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Abstract

Sulfide solid electrolytes in the LisPSs—Lil system are promising for all-solid-state
batteries owing to their high ionic conductivity in the order of 10™* S cm™ and
electrochemical stability. Nonetheless, the low chemical stability tendency of sulfide-
based materials under ambient atmosphere is a critical issue due to the generation of

toxic Hz2S gas.

In this study, the chemical stability of LisPSa4l (LisPSs—Lil) solid electrolyte under
ambient atmosphere was investigated and compared with that of LisPS4to analyze the

effect of the incorporation of Lil on the chemical stability of sulfide-based electrolytes.

No generation of H2S gas was detected in the LisPS4l solid electrolyte after an
exposure of 60 min to the ambient atmosphere with high relative humidity of 40%. The
hydrolysis suppression is attributed to the formation of Lil-H20, acting as a protective
barrier between PS4% units in the electrolyte with H20 molecules in air. The structural
reversibility of LisPS4l by simple drying at 180 °C was confirmed and the solid
electrolyte exhibited an ionic conductivity of 10™* S cm™" at room temperature, similar

to that of the sample before the exposure to the ambient atmosphere.

Keywords: Solid electrolyte, Sulfide electrolyte, Chemical stability, Lithium battery, All-

solid-state battery



1. Introduction

Lithium batteries are promising candidates as the battery technology for applications
such as electric vehicles and smart grids. However, Lithium-ion batteries (LIBs) using
liquid electrolytes’- 2 suffer from safety issues because of the risk of leakage and
flammability. All-solid-state lithium batteries using inorganic solid electrolytes are
expected to replace LIBs because of the improvement on the safety and their potential

to achieve higher energy density> 4.

Among solid electrolytes, sulfide-based electrolytes have attracted significant attention
due to their relatively high ionic conductivity® 6, and low Young's modulus’, which is
beneficial for producing favorable interface contacts with electrode materials by simple
pressing at room temperature. However, the low chemical stability of sulfide-based
electrolytes in the ambient atmosphere is a significant challenge. Conventional sulfide
solid electrolytes can react with H2O molecules in the air resulting in the generation of
the toxic H2S gas. Thus, it is necessary to use dry atmospheres for material
preparation and battery assembly, which increases production costs and decreases

the reliability of the batteries.

The chemical stability of sulfide solid electrolytes under the ambient atmosphere was
first investigated by Tatsumisago et al.8. It was found that solid electrolytes formed by
only PS43~ units were more stable, generating minimal amounts of H2S upon exposure
to the ambient atmosphere. The same group investigated the suppression of the
generation of H2S gas in Li2S—P2Ss sulfide electrolytes using additives such as metal
sulfide and metal oxides® '°. Although it was effective in reducing the generation of
H2S gas, the ionic conductivity of the solid electrolytes was slightly decreased. Oxygen
or nitrogen substitution in Li2S—P2Ss electrolytes was also found to enhance their

chemical stability in the ambient atmosphere ' 2. On the other hand, Liang et al.



investigated the replacement of P by Sn and As to improve the air stability of sulfide-
based solid electrolytes, because according to the hard and soft acids and bases
(HSAB) theory '3 Sn and As are less prone to react with oxygen than P. Although the
reported Lis.833Sn0.833As0.166S4 exhibited higher air stability in comparison to LisPSa4,
the toxic nature of As raises additional problems. Recently, Sun et al. used the same
strategy to enhance the air stability of an argyrodite-type electrolyte by the partial
substitution of P by Sn'* and Li1oGeP2S12 by the partial substitution of P by Sb'.
Compared to those without P substitution, these modified materials exhibited higher
air stability at the exposure to dry room environments with humidity in the range of
1%—3%.

In this study, we investigate the effect of the incorporation of Lil on the chemical
stability of sulfide solid electrolytes under the ambient atmosphere. The incorporation
of Lil is effective in enhancing the ionic conductivity'®: 7 and electrochemical stability'é-
21, and recent studies indicate that lithium halides have the potential to increase the
stability against moisture?? 23. Here, the chemical stability of LisPSal (LisPSa—Lil),
whose structure is formed by PS43~ units and |~ ions?#, was investigated and compared

to that of LisPS4, whose structure is formed by PS4~ units only.

