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Abstract

In search of high-performance solid electrolytes, various materials have been
discovered in the past, approaching or even exceeding the ionic conductivity of
conventional liquid electrolytes. Among the reported classes of superionic electrolytes
for solid-state battery applications, lithium thiophosphates appear the most promising
owing to high ionic conductivity and mechanical softness. A recent example is the
LiaPSal phase (P4/nmm). Surprisingly, this material shows a comparatively low ionic
conductivity at room temperature, ranging from 10™ to 10° S cm™, despite having
favorable structural characteristics. Because of discrepancies between experiment and
theory regarding the Li-ion conductivity and polymorphism in LisPSal, we herein
examine the crystal structure over a broad temperature range using ex situ and in situ
X-ray and neutron powder diffraction techniques. We demonstrate the absence of
polymorphic transitions, with a lithium redistribution at low temperatures though, and
confirm the relatively poor room-temperature ionic conductivity, despite the presence
of a 3D percolation network for facile charge transport.



Introduction

Li-ion batteries (LIBs) for application in portable electronics and electric vehicles rely
on the use of liquid organic electrolytes. Although conventional LIBs are approaching
their physiochemical limits, higher energy and power densities would be desirable,
especially for powering electric vehicles.~3 Replacing the liquid electrolyte with a solid
electrolyte (SE) is considered a promising strategy to achieve improved energy and
power densities over state-of-the-art LIB technologies, in addition to potentially
increased safety. Various inorganic SEs based on oxides, halides, sulfides, and
hydroborates have been reported in the past, showing room-temperature ionic
conductivities similar to liquid electrolytes. Among them, the lithium thiophosphates
possess very high ionic conductivities while having favorable mechanical properties,
the latter allowing for tight contact with the active electrode material.*=° Unfortunately,
these advantages come along with a poor (electro)chemical stability, which negatively
affects the battery performance.'%-1* Although the intrinsic stability window of lithium
thiophosphates is narrow, the SE/electrode material decomposition interface can be
kinetically stable, thereby preventing continuous SE degradation during
electrochemical cycling and allowing for stable (long-term) operation.t>-19

In recent years, it has been shown that xLi2S-yP2Ss-yLil-based SEs are capable of
forming robust interfaces with positive and negative electrode materials in solid-state
batteries.'®>24 An example is the recently discovered LisPSal (either as glassy 1.5Li2S-
0.5P2Ss-Lil phase or with the P4/nmm space group).?® The experimental ionic
conductivity of the crystalline material is surprisingly low though, in the range of 10™#
to 10° S cm™ at room temperature, despite the presence of 3D percolation
pathways.192%26 By contrast, density-functional theory (DFT) calculations suggest an
ionic conductivity that is orders of magnitude higher than those measured.?” Recent
studies aiming at better understanding the discrepancy between experiment and
theory showed that the crystallization of LisPSal from the glassy precursor phase leads
to a strong decrease in conductivity.*®26 However, the existence of a highly conductive
(high-temperature) polymorph, due to phase transition at 350 K, has been predicted
from ab initio molecular dynamics (MD) simulations.?®

These apparent inconsistencies provided an impetus to re-examine the crystal
structure in a broad temperature range using high-resolution ex situ neutron and
synchrotron X-ray diffraction in combination with in situ laboratory X-ray diffraction. We
show that the LisPSal does not undergo phase (polymorphic) transitions between 10
and 1010 K and certain crystallographic sites are important to establish a 3D
percolation network for facile lithium migration.

Experimental Section
General

The work was conducted under argon atmosphere in a glovebox (MBraun, with [O2]
and [H20] < 0.1 ppm), and all chemicals were used as received.
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Synthesis

LiaPS4l was prepared by mixing stoichiometric amounts of Li2S (99.9 %, Sigma
Aldrich), P2Ss (99 %, Sigma Aldrich), and Lil (99.999 % Sigma Aldrich) using a
planetary ball mill (Fritsch). The precursors were loaded into a 250 mL zirconia milling
jar and milled for 1 h at 250 rpm and subsequently for 20 h at 450 rpm, with a ball-to-
powder ratio of 12:1 (10 mm diameter zirconia balls). The recovered powder was
compacted into 10 mm diameter pellets at 1.5 t. The latter pellets were then sealed
under vacuum (1072 mbar) in quartz ampules and annealed for 24 h at 500 °C with the
heating and cooling rates set to 5 °C min=2.

Characterization

Laboratory X-ray diffraction (XRD) measurements were conducted on samples sealed
in borosilicate glass capillaries from Hilgenberg (with 0.48 mm inner diameter and 0.01
mm wall thickness) using a STADI P diffractometer (STOE) equipped with a Mo Kai
radiation source.

