Ultrahigh ionic conductivity in optimally sintered
Li10.35Ge1.35P1.65S12 superionic conductor
Hao Wen
Sichuan University - Wangjiang Campus: Sichuan University
Yue Jiang
Sichuan University - Wangjiang Campus: Sichuan University
Xingang Liu
Sichuan University - Wangjiang Campus: Sichuan University
Xiaohong Zhu
Sichuan University - Wangjiang Campus: Sichuan University
Chuhong Zhang (  chuhong.zhang@scu.edu.cn )
Sichuan University https://orcid.org/0000-0002-3378-7570

Nano Express
Keywords: lithium superionic conductor, sul de, solid electrolyte, solid-state reaction, lithium ion battery.
DOI: https://doi.org/10.21203/rs.3.rs-79495/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/11

Abstract
Lithium superionic conductor Li10+δGe1+δP2−δS 12 has attracted tremendous interest for advanced allsolid-state lithium ion batteries due to extremely high ionic conductivity. However, the synthetic processes
reported in literature are widely divergent, resulting in an order of magnitude difference in ionic
conductivities of the same material, but as far as we know, the in uence of synthetic conditions on ionic
conductivity has not been studied yet. Herein, we systematically investigate the in uence of sintering
temperature on phase composition and ionic conductivity of the Li10+δGe1+δP2−δS 12 compounds
synthesized by conventional solid-state reaction for the rst time. It is found that low and high sintering
temperatures lead to a low crystallinity and the formation of impurity phases, respectively. As a result, the
pure Li10.35Ge1.35P1.65S 12, well crystallized in space group P42/nmc, is fabricated by optimization of the
solid-state reaction temperature at 580 °C and its room temperature conductivity (19 mS cm− 1) is the
highest among all existing Li10+δGe1+δP2−δS 12 solid electrolytes. Meanwhile, the microstructure of
Li10.35Ge1.35P1.65S 12, being very dense and uniform, is demonstrated rstly by atomic force microscopy.

Introduction
Lithium ion batteries (LIBs) have been used as power sources for a wide range of portable electric devices
because of their high energy density, light weight and long cycle life.1 However, the safety issues, which
originate from combustible and leaky organic/liquid electrolytes, are of great concern with respect to
vehicle or grid applications.2 Solid-state electrolytes are escalating to prominence as useful components
in advanced LIBs technologies due to their excellent electrochemical stability, favorable mechanical
properties and feasible operation over a wide temperature window.3−5 Nonetheless, one major obstacle in
the application of solid-state electrolytes is that their ionic conductivities are lower than 1 mS cm− 1 at
room temperature.6 In an effort to enhance the Li-ion conductivity, there have been relentless searches
over the past few decades for new materials as solid electrolytes, such as crystalline (Li3N, LIPON
(LixPOyNz), LISICON (Li14ZnGe4O16), NASICON (Li1 + xAlxTi2−x(PO4)3), perovskite-structured
Li3xLa2/3−xTiO3 and garnet-structured Li7La3Zr2O12), glassy (Li2S-P2S 5, Li2S-GeS 2, Li2S-SiS 2) and polymer
(PEO) systems.7–14 Unfortunately, none of these materials possesses conductivities comparable to those
of organic liquid electrolytes that are currently being used in commercial LIBs.
A big step towards solving this problem has been made until the discovery of Li10GeP2S 12 (LGPS) by
Kanno et al. in 2011. The lithium ionic conductor LGPS with a different crystal structure from the thioLISICON phase shows a very high ionic conductivity of 12 mS cm− 1 at ambient temperature, which
almost equals the conductivity value of 1 M LiPF6 in the carbonate solvents.15 It is generally believed that
the high conductivity in LGPS is attributed to the fast diffusion of Li+ in its crystal structure, which
consists of PS 4 tetrahedra, (Ge0.5P0.5)S 4 tetrahedra, LiS 6 octahedra and LiS 4 tetrahedra,16–18 and more
precisely, the 3D diffusion pathways along the c channel and along the ab plane as well.19–21 The
appearance of LGPS prompted enormous efforts to synthesize this material, and corresponding all-solidPage 2/11

state batteries using this solid electrolyte were also fabricated and studied.22–24 Nevertheless, the
reported synthetic processes for LGPS are widely divergent, resulting in an order of magnitude change in
ionic conductivities (1–12 mS cm− 1).15,17,25−28 The difference of the conductivities may be caused by the
varies synthetic conditions, such as calcination temperature or time, which play an crucial role to the nal
ionic conductivities of LGPS. However, this has not been elucidated in the published literature as far as
we know. Meanwhile, it was recognized that a higher ionic conductivity can be obtained by adjusting the
stoichiometric ratio of constructing elements in LGPS, i.e. the similar solid solution system
Li10+δGe1+δP2−δS 12 (0 ≤ δ ≤ 0.5). Up to now, the highest ionic conductivity of reported Li10+δGe1+δP2−δS 12
system is 14.2 mS cm− 1 for Li10.35Ge1.35P1.65S 12 (δ = 0.35) at 27 ℃,29 but no attempt has been made to
further improve its ionic conductivity by changing the synthesis condition.
Therefore, in the present study, phase-pure Li10.35Ge1.35P1.65S 12 was synthesized by a conventional solidstate reaction method in a sealed and evacuated quartz tube. The in uences of sintering temperature on
the phase composition, crystallinity, grain size and ionic conductivities were systematically studied. Upon
process optimization, an ultrahigh ionic conductivity was achieved, reaching as high as 19 mS cm− 1.

