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Abstract: Sulfide-based superionic conductors with high ionic
conductivity have been explored as candidates for solid-state
Li batteries. However, moisture hypersensitivity has made their
manufacture complicated and costly and also impeded appli-
cations in batteries. Now, a sulfide-based superionic conductor
Li4Cu8Ge3S12 with superior stability was developed based on
the hard/soft acid–base theory. The compound is stable in both
moist air and aqueous LiOH aqueous solution. The electro-
chemical stability window was up to 1.5 V. An ionic con-
ductivity of 0.9 X 10@4 Scm with low activation energy of
0.33 eV was achieved without any optimization. The material
features a rigid Cu-Ge-S open framework that increases its
stability. Meanwhile, the weak bonding between Li+ and the
framework promotes ionic conductivity. This work provides
a structural configuration in which weak Li bonding in the
rigid framework promotes an environment for highly con-
ductive and stable solid-state electrolytes.

Lithium-ion batteries (LIBs) are used to power billions of
portable electronic devices and electric vehicles, and are
therefore of great importance in modern society. Neverthe-

less, the organic electrolytes in current commercialized LIBs
bring safety issues such as leakage, poor chemical stability,
and high flammability. Replacing liquid electrolytes with
solid-state inorganic electrolytes has been considered the
ultimate solution to address the safety issues.[1] Moreover,
using solid-state electrolytes for all-solid-state LIBs enable
higher energy density, power density, and better-fitting
flexible devices.[2] In the past, studies of solid electrolytes
focused largely on lithium conducting oxides, such as
LISICON,[3] LiPON,[4] garnet,[5] perovskite,[6] and anti-perov-
skite systems.[7] High fast-ion conduction were found in some
sodium and lithium salts with a large anion cluster, such as
LiCB11H12 and Na2B12H12.

[8] However, a transition temper-
ature, usually higher than room temperature, is needed to
activate these materials. Recently, significant progress has
been made with the discovery of a serious of sulfide-based
ionic conductors, including thio-LISICON, Li7P3S11,

[9] and
Li10GeP2S12.

[10] These compounds exhibit high ionic conduc-
tivities, some of which even outperform conventional liquid
electrolytes.[10]

Despite the tremendous success in improving lithium
ionic conductivity, sulfide-based solid electrolytes still face
the considerable challenge of hypersensitivity to air and
moisture.[11] When exposed to an ambient environment even
for a short time, they will hydrolyze rapidly, leading to the
release of noxious H2S gas, and a tremendous decrease in
their lithium ionic conductivity. Such instability issues
increase the processing cost and make them impractical for
some new battery configurations, such as an aqueous battery
and redox flow batteries.[12] To date, successful examples of
sulfide-based electrolytes that tolerate exposure to water are
rare.[13, 12a] Another critical factor for designing a superionic
conductor is the coordination environment of lithium, which
directly affects the ion migration and activation. It has been
proposed that the unfavorable coordination of the mobile ion
can potentially lead to high mobility, and low activation
energy,[10, 14] but the thermodynamic instability causes diffi-
culties in material synthesis. Mobile cations in most reported
sulfide-based superionic conductors adopt tetrahedral or
octahedral sites, which usually has strong bonding interaction.
Therefore, it is essential to explore other coordination
structures where Li-ions have weak bonding interaction and
thus, can bring about high ionic conductivity.

Based on the hard/soft acid–base (HSAB) theory,[15]

relatively soft acids such as GeIV and CuI prefer soft bases
such as S2@, forming strong covalent bonds and a rigid
framework. By further introducing open channels for the
migration of ions, such a structure can be a promising
candidate for superionic conductor. Herein, we report the
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design of a new compound Li4Cu8Ge3S12 (LCGS) featuring
a stable and open Cu-Ge-S framework, in which Li+ ions are
weakly bonded. LCGS shows high stability with an ionic
conductivity of 0.9 X 10@4 S cm and activation energy of
0.33 eV without any optimization. We hereby propose an
effective way to design the coordination environment of
mobile ions, and thus open up a broader scope for the crystal
design and structure search towards high-performance solid
electrolytes.