Synchrotron XRD (SXRD) patterns were recorded in transmission mode (with A =
0.458199 A) at temperatures of T = 295 and 100 K using the beamline 11-BM (Argonne
National Laboratory). The samples were sealed in borosilicate glass capillaries from
Hilgenberg (with 0.68 mm inner diameter and 0.01 mm wall thickness) and then
inserted into the Kapton tube of the sample holder.

In situ high-temperature laboratory XRD measurements were performed on a
customized diffractometer equipped with a microfocus rotating anode (Mo Kazi,2), a
Pilatus 300 K-W area detector, and a home-built gas flow furnace based on the design
by Chupas et al.?®3° The sample was sealed in a borosilicate glass capillary from
Hilgenberg (with 0.48 mm inner diameter and 0.01 mm wall thickness) and then
inserted into a sapphire capillary of diameter 1.016 mm. Temperature control was
established using a thermocouple placed next to the capillary. Temperature calibration
was done versus the unit-cell volume of Al203 powder measured in a separate heating
experiment.3!

Neutron powder diffraction (NPD) patterns were recorded (with A = 1.595072 A) at
temperatures of T =298 and 10 K using the D2B high-resolution powder diffractometer
(Institut Laue-Langevin). To this end, ~1.5 g of the samples were sealed in 6 mm
diameter vanadium cylinders.

Rietveld analysis of diffraction data was done with the help of FullProf Suite. The
Thompson-Cox-Hastings pseudo-Voigt function was used to describe the peak shape.
A point-by-point background was applied. Scale factor, peak shape parameters, lattice
parameters, and overall anisotropic atomic displacement parameters were refined. In
the case of NPD, the atomic coordinates, individual anisotropic atomic displacement
parameters, and lithium occupancies were additionally refined. The zero-shift
parameter was treated last. Finally, all parameters were treated independently, further
confirming the stability of the refined crystal structure. Note that for the refinement of
NPD data collected at 298 K, the occupancy of the Li2 and Li5 sites was constraint to
be 1 to avoid divergence.
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Raman spectroscopy was conducted on a sample sealed in a borosilicate glass
capillary from Hilgenberg (with 0.48 mm inner diameter and 0.01 mm wall thickness).
The measurement was done with an excitation wavelength of A = 532 nm using a
Renishaw in Via confocal Raman microscope.

The ionic conductivity was measured by electrochemical impedance spectroscopy
(EIS) in the 100 mHz to 7.0 MHz frequency range with an AC voltage amplitude of 30
mV using an SP-300 potentiostat (Biologic). ~300 mg of the as-milled precursor
mixture was compressed in a 10 mm diameter pellet die at 2 t. The pellet was then
sealed under vacuum (103 mbar) in a quartz ampule and annealed for 24 h at 500 °C.
Next, indium electrodes (10 mm diameter) were attached on both sides of the pellet.
The EIS spectra were fitted with (R1Q1)Q2 equivalent circuits. The conductivity was
calculated from the value of Ri1, 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.

Bond valence energy landscapes (BVELS) for lithium were calculated according to a
method developed by Adams et al. as implemented in the program Bond_Str of the
FullProf Suite.?? The software VESTA was used to generate crystal structure and BVEL
images.33

Results and Discussion

In an attempt to prepare highly crystalline LiaPSal, we chose a solid-state route starting
from ball-milled powder of the precursor mixture Li2S, P2Ss, and Lil, with annealing
carried out in a quartz ampule under vacuum at 500 °C. The laboratory XRD pattern
(Fig. S1) showed sharp reflections pertaining to LisPSal, as well as some low-intensity
reflections that can be attributed to LisPSsl. To gain thorough insight into the crystal
structure of LisPSal, especially the lithium substructure, high-resolution NPD data were
collected both at 298 K and 10 K. The NPD patterns and corresponding Rietveld
refinement plots are shown in Fig. 1. They can be indexed to the P4/nmm space group,
in agreement with recent findings.?> The a and c lattice parameters were calculated to
be 8.47839(2) A and 5.93305(4) A at 298 K and 8.41854(2) A and 5.88267(2) A at 10
K, respectively, leading to unit-cell volumes of V = 426.486(22) A3 and 416.915(20) A3
(detailed structural parameters are provided in Tabs. S1 and S2). The amount of
argyrodite LisPSsl as an impurity phase in the sample was determined to be 13-16
wt.%. Note that the formation of the argyrodite phase has been observed before in the
solid-state synthesis of LisPSal.?¢

Complementary synchrotron XRD measurements were also conducted on the LisPSul
sample at 295 K and 100 K. The experimental patterns and the lattice parameters from
Rietveld refinement analysis are shown in Fig. S2. Overall, the ex situ synchrotron
XRD and NPD results revealed a decrease in lattice parameters with decreasing
temperature, as expected, corresponding to a unit-cell volume shrinkage by ~2.2 %
from 298 K to 10 K (Fig. S3a,b).