2. Experimental section

2.1 Synthesis

LisPS4-2ACN was prepared by mixing Li2S (Mitsuwa Chemical, 99.9%) and P2Ss
(Aldrich, 99%) in a stoichiometric ratio of 3.0:1.3 (excess of P2Ss was used) in
anhydrous acetonitrile (Wako Pure Chemical Industries) for 3 days using magnetic

stirring. The obtained suspension was centrifuged at 10000 rpm for 10 min and



decanted to recover solid powders. The solid powders were subsequently dried under
vacuum at 80 °C for 3 h to remove excess of solvent and to obtain LizPS4:2ACN 25, as
confirmed by X-ray diffraction (Figure S1). The LisPS4sample was prepared by heating

LisPS4-2ACN at 220 °C for 1 h.

LisPS4-xLil solid electrolytes were prepared by mixing LisPS4-2ACN and Lil (Sigma
Aldrich, 99.9%) in molar compositions of x = 0.5, 1 and 1.5, in anhydrous acetonitrile
(Wako Pure Chemical Industries) for 15 min. Each mixture was dried under vacuum
at 100 °C for 3 h using a rotary evaporator (Eyela N-1300), to remove the solvent and

to obtain solid powders. Subsequently, each sample was heated at 220 °C for 1 h.

2.2 Characterization

The structure of the solid electrolytes, after heat treatment at 220 °C, was studied by
XRD and Raman spectroscopy. To identify the crystalline phases of the samples, XRD
measurements were performed using an X-ray diffractometer (Miniflex 600, Rigaku)
using CuKa radiation. Diffraction data were collected in steps of 0.01 in the range of
10°—40° in 26. Indexation of XRD patterns was performed using Rigaku PDXL
software. To identify the structural units of the samples, Raman spectroscopy was
performed using a Raman spectrometer (HORIBA XploRA PLUS Scientific). The

Raman shift was in the range of 300 cm'-3000 cm™".

The ionic conductivity of pelletized samples was analyzed by electrochemical
impedance spectroscopy (EIS). The solid electrolyte powders (30 mg) were pressed
at around 360 MPa (at room temperature) in a polycarbonate tube with a diameter of
6 mm, and two stainless steel disks were used as current collectors. The EIS

measurements were conducted using an impedance analyzer (Sl 1260, Solartron) in



the frequency range of 0.1 MHz to 1 Hz at an amplitude of 10 mV. All processes were

performed under an argon atmosphere.

The chemical stability of the solid electrolytes in the ambient atmosphere was
monitored by measuring the H2S gas generation and by X-ray diffraction. The powder
samples (~15 mg) were first pressed at 25 MPa for convenient handling. Each
pelletized sample and an H2S gas sensor (ToxiRAE Pro PGM-1860) were placed in a
closed 2000 cm? desiccator in air. The air temperature was 20 °C, and the relative
humidity was 40%. The H2S concentration was measured by a gas sensor with a
resolution of 1 ppm, and automatically recorded at 30-s intervals. The amount of H2S

gas generated from the samples was calculated from the H2S concentration.

Following exposure to the ambient atmosphere for 60 or 1800 min, each sample was
kept under an Argon atmosphere. Prior to the XRD measurements, the air-exposed

samples were ground using an Agatha mortar.

Selected samples were also examined by Scanning Electron Microscopy (SEM)
coupled with Energy Dispersive X-ray Spectroscopy (EDX, TM3030PIlus Miniscope,

Hitachi), before and after exposure to the ambient atmosphere.

2.3 Computational details

Reaction energies related to the hydrolysis of LisPS4 and LisPS4l were calculated by
DFT (Density Functional Theory) using candidate competing phases from the
Materials Project?® 27, Additional phases not included in the latter were taken from
ICSD and were separately calculated by DFT (using the VASP code?324) to determine
their total energies. Energy correction schemes, as implemented in the Materials
Project, were also performed as needed. For the LisPSs and LisPS4l'® electrolyte
compounds, the Pnma and P4/nmm (origin choice 2) symmetry were adopted,
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respectively. The former has full Li-site occupancy while the latter has partial
occupancy in 5 Wyckoff sites (2c, 2a, 8j, 4d, and 8i). For geometry optimization, the
following conditions were employed: 520-eV kinetic energy cutoff, switched-on spin
polarization, and at least 1000-kpoint resolution (Monkhorst-Pack grid?®). Standard
pseudopotentials were used for the various elements, except for Li in which the
potential used has semicore s states treated as valence states. Calculations were
confirmed to converge to within 1 meV/atom and 0.01 eV/A in energy and residual

forces, respectively.