LCGS was synthesized via urothermal conditions at
200 88C (Supporting Information). Both powder and single-
crystal X-ray diffraction (XRD) were used to characterize the
crystal structure, as shown in the Supporting Information,
Figure S2 and Table S2.[25] LCGS adopts the space group of
Fm3̄c (226) where Cu, Ge, and S construct an anionic skeleton
while the lithium ions occupy the void space of the open
framework (Figure 1a). The overall three-dimensional (3D)
structure can be viewed as primitive cubic packing of
icosahedral [Cu8S12]

16@ clusters (Figure 1b) linked with
[GeS4]

4@ tetrahedra via edge sharing (Figure 1c). The result-
ing 3D open framework exhibits a cavity of 6.8 c in diameter,
and 3D channels of 2.0 c in tunnel size (Figures 1e,f), which
is larger than the 1.5 c ionic diameter of Li+.[16] Four Li ions
are statistically distributed over six equivalent cavity positions
with an occupancy of 2/3. Distinguished from most sulfide and
oxide electrolytes in which lithium ions are tetrahedrally or
octahedrally coordinated with the anions, the Li ions in the
LCGS structure reside at the planar square tunnel of the
cavity, forming square pyramid coordination with four
sulfides. The Li@S distances are 3.33(1) c, which is longer
than the typical bond lengths of 2.2–2.9 c (Supporting
Information, Table S3). Such square pyramid coordination
of Li+ is thermodynamically less stable than tetragonal or
octahedral coordination. Thus, the weakly bonded Li ions can
migrate more easily in the 3D connected sulfide open
framework. In contrast with the unstable coordination of

counter ion Li+, the strong covalent bonding of Cu@S and
Ge@S in the rigid anionic framework keeps the structural
integrity of LCGS during Li ion transport. Meanwhile, the
relatively high ratio of vacancy (33.3 %) enhances the lithium
ionic hoping probability.[7a] The difference electron density
map of the structure (Fdiff) at the z = 0.25 xy plane was
obtained by Fourier transforming the single-crystal data
(Figure 2). Large and diffused electron density was located
around the Li site (48f, 0.25 0.41 0.25), suggesting a 3D
conduction pathway. The diffused electron density along the
pathway also indicates high Li-ion mobility with a low energy
barrier, which is similar to that found in some sodium
chalcogenide superionic conductor crystals.[17]

In some copper chalcogenides, Cu can adopt a mixed
valence of + 1 and + 2, resulting in different occupancy of the
alkali counterions. Since XRD cannot accurately determine
the occupancy of Li owing to its diffuse nature, X-ray

Figure 1. Crystal structure of Li4Cu8Ge3S12. a) The structure viewed along the [100] direction. b) The model of the [Cu8S12]
16@ icosahedral cluster

and c) its connectivity with the [GeS4]
4@ tetrahedra. d) Square pyramidal coordination of the Li+ ion at the window of the anion framework cavity

with 66.7% occupancy. e) [Cu8Ge6S24]
16@ clusters form a 6.8 b diameter cavity, and f) 3D channels of 2.0 b in window size considering the radius

of S2@.

Figure 2. Difference Fourier map of the structure (Fdiff) at the z = 0.25
xy plane obtained from single-crystal data.
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photoelectron spectroscopy (XPS) and inductively coupled
plasma–atomic emission spectroscopy (ICP-AES) were used
to verify the state of Cu and concentration of Li+. As shown in
the Supporting Information, Figure S5, the single symmetric
peak of Cu 2P3/2 with a binding energy of 932.0 and 951.8 eV
confirms that only Cu+ exists in LCGS. ICP-AES gives a ratio
Li/Cu/Ge of 3.9:8.05:2.93 (Supporting Information, Table S3),
matching the theoretical formula Li4Cu8Ge3S12. Thus, the
occupancy of Li+ at site 48f is 67 %, which is important for the
migration of lithium ions.

Impedance spectroscopy was used to study the ionic
conductivity of LCGS, and the result is shown in Figure 3a.