In situ laboratory XRD patterns were collected in the temperature range 295-1010 K.
A gradual shift of the LiaPSal reflections to lower 26 angles with increasing temperature
was observed (Fig. S4), indicating an increase in unit-cell volume due to thermal
expansion.

Comparing all refined lattice parameters, a linear change in a/b and c lattice
parameters with temperature was noticed (Fig. S3a), resulting in an expansion of the
unit-cell volume from 416.915(20) A3 at 10 K to 457.489(2) A3 at 1010 K (Fig. S3b).
Considering this kind of behavior over such a broad temperature range, we assume
that no phase (polymorphic) transitions occur in the material,®* contrary to what has
been predicted theoretically.?®
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Figure 1. High-resolution NPD patterns of LisPSal taken at (a) 298 K and (b) 10 K and
corresponding Rietveld refinement plots. Measured, calculated, and difference profiles
are shown as cyan circles, gray line, and blue line, respectively. Brown and beige tick
marks indicate the expected reflections for LisaPSal (P4/nmm space group) and LisPSsl,
respectively. Note that the high-temperature (F-43m space group) or low-temperature
LisPSsl phase (Clcl space group) was taken into account as an impurity in the
refinement analysis.3®

The ambient- and low-temperature crystal structures calculated on the basis of the
NPD results are shown in Fig. 2. For the LisaPSa4l at 298 K, the phosphorus atoms
occupy a single crystallographic site (2b) that is tetrahedrally coordinated by sulfur (8i),
thereby forming isolated [PS4]> units. The symmetric stretching vibrations of the
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[PS4]*- tetrahedra were clearly visible as a distinct band centered at 428 cm™ in the
Raman spectrum (Fig. S5). Less intense bands seen at 557 cm™ and 597 cm™ and
below 300 cm™ originate from asymmetric bending modes of the [PS4]*~ units.3¢ The
iodine atoms also occupy a single crystallographic site (2c¢), and the lithium atoms are
distributed over five crystallographic sites (2c, 2a, 8j, 4d, and 8i) between the [PS4]*-
tetrahedra and iodine atoms. Notably there are some differences to the originally
reported crystal structure shown in Fig. S6.%° This relates primarily to the lithium
substructure. In particular, the Li5 site is pushed away from the [PS4]*- tetrahedra,
which can also be expressed by the Li5-Li2-Li5 angle. The latter angle has been
previously determined to be 122°.2> However, we found it to be 171°, leading to
decreasing Li4-Li5 and Li5-Li2 distances, from 2.420 A to 2.350 A and 1.301 A to 1.120
A, respectively. In contrast, the Li4-Li3 distance increased from 2.524 A to 2.576 A.

For the LisPSal at 10 K, similar [PS4]*~ and iodine positions were found, with the
difference being that the lithium atoms are only distributed over four instead of five
crystallographic sites. This in turn leads to a distance of 2.976 A for Li4-Li2, as Li5 as
an intermediate site along this pathway is no longer available. For the Li4-Li3 distance,
we found a decrease from 2.576 A at 298 K to 2.520 A at 10 K.

T=10K

Figure 2. View of the crystal structure of LiaPSa4l at (a,b) 298 K and (c,d) 10 K along
different directions. Pink, cyan, and black spheres represent the iodine, sulfur, and
phosphorus atoms. Lithium atoms occupying various crystallographic sites are shown
as bronze spheres.

To gain more insight into the lithium substructure, the normalized (partial) lithium
occupancies of the respective Wyckoff positions were analyzed. A graphical
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representation is provided in Fig. 3. In the reported distribution, 30 % were placed on
Lil (2c), 26 % on Li2 (2a), 17 % on Li3 (8j), 24 % on Li4 (4d), and 3 % on Li5 (8i). Here,
the normalized occupancy for Li2, Li3, and Li5 was found to be 34 %, 22 %, and 3 %,
respectively. Thus, that for Lil (28 %) and Li4 (13 %) was somewhat lower. In any
case, the distribution was relatively broad at 298 K.
Upon cooling the material to 10 K, two main changes occurred in the lithium
substructure. First, the Li5 site was unoccupied, in agreement with recent DFT
calculations, showing that Li5 possesses the highest site energy (the calculated site
energy for lithium apparently increases in the order: Lil < Li3 < Li2 < Li4 < Li5).%8 This
result suggests that Li5 can be considered a kind of “smeared out” lithium density of
Li2. Note that thermal displacement is minor at very low temperatures. Second, the
lithium distribution over the remaining sites converged, ranging from 21 % to 28 %.
Overall, the sum of freely refined lithium occupancies results in a stoichiometry of
Lia2PSal at 298 K and Lis.oPSal at 10 K, lying within the standard deviation range and
being in good agreement with the targeted composition.
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Figure 3. Normalized lithium distribution over the different crystallographic sites as
reported in literature and determined by NPD in this work.

