(1).  On 
the other hand, the S(2)-S(2) and S(3)-S(3) distances of all samples changed in the 
range of  3.47-3.70 and 3.35-3.63 Å, respectively.  The ranges of the distances might 
be related to the composition range of the solid solution; the smallest and largest 
values of the S-S bond distances correspond to the limit of the solid solution. 
 The compositions of the mono-phasic region shift to larger k values in the order 
of Si4+, Ge4+, Sn4+, which corresponds to the change in the ionic radius of Si4+ < 
Ge4+ < Sn4+.  The single-phase region in the Si system ranges from k = 0.525 to k = 
0.60, while the region in the Ge system expands to k = 0.67.  The mono-phasic 
region in the Sn system shifts to a higher k range compared to the Ge and Si systems.  

Electrochemical properties 

The electrochemical stability of the solid electrolytes synthesized in the present 
study was measured by cyclic voltammetry using Li and Au as electrodes.  Figure 
7(a) shows the cyclic voltammograms of solid electrolytes with compositions of 
Li3.45Si0.45P0.55S4 (k = 0.55 in Li4-kSi1-kPkS4) and Li3.27Sn0.27P0.73S4 (k = 0.73 in Li4-

kSn1-kPkS4).  For both electrolytes, oxidization and reduction peaks are observed near 
0 V vs. Li+/Li.  On the other hand, no significant reactions were observed up to 5 V 
vs. Li+/Li.  These results indicate that both electrolytes have a wide electrochemical 
window. 
 Ionic conductivity was measured by the ac impedance method over the 
temperature range of 253 K ≤ T ≤ 373 K with applied frequencies in the range 
between 100 Hz and 15 MHz.  The conductivity values were determined from 
impedance plots of the data.   
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Fig. 7 (a) Cyclic voltammograms for LGPS type phases, Li3.45Si0.45P0.55S4 (upper) and 
Li3.27Sn0.27P0.73S4 (lower).  (b) Arrhenius plots and cole-cole plots for Li3.45Si0.45P0.55S4. 

Figure 7(b) shows the impedance and Arrhenius plots of Li3.45Si0.45P0.55S4 (k = 0.55 
in Li4-kSi1-kPkS4).  The impedance plots consist of a semicircle and a spike, which 
respectively correspond to contributions from the bulk/grain boundary and the 
electrode.  The total conductivity at each temperature was obtained as a sum of the 
bulk and grain boundary resistances.  The activation energy for ionic conduction was 
calculated to be 0.27 eV, which is a typical value for superionic conductors.  The 
total conductivity value of 6.7 × 10-3 S cm-1 at room temperature was slightly lower 
than that of the Ge system, LGPS (1.2 × 10-2 S cm-1), and was higher than that of 
Li3.4Si0.4P0.6S4 with the thio-LISICON phase (6.4 × 10-4 S cm-1).  Although these two 
compositions are close to each other (Li3.45Si0.45P0.55S4 with the LGPS-type and 
Li3.4Si0.4P0.6S4 with the thio-LISICON-type), the LGPS structure provided higher 
lithium ionic conduction. 
 Figure 8(a) shows the total ionic conductivities at room temperature for the mono-
phasic composition ranges for all the LGPS-type phases as a function of k in Li4-kM1-

kPkS4 (M = Si, Ge, Sn).  For the Si system, the maximum conductivity was obtained 
at k = 0.55, smaller than that observed for the Ge system at k = 0.55.  For M = Sn, 
the conductivity of the sample with k = 0.67 (the nominal composition of 
Li10SnP2S12, which is out of the solid-solution range) was close to the reported 
values (3.7 × 10-3 S cm-1 in this study and 4.0 × 10-3 S cm-1 in a previous study4).  
However, the maximum value of 5.0 × 10-3 S cm-1 was obtained at k = 0.73, which 
indicates that the single-phase of the LGPS-type has higher conductivity.  Figure 
8(b) illustrates the relationships between the ionic conductivity, lattice volume, and 
composition parameter k in Li4-kM1-kPkS4 (M = Si, Ge, Sn).  The lattice volume plays 
a key role for the Si and Ge systems; the compositions of the larger volume show 
higher ionic conductivity values.  On the other hand, the k value also affects ionic 
conductivity for the Sn system.  Although a large lattice volume was obtained for 
the Sn system, lower ionic conductivity was observed.  This can be explained by 
larger k values of Li4-kM1-kPkS4 for the Sn system, which corresponds to smaller 
amounts of Li ions in the unit cell.  Low concentration of lithium for conduction 
might result in lower ionic conductivity compared to the Si and Ge systems. 
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Fig. 8 (a) Composition dependence of the ionic conductivity at room temperature in the LGPS-
type phase with k in Li4-kM1-kPkS4 (M = Si, Ge, and Sn).  (b) The relationships between ionic 
conductivity, lattice volume and composition parameter in monophasic LGPS-type phases.  For 
germanium related systems (M = Ge; M = Ge, Si; M = Ge, Sn), the values are cited from previous 
studies.12, 16  

 The ionic conductivity of the LGPS-type phase might be understood by the lattice 
volume and the lithium concentration that participates in the ionic conduction. 
(i) A large lattice volume yields high ionic conductivity.  To increase the lattice 
volume, the choice of the M atoms is important.  The M atoms situate in the (M/P)S4 
tetrahedra which form a one-dimensional framework chain and this expands the cell 
volume according to the ionic radii:  Si4+ < Ge4+ < Sn4+. 
(ii) The change in the lattice volume is related to the structure restriction.  The 
change in the size of the one-dimensional framework polyhedra (LiS6 octahedra and 
(M/P)S4 tetrahedra) might be restricted by the S(2)-S(2) and S(3)-S(3) distances, 
which were found to determine the single phase region. 
(iii) As the aliovalent M cation changes the lithium composition, the lithium 
concentration that participates in the ionic conduction is determined by the higher 
and lower limits of the lattice volume.  Therefore, the range of the solid solution 
changed with the lattice volume; 0.525 ≤ k ≤ 0.60 for M = Si, 0.50 ≤ k ≤ 0.67 for M 
= Ge, and 0.67 ≤ k ≤ 0.75 for M = Sn in the composition, Li4-kM1-kPkS4 (M = Si, Ge, 
Sn).  Since the lithium concentration in the Sn system is lower than in the other two 
systems, the conductivity of the Sn system is lower than those of the Ge and Si 
systems. 

Conclusion  
The solid solutions of LGPS-type phases have been investigated for the composition 
of Li4-kM1-kPkS4 with M = Si, Ge, and Sn.  The LGPS-type phase of the Si system 
was successfully synthesized by a solid-state reaction in an evacuated sealed tube.   
All the systems showed a certain range of solid solution, and the composition range 
in each system depended on the ionic radii of the substituted cation (M4+).  The ionic 
conductivity changed with the size of the M cations and Li compositions.  Although 
the highest ionic conduction was proposed by first principle calculation, the Si 
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system showed lower ionic conductivity than the Ge system.  
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