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Abstract

In recent years, the search for glassy and ceramic Li* superionic conductors is
receiving significant attention, mainly due to the renaissance of interest in all-solid-
state batteries. Here, we report the mechanochemical synthesis of metastable
LizGeSsBr, which is, to the best of our knowledge, the first compound of the
Li2S—-GeS2-LiBr system. Applying combined synchrotron X-ray diffraction and neutron
powder diffraction, we show LizGeSsBr to crystallize in the F-43m space group and to
be isostructural to argyrodite-type LisPSsBr, but with a distinct difference in the S?-/Br~
site disorder (and improved anodic stability). Electrochemical impedance spectroscopy
indicates an electrical (ionic) conductivity of 0.63 mS cm™" at 298 K, with an activation
energy for conduction of 0.43 eV. This is supported by temperature-dependent ‘Li
pulsed-field gradient-nuclear magnetic resonance spectroscopy measurements.
Taken together, the results demonstrate that novel (metastable) argyrodite-type solid
electrolytes can be prepared via mechanochemistry that are not accessible by
conventional solid-state synthesis routes.



Introduction

State-of-the-art Li-ion batteries relying on the use of liquid carbonate-based
electrolytes play an important role both in powering portable electronics and in
electrifying transportation.! However, they are clearly about to approach their
physicochemical limits in terms of energy density while the demand for improved
energy storage technologies is ever increasing, especially to enable long-range electric
vehicles.2® In addition, liquid organic electrolytes are known to cause safety problems
under harsh operating conditions and exhibit performance limitations, primarily at low
and high temperatures. Substitution of the liquid electrolyte by a superionic solid
inorganic electrolyte offers an interesting option to overcome such issues.*®> Some
suitable materials have been reported in the past years, with sulfide-based Li-ion
conductors emerging as one of the most promising because of their mechanical
softness, among others. Note that the latter allows for high ionic conductivity even
when cold pressing is used.®® Nevertheless, the quest for novel Li* superionic
ceramics, glasses, and glass-ceramics is ongoing.

Argyrodite-type solid electrolytes, represented by LisPSsX (with X = CI7, Br7, I7), have
early been recognized to possess fast Li mobility.>0 In recent years, large efforts have
been made to further improve their charge transport properties (ion dynamics). In fact,
the ionic conductivity has been increased successfully by anion and/or cation doping
or substitution (i.e., replacing P> or S~ with other elements).*-1% In particular, Si**,
Ge*, and Sn* have been substituted for P°* in LisPSsX, leading to compositions of
the type Lis+xMxP1-xSsX; however, full substitution has not been achieved yet.6-18 In
these studies, high-temperature solid-state synthesis was chosen as the preferred
preparation route, making the identification of metastable and low-temperature phases
difficult or even impossible (despite the fact that LisPSsX solid electrolytes can be
prepared mechanochemically).19-22

Having this in mind, in the present work, we aimed at the possibility of substituting Ge**
for P> in LisPSsBr. Specifically, we report the successful synthesis of metastable
LizGeSsBr and demonstrate, by synchrotron X-ray diffraction (XRD) and neutron
powder diffraction (NPD) combined with Rietveld refinement analysis, that this material
is isostructural to related LisPSsX argyrodites, but possesses a larger degree of S>7/Br~
site disorder than LisPSsBr. The ionic conductivity determined by temperature-
dependent electrochemical impedance spectroscopy (EIS) and ‘Li pulsed-field
gradient-nuclear magnetic resonance (‘Li PFG-NMR) spectroscopy was in the range
between 0.78 and 0.82 mS cm™" at 303 K. In addition, linear sweep voltammetry (LSV)
indicated that the LizGeSsBr has high anodic stability. Overall, these results are
promising and emphasize the potential that mechanochemistry has in preparing novel
Li* superionic conductors for application in practical all-solid-state batteries.?123-28