About 10 random configurations for the Li-vacancy arrangement were geometry-
optimized by DFT for LisPS4l in a model described by supercell vectors (1, 1, 0), (-1,
1,0), and (0, 0, 2), leading to a structure with 80 atoms and at least 12-A in cell edges.
The lowest-energy structure was then chosen for subsequent calculations, such as
reaction energy calculations and as initial structure to generate the proton-
incorporated model (i.e., Li*/H* exchange). Another set of 10 structures with randomly
sampled Li-H configurations were geometry-optimized as well, with the total energy of
the lowest-energy structure used for reaction energy calculations.

In the case LisPS4, a model (120 atoms with at least 12-A in cell edges) described by
supercell vectors (2, 0, 0), (0, 2, 0), and (0, 0, 1) was created. Similar to LisPSal, 10
structures with randomly generated Li-H configurations were also sampled, with the

total energy of the lowest-energy structure was used for calculating reaction energies.

3. Results and discussion

To investigate the formation of the LisPSal crystal phase, LisPS4-xLil solid electrolytes
with x=0, 0.5, 1 and 1.5, were investigated by X-ray diffraction, Raman spectroscopy,

and EIS.



Figure 1a shows the X-ray diffraction (XRD) patterns of the synthesized LisPS4-xLil
solid electrolytes. The XRD patterns of 3-LisPS4 (ICSD#180318), LisPSa4l (Chem.
Mater., 29 (2017), p. 1830%*) and Lil (ICSD#414244) crystal phases are shown for
comparison. The XRD pattern of the sample without addition of Lil (x=0), exhibited the
formation of the B-LisPS4 crystal phase. The XRD pattern of the sample with x = 0.5
shows peaks corresponding to the LisPSal crystal phase in addition to B-LisPS4. The
XRD pattern of the sample with x = 1 shows peaks corresponding to the LisPSal crystal
phase 24 only. The XRD pattern of the sample with x = 1.5 shows peaks corresponding
to Lil in addition to the LisPSa4l crystal phase. Indexed XRD patterns of samples with x

=0 and 1 are shown in Figure S2 and Figure S3, respectively.

Figure 1b shows the Raman spectra of the LisPSa4-xLil solid electrolytes corresponding
to the same conditions as those in of the XRD study (Figure 1a). The sample without
the addition of Lil exhibited a band centered at 421 cm™'. The sample with x = 0.5 also
exhibited a band centered at 421 cm™', however wider. The sample with x = 1 exhibited
a band centered around 417 cm™ and the sample with x = 1.5 exhibited a band

centered at 425 cm™".

The Raman band centered at 421 cm™ in the sample without the addition of Lil is
attributed to the symmetric stretching of the P—S bonds in the PS4~ units?8, which form
the local structure of the B-LisPS4 crystal structure. The Raman band of the sample
with x = 1 centered at 417 cm™' is attributed to the PS4%~ units in the LisPSa4l crystal
structure. The slight change in the Raman shift of the sample with x = 1 is attributed
to the change in the local environment of the PS43~ units due to the incorporation of
Lil.

Figure 2 shows the temperature dependence of the ionic conductivity of the LisPS4-xLil

solid electrolytes. The LisPS4-xLil samples attained ionic conductivities of 0.5 x 1074,



1.5%x10™,1.3x10™%and 0.9 x 104 S cm~' at room temperature, and activation energy
0f9.78, 12.04 and 12.04, and 19.31 kJ mol~'for x=0, 0.5, 1 and 1.5, respectively (Table
S4).

The LisPSal crystal phase is formally obtained from LisPS4 and Lil in 1:1 molar ratio.
However, the analysis of the LisPS4-xLil samples by XRD, Raman spectroscopy, and
EIS indicated that the LisPSa4l crystal phase also nucleated at compositions with lower
Lil contents. As confirmed, the local structure of the LisPS4-xLil samples was formed
by PS43~ units, separated by I~ ions according to the x content. The ionic conductivity
of the samples containing the LisPSal crystal phase (1.3—1.5 x 10™* S cm™) was
slightly higher than that reported by Sedlmaier et al. (0.64—-1.2 x 10 S cm™) 24 It is
worth noting that even higher ionic conductivity in Li2S-P2Ss-Lil solid electrolytes
prepared by liquid-phase can be achieved by optimizing the synthesis conditions?®: 3.
A Lil content higher than x = 1 was not incorporated, which resulted in a decrease in

the ionic conductivity.