The spectra feature a semicircle and a spike in the high-
frequency and low-frequency regions, corresponding to the
contribution from the bulk/grain boundary and the electrode,
respectively.[18] The ionic conductivity of LCGS calculated
from the sum of the grain boundary and bulk resistance is
0.9 X 10@4 Scm at room temperature. The activation energy
(Ea) is obtained from the slope of the Arrhenius plot
(Figure 3b) based on the equation sT= Aexp(@Ea/kB T),
where kB is the Boltzmann constant, T is the measured
temperature, and s is the ionic conductivity. The Ea of LCGS
is derived as 0.33 eV, which is comparable to that of the state-
of-the-art sulfide-based superionic conductors.[11] The rela-
tively high ionic conductivity and low activation energy are
due to the vacancies and weak bonding of Li+ to the 3D
channels of this well-designed structure.

The electrical conductivity (sdc-electron) of LCGS was
determined by DC polarization measurement (Supporting
Information, Figure S6), which gave a very low value of 3.6 X
10@7 Scm. The low electrical conductivity prevents self-
discharging in solid-state Li batteries. The Li-ion transfer

number (tion) was calculated to be 0.996 according to the
equation tion = (sdc-Li@sdc-electron)/sdc-Li,

[19] where sdc-Li stands for
the DC Li ionic conductivity, and can be estimated to be 0.4 X
10@4 Scm from the DC polarization curve of the Li/
Li4Cu8Ge3S12/Li symmetric cell (Figure 3d). The close-to-
unity tion suggests that LCGS is a pure lithium ion conduc-
tor.[18]

The electrochemical stability of LCGS was evaluated by
cyclic voltammetry (CV) using a Pt/Carbon-LCGS/LCGS/Li
asymmetric cell at a scan rate of 0.1 mVs@1 (Figure 3c).[20] The
conductive carbon was mixed into the electrolyte LCGS to
increase contact and active area, thus improve the kinetics of
the decomposition reaction owing to the facile electron
transport. No additional current peaks were detected in the
scanned voltage range, which suggests that LCGS is stable
against Li metal anode. Since the compatibility with Li anode
is important for high-energy SSE cells, LCGS can avoid
building up thick passivation layer against Li metal anode,
which usually increases the interphase impedance. On the
other hand, the LCGS electrolyte was gradually oxidized
from around 1.5 V, indicated by the increasing of current
density (Figure 3c, blue line). The thermodynamic stability
against oxidation under high voltage still remains a key
drawback of sulfide electrolytes today.[21] Strategies such as
the interface engineering could be applied to extend the
electrochemical stability of the electrolyte.[2, 20, 22]

To confirm the compatibility of LCGS with Li metal
further, Li/LCGS/Li symmetric cells were fabricated and
cycled at a current density of 0.1 mA cm@2 with a periodically
changing polarity. Figure 3 d shows the voltage profile of the
cell cycled continuously for 50 h (100 min per cycle), where
the voltage remained almost unchanged during cycling. This
suggests that LCGS has outstanding stability in contact with
Li metal during cycling. Since there are 33 % of vacancies on
the Li sites in LCGS, an excess of Li can intercalate into these
vacancies without affecting the structural integrity when
working with the Li metal electrode.

The stability of the solid electrolyte is highly desirable. It
not only reduces the production cost but also allows for
applications in various battery designs such as aqueous
lithium batteries. Prevailing sulfide-based ionic conductors
such as the Li-Ge-P-S system are prone to decomposition in
moisture owing to the high affinity of hard acids (for example,
phosphor) towards oxygen in water according to the HSAB
theory.[13, 23] Unlike the well-known Li-Ge-P-S system, we
chose a soft acid, CuI, in our design to replace the hard acid PV

to construct a more stable sulfide skeleton. The existence of
water in LCGS synthesis indicates higher stability of our
material against moisture. We examined the stability of LCGS
in moist air and aqueous solution conditions experimentally.

Water molecules could be absorbed into the pores of the
framework during synthesis or exposure to air. However, the
stable framework and weak coordination between water and
Li+ make it possible to remove the water. Thermal gravimet-
ric analysis (TGA) shows that the absorbed water can be
removed by heating in an Ar flow (Supporting Information,
Figure S3). Powder XRD measured immediately after heat-
ing confirmed a retained crystal structure after water
desorption (Supporting Information, Figure S4).