Experimental Section

Synthesis

GeS:2 was prepared by mixing GeS (99.99%; Sigma-Aldrich) and Ss (99.98%; Sigma-
Aldrich) in a 70 mL zirconia jar with ten 10 mm diameter zirconia balls for 12 h at 250
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rpm (with 1 h rest period after 6 h) using a planetary ball-mill (Fritsch). The total amount
of powder was ~2.6 g, and sulfur was used in excess by 6 mol%. Subsequently, ~600
mg of mixture were pressed into a 10 mm diameter pellet at 1.5 t and sealed under
vacuum (1.0-10-2 mbar) in a quartz ampoule. Note that the quartz ampoule was pre-
dried for at least 15 min at 650 °C under dynamic vacuum using a heat-gun. The loaded
ampoule was then heated to 450 °C at a slow rate of 27.5 °C h™' to avoid bursting
because of excessive sulfur evaporation, followed by annealing for 24 h.

LizGeSsBr was prepared by milling stoichiometric amounts of GeSz, LiBr (99.99%;
Sigma-Aldrich), and Li2S (99.99%; Sigma-Aldrich) in a 70 mL zirconia jar with twenty
10 mm diameter zirconia balls for 1 h at 250 rpm. The total amount of powder was ~1.1
g. The rotating speed was then increased to 450 rpm, and the milling was continued
for 10 h without intermediate cooling.

In order to study the effect of annealing on the phase composition, ~150 mg of
LizGeSsBr were pressed into a 10 mm diameter pellet at 1.5 t, vacuum sealed in a
quartz ampoule, and heated at 5 °C min~" to the desired temperature (with 12 h dwell
time) using a box furnace (Nabertherm).

Characterization

Laboratory XRD was conducted on a STADI P diffractometer (STOE) equipped with a
Cu-Kau radiation source (A = 1.54056 A). Samples were flame-sealed in borosilicate
glass capillaries (Hilgenberg) of inner diameter 0.48 mm and wall thickness 0.01 mm.

Synchrotron XRD patterns were recorded in transmission geometry (A = 0.412703 A)
at the 11-BM beamline of Argonne National Laboratory. Samples were mixed using
mortar and pestle with 40 wt.% Si (99.998%; Sigma-Aldrich) under argon atmosphere
and flame-sealed in borosilicate glass capillaries, which were then inserted into the
Kapton tube of the sample holder.

NPD data were collected using the high-resolution powder diffractometer SPODI at
MLZ in Garching (A = 1.5482 A). Samples were sealed under argon in vanadium
containers.

Rietveld analysis of XRD and NPD patterns was done using FullProf software. The
Thompson-Cox-Hastings pseudo-Voigt function was used to describe the profile
(shape) of the reflections. Scale factor, background coefficients using a Chebyshev
function with 24 parameters, reflection shape parameters, lattice parameters, atomic
coordinates (except Lil and Li2 [XRD] as well as S2 [NPD]), S?7/Br- site disorder, and
zero-shift were refined. Note that S2 in the NPD refinement was fixed to avoid
divergence. Isotropic displacement factors were fixed in both refinement analyses.

Differential scanning calorimetry (DSC) measurements were performed at a heating
rate of 5 °C min™' on a NETZSCH DSC 204 F1 Phoenix. Samples were sealed in
aluminum crucibles under argon atmosphere.

The ionic conductivity was measured by EIS from 25 to 65 °C in the frequency range

100 mHz to 7.0 MHz with an AC voltage amplitude of 30 mV using an SP-300

potentiostat (Biologic). ~180 mg of LizGeSsBr were compressed for 3.5 min at 3 t using

a custom cell setup with stainless steel electrodes. A pressure of 40 MPa was

maintained during the measurement. Impedance spectra were fitted with an (R1Q1)Q2
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equivalent circuit. The conductivity was calculated from the value of Ri, and the
activation energy was determined by linear fitting of the temperature-dependent
conductivity using the Arrhenius equation. Residual porosity was not taken into
account, thus underestimated conductivity values may be assumed.

The electronic partial conductivity was determined by DC polarization at 25 °C and with
DC voltages ranging from 0.2 to 1.0 V. The experiments were performed using a similar
setup as for the EIS measurements. The resistance and conductivity were calculated
from the steady-state current.