Experimental Section
The starting materials used in this work were Li2S (Aldrich, > 99.98% purity), GeS 2 (Leshan China, >
99.999% purity) and P2S 5 (Aladdin, > 99% purity). These materials were weighed in an appropriate molar
ratio, placed into a glass bottle and mixed for 30 min using a vibrating mill. All the starting materials were
handled under a high purity argon atmosphere to prevent decomposition of the materials in reaction with
external moisture and oxygen. The homogeneously mixed powders were then sealed in a quartz tube at
0.03 Pa (evacuated by a molecular pump, T-Station 75, Edwards) and sintered at various temperatures
ranging from 550 to 600 °C in a step of 10 °C for 8 h in a furnace with 3 °C min−1 heating rate and 1 °C
min− 1 cooling rate. After that, the pre-synthesized material was ground to a ne powder using a mortar,
pressed into pellets (about 6.5 mm in diameter and 0.9 mm in thickness) under 5 MPa pressure and
sealed in a quartz tube again. In order to make the grains grow equally, the pellets were nally sintered at
a certain temperature of 550 °C with the same heating and cooling rates as those used in powder
sintering step.
Some of the sintered samples were ground to powders and sealed in quartz capillaries (about 0.7 mm in
diameter) for X-ray diffraction (XRD) measurements, using an X-ray diffractometer under transmission
mode (SmartLab3, Rigaku) with Cu Kα radiation (λ = 1.54056 Å). Diffraction data were collected at each
0.02° step width over the 2θ range from 10° to 60°. The surface morphology and grain size of the pellets
were characterized by atomic force microscopy (AFM, Anasys AFM+). Meanwhile, some other pellets
were sputtered with Au onto both sides of the pellets as electrodes by using an ion beam sputtering
system (SBC-12, KYKY, Beijing) in an Ar- lled glove box for electrochemical impedance spectroscopy
(EIS) measurements. This was performed with an Autolab PGSTAT302N system by applying an AC signal
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with amplitude of 5 mV over the frequency range from 1 MHz to 1 Hz. The ionic conductivities were
deduced from AC impedance results.

Results And Discussion
Figure 1 shows the XRD patterns of Li10.35Ge1.35P1.65S 12 sintered at different temperatures in comparison
to the computed result. The main phase of LGPS was observed in all these materials. Although the
diffraction peaks of the 550 °C sintered sample completely coincide with the computed result, the peaks
intensity is very weak, indicating poor crystallinity. As the sintering temperature is sequentially raised up
to 580 °C, the diffraction peak intensity under exactly the same measurement conditions becomes
gradually stronger and thus the 580 °C sample shows the best crystallinity. However, with a further
increase in the sintering temperature to 590 and 600 °C, the crystallinity starts to degrade. Furthermore,
other phases are noticeable in the XRD patterns and are distinctly different from those obtained in the
samples sintered below 580 °C, which are con rmed to match well with γ-Li3PS 4 and GeS 2 via the JADE
program and are marked as hollow triangle (∇) and hollow box (□) in Fig. 1, respectively. It can be seen
from the gure that the peak intensity of these impurity phases becomes stronger when the sintering
temperature increases from 590 to 600 °C, revealing that heat treatment of Li10.35Ge1.35P1.65S 12 at high
temperatures above 580 °C would lead to the formation of impurity phases like γ-Li3PS 4 and GeS 2.
Therefore, it is determined that the most suitable sintering temperature is 580 °C for the synthesis of
Li10.35Ge1.35P1.65S 12. A lower sintering temperature would result in lower crystallinity, while a higher
sintering temperature would lead to the formation of impurity phases.
The structural pro le parameters of Li10.35Ge1.35P1.65S 12 sintered at 580 °C were re ned by Rietveld
analysis with the re nement program FullProf. Figure 2 and Table 1 provide the Rietveld re nement
pattern and results. The space group P42/nmc is veri ed and the unit cell parameters obtained in our
present work (a = 8.7002 Å, c = 12.6274 Å) are similar to those reported in the literature.15−18
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Table 1
Rietveld re nement results for Li10.35Ge1.35P1.65S 12 sintered at 580 °C.
Atom

Site

x

y

z

Li1

14 h

0.24593

0.27197

0.19500

Li2

4d

0

1/2

0.94434

Li3

8f

0.23543

= x(Li3)

0

Li4

4c

0

0

0.26841

Ge1

4d

0

1/2

0.69126

P1

4d

0

1/2

0.69126

P2

2b

0

0

1/2

S1

8g

0

0.18862

0.40801

S2

8g

0

0.29416

0.09556

S3

8g

0

0.70168

0.79410

Note: Space group P42/nmc (137), a = 8.7002(3) Å, c = 12.6274(5) Å, V = 955.8119 Å3, Rp=14.2,
Rwp=14.9, Rexp=11.5, RB=2.9, RF=2.6.