Figure 3. Electrochemical properties of LCGS. a) Nyquist plots of the
AC impedance data from low to high temperatures. The inset shows
the equivalent circuit. b) Arrhenius conductivity plot gives an activation
energy Ea = 0.33 eV. c) Cyclic voltammetry measurement of Li/LCGS/
LCGS-Carbon/Pt cell at a scan rate of 0.1 mVs@1 in the voltage range
of 0–3 V and @0.5–1.25 V. d) Direct current (DC) polarization curve of
the Li/Li4Cu8Ge3S12/Li symmetric cell cycled at a current density of
0.1 mAcm@2, illustrating good compatibility with Li metal.
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The structural stability of LCGS was examined under two
conditions: 1) air exposure in a desiccator with about 15%
humidity, and 2) exposure to a 2m LiOH aqueous solution.
After 24 hours of exposure, all samples were washed with
absolute ethanol and then dried in vacuum at 60 88C for 4 hours
to remove the residual moisture. Figure 4a shows the XRD
patterns of pristine LCGS, the samples after exposure to air,
and the LiOH solution. As expected, all the peaks remain the
same as the pristine sample after treatment, indicating that
the as-designed crystal structure is highly stable in conditions
where most of the sulfide-based electrolytes cannot survive.

The ionic conductivity of the pristine and the treated
samples was measured by AC impedance spectroscopy. The
room-temperature ionic conductivities of LCGS before treat-
ment and after exposure to moist air or LiOH solution were
0.9 X 10@4 Scm, 1.2 X 10@4 S cm, and 1.3 X 10@4 S cm, respec-
tively (Figure 4b). The activation energies of the pristine
sample or samples treated in moist air and LiOH solution
were derived as 0.33, 0.31, and 0.32 eV, respectively. Only
minor changes in the conductivity and activation energy were
observed, which means that the exposure in low moisture air
and LiOH solution does not affect the intrinsic structure and
electrochemical properties of LCGS.

To further investigate the reversible change of LCGS
upon exposure to air, in situ impedance spectroscopy were
compared for an LCGS pellet 1) in Ar flow, 2) in air exposure,
3) in Ar flow for 10 minutes after air exposure, and 4) in Ar
flow for 90 minutes after air exposure. As shown in Figure 4c,
the ionic conductivity increased significantly after exposure to
moist air. The ionic conductivity increase is closely related to
the air humidity (Supporting Information, Figure S7), which
is probably due to the proton conductivity when water
molecules were absorbed.[24] The ionic conductivity gradually
decreased after the sample was re-blown in a continuous Ar
flow (Figure 4c, yellow line: in Ar for 10 min after air
exposure). The original ionic conductivity almost retained
after 90 minutes owing to the loss of the adsorbed water. The
minor change compared to the pristine sample may come
from the small amount of remaining water, which can be
removed by heating in an Ar flow (Supporting Information,
Figure S3). This is superior to most of the sulfide-based solid

electrolytes, which will decompose and their structure and
electrochemical stability will be destroyed in humid air.[7c,11]

All these results indicate the rigidity of LCGS framework,
which gives rise to outstanding stability for potential energy-
storage applications.

The coordination environment determines the stability
and electrochemical properties of LCGS. According to the
HSAB theory, relatively soft acids like CuI and GeIV form
strong covalent bonds with soft base S2@. The strong and rigid
covalent framework, therefore, has low affinity to oxygen
from air and water, leading to the superior stability of the
structural skeleton in moist air or aqueous solutions. The
openness of the framework allows for reversible water
adsorption and desorption without changing the structure.
The stability against water and ease of removing adsorbed
moisture makes LCGS a robust and encouraging choice of
solid-state electrolyte.

In conclusion, a sulfide-based superionic conductor,
Li4Cu8Ge3S12, with superior stability and Li ionic conductivity
was designed based on HSAB theory. A rigid Cu-Ge-S
anionic open framework provides a rigid and stable scaffold.
Li+ ions sit in the channels with weak bonding and 33%
vacancies. No significant redox reaction were observed by CV
measurement in electrochemical window of 0–1.5 V. More-
over, LCGS exhibits exceptional chemical stability in air and
LiOH aqueous solution with reversible water absorption and
desorption. An ionic conductivity of 0.9 X 10@4 S cm at room
temperature and an activation energy of 0.33 eV have been
achieved. This work demonstrates a coordination chemistry
design towards highly stable sulfide-based superionic con-
ductors with high Li+ conductivity. We believe that it is an
encouraging step toward screening and designing more
diversified crystal structure for solid-state lithium electro-
lytes.
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