The anodic and cathodic stability of LizGeSsBr was determined by LSV at 25 °C in the
voltage range between 0 and 5 V vs Li*/Li in a two-electrode cell with lithium metal as
counter- and reference electrode and stainless steel as working electrode using a
VMP3 potentiostat (Biologic). The sweep rate was 0.05 mV s~%. ~100 mg of LizGeSsBr
were compressed for 3.5 min at 3 t using a custom cell setup and then contacted on
one side by stainless steel and on the other side by a lithium metal disc (9 mm
diameter; Albemarle Corp.). A pressure of 40 MPa was maintained during the
measurement.

SLi magic-angle spinning (°Li MAS) NMR spectroscopy was performed on a Bruker
Avance 500 MHz spectrometer at a magnetic field of 11.7 T, corresponding to a
resonance frequency of 73.6 MHz. Spectra were acquired with a single pulse
sequence, 1/2 pulse length of 2.8 us, and recycle delay of 30 s, and are referenced to
an aqueous 1 M SLiCl solution at 0 ppm. Spinning was done in 2.5 mm rotors at 30
kHz.

‘Li PFG-NMR spectroscopy was performed on a Bruker Avance 300 MHz
spectrometer equipped with a PFG-NMR probe, providing pulsed-field gradients up to
30 T m=. A stimulated-echo pulse sequence was applied with bipolar gradients,
gradient duration of 2.75 ms, and diffusion time of 100 ms. The activation energy was
determined by linear fitting of the temperature-dependent diffusion data using the
Arrhenius equation. The ionic conductivity was calculated from the diffusion coefficient
using the Nernst-Einstein equation.

Results and Discussion

The synthesis of LizGeSsBr was attempted via mechanochemistry. Specifically,
stoichiometric mixtures of Li2S, GeS: (prepared from GeS and Ss; see XRD pattern
and Le Bail fit in Figure S1 of the Supporting Information), and LiBr were subjected to
high-energy ball-milling while monitoring the structural changes ex situ by XRD. Bragg
reflections of both Li2S and LiBr, along with minor ones corresponding to LizGeSsBr,
were observed after 5 h of milling (Figure 1a). Upon increasing the milling time to 8 h,
the reflections of the newly formed phase became the major ones, and after 10 h, only
those of LizGeSsBr were evident in the pattern. Nevertheless, the reflection broadening
and pattern background suggest a crystallite size in the nanometer size regime and
the presence of amorphous side products or impurities.

In order to examine whether the crystallinity of LizGeSsBr can be improved by post
annealing, DSC was conducted on the sample milled for 10 h (Figure 1b). Exothermic
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peaks were clearly visible at 258 (strong) and 314 °C (weak). Subsequently, the
LizGeSsBr sample was heated in quartz ampoules at 250 and 450 °C and then probed
using XRD (Figure 1c). Annealing at 250 °C was already found to be accompanied by
decomposition of the starting material. Bragg reflections associated with LiBr and
Lis«GeS4 appeared in the pattern, which further increased in intensity and decreased in
broadening with annealing at 450 °C. This result thus suggests that the
mechanochemically prepared LizGeSsBr phase is metastable, in agreement with
literature reports where substitution limits have been observed for related
Lis+xMxP1-xSsX (with M = Si**, Ge**, Sn** and X = Br~, I7) compounds produced by
high-temperature solid-state synthesis.'6-18
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Figure 1. (a) XRD patterns of the precursor mixture after ball-milling for 5, 8, and 10 h.
Reflections of Li2S are highlighted for clarity. (b) DSC curve for LizGeSsBr (after 10 h
of milling) and (c) XRD patterns before and after annealing at 250 and 450 °C.
Reflections of LiBr are highlighted for clarity.
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In order to gain more structural insights, first synchrotron XRD data were collected for
the LizGeSsBr sample milled for 10 h. The experimental pattern can be indexed to the
F-43m space group, based on a structure model reported for related argyrodite-type
Li-ion conductors (LisPSsBr),2° with lattice parameter a = 10.18179(7) A and ~60%
S?7/Br- site disorder (Figure 2a). Note that the Li atomic coordinates were fixed in the
Rietveld refinement, due to the low X-ray scattering form factor of lithium. Structural
parameters and figure of merits are provided in Table S1 of the Supporting Information.
Moreover, the fraction of amorphous side products was estimated at ~13 wt.%.