AFM analysis was used here for characterization of Li10.35Ge1.35P1.65S 12’s microstructure and grain size.
Figure 3 shows the two-dimensional AFM micrographs of Li10.35Ge1.35P1.65S 12 sintered at 550, 580 and
600 °C, respectively. For each AFM image, the area in view represents a 10 µm × 10 µm square. The
roughly estimated grain size of 550 °C sintered sample is about 1–2 µm. As shown in the gure, with an
increase in sintering temperature, the grain size increases gradually, and thus, a positive correlation
between grain size and sintering temperature is obtained in Li10.35Ge1.35P1.65S 12, like what was generally
observed in many other inorganic materials. The most uniform and dense microstructure is, however,
achieved in the 580 °C sintered sample.
Figure 4 presents the room-temperature impedance spectra for the samples sintered at different
temperatures and the high frequency parts are magni ed in the inset. Similar to the widely reported
results for sul de electrolytes, these plots only exhibit an oblique line in the frequency range of 1 MHz to
1 Hz, and similarly, the horizontal intercept of oblique lines presented in Fig. 4 can be identi ed as the
total resistance R of samples. Accordingly, the ionic conductivity is calculated as σ = L/(R × A), where L
and A are the thickness and area of the pellets, respectively.30
Figure 5 illustrates the calculated room-temperature conductivities as a function of the sintering
temperature. As shown in this gure, the conductivity increases rst and then decreases with the increase
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in sintering temperature. When the sintering temperature is 550 °C, the obtained conductivity is 13.8 mS
cm− 1, and is close to the previously reported result.29 Very interestingly, the highest ionic conductivity,
obtained in the 580 °C sample, reaches as high as 19 mS cm−1. This is the highest lithium-ion
conductivity obtained experimentally at room temperature for Li10+δGe1+δP2−δS 12, to the best of our
knowledge. However, when the sintering temperature exceeds 580 °C, the ionic conductivity decreases
sharply. For example, the conductivity of the sintered sample at 600 °C (10.2 mS cm−1) is just 53.7% of
the value of the 580 °C sintered one. Taking the XRD patterns into account, the crystallinity of samples
peaks as the sintering temperature rises up to 580 °C. Moreover, the grain size of these samples increases
with increasing the sintering temperature, as previously presented in Fig. 3. Accordingly, the total
super cial area of grains does change in the same way as grain size and the Li+ migration distance
among Li10.35Ge1.35P1.65S 12 grains changes as well, and therefore, the ionic conductivity is enhanced.
Besides, the γ-Li3PS 4 phase, with a low ionic conductivity on the order of 10− 4 mS cm− 1,31 forms in the
high temperature region, which attributes to the sharp decrease of the overall conductivity. With the
highest ionic conductivity as well as the best crystallinity and microstructure, it is concluded that 580 °C
is the best sintering temperature for Li10.35Ge1.35P1.65S 12.

Conclusions
In this study, the LGPS-type solid electrolytes Li10.35Ge1.35P1.65S 12 with high ionic conductivities have
been synthesized at different sintering temperature by solid-state reaction. Either low crystallinity or
phase impurity features below and above 580 ℃, respectively, both leading to a sharp decrease in ionic
conductivity. As a result, an ultrahigh ionic conductivity of 19 mS cm− 1 is achieved for the 580 ℃
sintered sample, which is the highest values for all Li10+δGe1+δP2−δS 12 solid electrolytes reported so far.

Abbreviations
LGPS: Li10GeP2S 12; PEO: polyethylene oxide
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Figures

Figure 1
X-ray diffraction patterns for Li10.35Ge1.35P1.65S12 sintered at different temperatures (550, 560, 570,
580, 590 and 600 °C) in comparison with the computed result. The γ-Li3PS4 and GeS2 impurity phases
are marked with hollow triangle ( ) and hollow box (□), respectively.
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Figure 2
X-ray Rietveld re nement pattern for Li10.35Ge1.35P1.65S12 sintered at 580 ℃. Observed data (red
dots), calculated pattern (black line), and the difference between the two (blue line) are shown. Green
vertical bars indicate the positions of Bragg re ections.

Figure 3
Two dimensional AFM micrographs of Li10.35Ge1.35P1.65S12 sintered at (a) 550 °C, (b) 580 °C and (c)
600 °C.

Figure 4
Room-temperature impedance spectra for the samples sintered at different temperatures. The high
frequency parts are magni ed in the inset.

Page 10/11

Figure 5
Calculated conductivities at room temperature as a function of the sintering temperature for the
Li10.35Ge1.35P1.65S12 samples.
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