Finally, the BVEL approach was utilized to visualize the differences in lithium diffusion
pathways. Fig. 4 shows the calculated BVELs with an energy of Esvse(Li) = 1.6 eV
over the global minimum. For the room-temperature structure, we found that, except
for Lil, all lithium atoms are involved in forming a 3D percolation network, in contrast
to what has been suggested in literature.?>?” This is probably a result of the high
migration barrier for Lil, which is reflected in the large distance to the next-neighboring
lithium site (Li3).28 For the Li4PSal at 10 K, only Li3 and Li4 are involved in the lithium
migration pathways, leading to anisotropic transport along the c-axis, with Lil and Li2
most likely not contributing to long-range ion transport, as they are isolated towards
the other lithium sites (large Li-Li distances). We conclude from the data that partial
filling of the Li5 site is required for facilitate lithium diffusion in LiaPSal. In particular, Li5
constitutes an intermediate site situated along the Li4-Li2 pathway (connecting the Li4

and Li2 sites), thus decreasing the activation energy for ion hopping and improving
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(3D) lithium percolation throughout the structure. This is also consistent with the
assumption of “smeared out” lithium density resulting from the fast exchange between
the two neighboring sites at elevated temperatures.

as b
Figure 4. Bond valence energy landscapes for LisPSal at (a) 298 K and (b) 10 K
showing the lithium conduction pathways (bronze trajectories). Pink, cyan, and black
spheres represent the iodine, sulfur, and phosphorus atoms. Lithium atoms occupying
various crystallographic sites are shown as bronze spheres.

Lastly, EIS measurement were conducted on a sintered pellet in the temperature range
298-338 K. A representative Nyquist plot of the electrochemical impedance of LiaPSal
at 298 K is shown in Fig. S7. The spectra revealed a semicircle and a capacitive tail.
They were fitted assuming an (R1Q1)Q2 equivalent circuit. For the semicircle, a
capacitance of 1.1-1071° F was determined. We note that the capacitance is about one
to two orders of magnitude larger than that usually found for the bulk conductivity of
dense Li-ion conductors,®”~2° probably partly because of the presence of LisPSsl as an
impurity phase (and the related grain boundary conductivity contribution). Fig. 5 shows
the temperature-dependent conductivity determined from the Rouk, indicating
Arrhenius-type behavior. The activation energy for conduction and room-temperature
ionic conductivity were calculated to be 0.45 eV and 0.022 mS cm™, respectively. The
conductivity is clearly affected to some (unknown) degree by the aforementioned
argyrodite phase, which itself has been reported to have an ionic conductivity in the
region of 10 S cm™ at room temperature (with a similar activation energy for
conduction to that of LisPSal).284% Nevertheless, both values agree with data available
in literature and confirm the intrinsic limitations of the crystalline LisPSal (despite having
favorable structural characteristics).1?:25.26
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Figure 5. Arrhenius plot of the conductivity of LisPSal in the temperature range from
298 K to 338 K.

Conclusion

In summary, we have probed the crystal structure of the solid electrolyte LisPSal in a
broad temperature range by ex situ and in situ X-ray and neutron powder diffraction.
The occurrence of polymorphic transitions in LisPSal can be ruled out. However,
changes in lithium occupancy are observed at low temperatures (T = 10 K). Although
LiaPS4l offers a 3D percolation network for facile lithium migration, the room-
temperature conductivity (~0.02 mS cm™) is confirmed to be relatively low, especially
compared to argyrodite lithium thiophosphate electrolytes. Despite the presence of a
substantial amount of LisPSsl as an impurity phase, we assume that the poor
conductivity is intrinsic in nature. Yet, the LisPSal structure may be a good starting point
for improvements in ionic conductivity via aliovalent/isovalent doping or substitution.
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TOC Graphic

The LisaPSal solid electrolyte provides a 3D Li percolation network that potentially allows
for facile ion transport.
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