NPD was also performed to probe the Li substructure. A Rietveld plot for the refinement
is shown in Figure 2b. In that case, the Li atomic coordinates were refined, and the a
lattice parameter was found to be 10.17937(2) A (details in Table S2 of the Supporting
Information). Taken together, the incorporation of Ge** (i.e., Lis«xGexP1-xSsBr with x =
1) led to an increase in lattice parameter by ~2%, which can be attributed to the larger
ionic radius of Ge** than P5*.°
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Figure 2. (a) Synchrotron XRD pattern of LizGeSsBr mixed with 40 wt.% Si standard.
Purple circles and black and gray lines represent the measured, calculated, and
difference patterns, respectively. Black and cyan vertical lines (tick marks) denote the
reflections for LizGeSsBr and Si, respectively. The minor reflection around 7° 26 is due
to an unknown impurity. (b) NPD pattern of LizGeSsBr, with purple circles and black
and gray lines showing the measured, calculated, and difference patterns,
respectively. Black and pink vertical lines (tick marks) denote the reflections for
LizGeSsBr and V, respectively. See Tables S1 and S2 of the Supporting Information
for structural parameters from the corresponding Rietveld refinement analysis.

The crystal structure of LizGeSsBr is schematically shown in Figure 3a. It comprises

[GeS4]* tetrahedra with (additional) isolated S?~and Br~ distributed in the 4a and 4d

Wyckoff positions. More specifically, the 4a and 4d sites are occupied by ~40 and 60%

Br, respectively, leading to a formal S%/Br~ site disorder of ~60%. This is in clear

contrast to the parent compound, LisPSsBr, where only 14-20% site disorder have been
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observed.®?° The Li ions are distributed over two partially occupied positions (48h and
249) and form cage-like Frank-Kasper structures (polyhedra) around the 4d position
(Figure 3b). Li-Li jump distances within and especially between the cages are known
to have a strong effect on the ion transport. For LizGeSsBr, intra-cage and inter-cage
jump distances of 2.352 A (48h-48h), 1.857 A (48h-24g-48h), and 2.988 A were
found, in agreement with literature data for other argyrodite-type solid
elelctrolytes.®16:17.2% We also note that 6Li MAS NMR spectroscopy revealed a single
resonance centered at 1.65 ppm (see Figure S2 of the Supporting Information), similar
to recent findings for LisPSsBr.2° The sharp signal (~0.17 ppm FWHM) is indicative of
fast Li-ion hopping and of no significant structural disorder in principle.

Figure 3. (a) Schematic crystal structure of LizGeSsBr. Lithium, germanium, sulfur, and
bromine are in blue, black, gray, and pink, respectively. (b) Li* cages around the shared
S?27/Br- 4d Wyckoff position. Li-Li jump distances are denoted.

Next, EIS measurements were conducted from 25 to 65 °C on cold-pressed pellets to
characterize the electrical conductivity of LizGeSsBr. The experimental spectra showed
a partial (depressed) semicircle and a capacitive tail (see Figure 4a and Figure S3 of
the Supporting Information). A capacitance of 0.7 pF for the semicircle was calculated,
corresponding to the bulk response at high frequencies.3! Using the temperature-
dependent resistance from AC impedance spectroscopy, the conductivity and
activation energy for conduction were determined. As shown in Figure 4b, the ionic
conductivity increased linearly over the whole temperature range, with o = 0.63 mS
cm™tat 298 K and Ea = 0.43 eV. We note that the ionic conductivity is probably affected
to some extent by the presence of deleterious (amorphous) phases. The conductivity

of related LisPSsX (with X = CI~, Br) compounds has been shown to depend on the
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degree of crystallinity, among others,'°2° which can usually be tailored by treatment at
elevated temperatures. Unfortunately, the metastability of LizGeSsBr did not allow for
such post annealing. The electronic conductivity was determined by the DC
polarization technique to be 1.61-107° S cm™ at 25 °C (see Figure S4 of the Supporting
Information), in agreement with recent findings for thiophosphate-based Li-ion
conductors.1:32
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Figure 4. (a) Nyquist plot of the electrochemical impedance for LizGeSsBr at 25 °C and
the corresponding fitting to the experimental data. (b) Arrhenius fitting of the ionic
conductivity in the temperature range between 25 and 65 °C.

Finally, 'Li PFG-NMR spectroscopy measurements (probing the bulk) were performed
in the temperature range between 30 and 60 °C to further examine the lithium diffusivity
(see Figure S5 of the Supporting Information). Similar to what has been observed for
lithium thiophosphates, LizGeSsBr was found to exhibit a diffusion coefficient D =
4.8-10718 m? s7! at 303 K.1133 The measured “Li diffusion coefficients are shown in
Figure 5. From this data, an activation energy of 0.46 eV was determined, which is
consistent with the results from EIS (Figure 4b). Using Nernst-Einstein equation, the
ionic conductivity can be calculated from the diffusion coefficient (see Table S3 of the
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Supporting Information). In so doing, for example, o = 0.78 mS cm™" at 303 K was
obtained, which is also in good agreement with EIS for the same temperature (o = 0.82
mS cm™). In addition, this result confirms our hypothesis that the electrical conductivity
from EIS is somewhat affected by the presence of amorphous side products or
impurities. Overall, the room-temperature ionic conductivity is comparable to that
reported for other argyrodite-type solid electrolytes prepared mechanochemically (see
Table S4 of the Supporting Information). Substituting Ge** for P> in LisPSsBr
apparently increased o only slightly (0.63 vs 0.032-0.62 mS cm™),2019 thus
emphasizing the complexity and difficulty to rationally designing novel Li* superionic
conductors. However, it should be noted that several parameters have been reported
to affect the charge transport properties (ion dynamics) to various degrees, site
disorder being only one of them.
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Figure 5. Temperature-dependent diffusion coefficient from 7‘Li PFG-NMR
spectroscopy. The solid line represents the Arrhenius fitting to the experimental data.

Yet another important characteristic of solid electrolytes, in particular for potential
applications in all-solid-state batteries, is the electrochemical stability window. In order
to assess the anodic and cathodic stability of LizGeSsBr, LSV was performed at 25 °C
and at a sweep rate of 0.05 mV s using a two-electrode cell. The result of such
measurement is shown in Figure S6 of the Supporting Information. The material was
found to be relatively stable up to ~5 V vs Li*/Li (no current onset was seen). In
contrast, the cathodic stability was poor, especially below 1 V vs Li*/Li, where distinct
degradation of LizGeSsBr took place, probably associated with the reduction of Ge#*,
as has been shown for other Ge-based solid electrolytes, such as LiioGeP2S12.34

Conclusion

In summary, we have successfully prepared nanocrystalline (metastable) LizGeSsBr
by facile mechanochemical synthesis. Using synchrotron X-ray and neutron diffraction,
LizGeSsBr was found to crystallize in the F-43m space group and to adopt the
argyrodite structure with tetrahedral [GeSa4]*~ units and shared S?7/Br~ sites (4a and 4d
Wyckoff positions) with ~60% site disorder, compared to 14-20% for argyrodite-type
LisPSsBr. AC electrochemical impedance spectroscopy revealed a room-temperature
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ionic conductivity of 0.63 mS cm™" and an activation energy for conduction of 0.43 eV.
Li pulsed-field gradient-nuclear magnetic resonance spectroscopy measurements
support these results. Because of the relatively low crystallinity and presence of
impurities (amorphous side products), there is clearly room for further enhancements.
Overall, our experimental data are promising and call for future investigations into
substitution of P°* by Si**, Ge**, and Sn** in related LisPSsX (with X = CI~, Br~, I7) solid
electrolytes using mechanochemical methods.
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A novel argyrodite-type solid electrolyte showing a room-temperature ionic conductivity
of about 0.6 mS cm has been prepared via mechanochemistry.
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