To investigate the effect of the incorporation of Lil on the stability of sulfide-based solid
electrolytes under ambient atmosphere, the generation of H2S gas from LisPSal (x =
1) due to exposure to the ambient atmosphere was measured and compared to that
of LisPS4 (x = 0).

Figures 3a and b show the amount of H2S gas generated from the pelletized LisPS4
and LisPS4l samples during 60 min (Figure 3a) and up to 1800 min (Figure 3b) of
exposure to the ambient atmosphere. The temperature was 20 °C, and the relative

humidity was 40%.

After an exposure of 60 min to the ambient atmosphere (Figure 3a), the amount of

H2S generated from the LisPSs sample was 0.82 cm® g='. The amount of H2S



generated from the LisPS4l sample was below the lower detection limit of the H2S gas

sensor (1 ppm).

After approximately 540 min (Figure 3b), the H2S gas generation from the LisPS4 and
LisPS4l samples reached maximum values of 8.3 and 0.96 cm? g, respectively. The
detection of the H2S gas stabilized at the maximum peak for a certain time and
subsequently decreased in both cases. It is believed that the H2S gas could undergo
certain reaction in air®', which would prevent the further detection of the H2S gas

generation.

Figure 3c shows images of the LisPS4 and LisPS4l samples after exposure to the
ambient atmosphere for 1800 min. The LisPS4 sample pellet completely disintegrated,
which is attributed to the decomposition that the sample suffered due to the long
exposure to the ambient atmosphere with high relative humidity (40 %). Nevertheless,
the LisPS4l sample pellet did not exhibit significant change despite the generation of a

small amount of H2S gas.

To understand the mechanism of H2S gas suppression in the LisPS4l sample, the
crystal structure of the LisPS4 and LisPS4l samples was investigated after the exposure
to the ambient atmosphere. Figure 4a shows the XRD patterns of the LisPS4 sample
after exposure to the ambient atmosphere for 60 and 1800 min. The XRD pattern of
the pristine sample and B-LisPS4 (ICSD#180318) are shown for comparison. Prior to
exposure to the ambient atmosphere, XRD peaks corresponding to the [B-LisPS4
crystal phase were observed, as discussed above. After 60 min of air exposure,
unknown XRD peaks were observed in addition to those corresponding to the B-LisPS4
crystal phase. After 1800 min, additional unknown XRD peaks were observed. The
unknown XRD peaks can be attributed to the products of the reactions between the

PS43~ units and the H20 molecules in the air due to the long exposure to the ambient
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atmosphere. Although structural changes were clearly observed by X-ray diffraction,
no significant changes were observed by Raman spectroscopy (Figure S8), and

similar results were reported by Tatsumisago et al. [5].

Figure 4b shows the XRD patterns of the LisPS4l sample after exposure to the ambient
atmosphere for 60 and 1800 min. The XRD pattern of the pristine sample, LisPSal
(Chem. Mater., 29 (2017), p. 1830%*), Lil-H20 (ICSD #25515) and Lil-3H20 (ICSD

#759794) are shown for comparison.

Prior to the exposure to the ambient atmosphere, XRD peaks corresponding to the
LisPS4l crystal phase were observed, as discussed above. After 60 min of air
exposure, additional XRD peaks corresponding to Lil-H2032 and minor unknown XRD
peaks were observed. After 1800 min, XRD peaks corresponding to Lil-3H20 and

unknown XRD peaks were observed.

The unknown XRD peaks attributed to the decomposition of the PS43~ units observed
in the XRD pattern of the LisPS4 sample after exposure to the ambient atmosphere for
60 min were not observed in the XRD pattern of the Li4PS4l sample, which confirmed
that the PS43~ units in the Li4PS4l sample did not undergo decomposition. The XRD
pattern of the LisPS4l sample after exposure to the ambient atmosphere for 60 min
also revealed the formation of Lil-H20. The presence of unknown peaks in the XRD
pattern of the LisPS4l sample after exposure to the ambient atmosphere for 1800 min
revealed that the sample underwent certain decomposition; however, it was minor in
comparison to that of the LisPS4 sample, as observed by the H2S gas generation
(Figure 3b).

Figure 5 illustrates the energy level of the reactions of LisPS4l and LisPS4 towards
water gas calculated by DFT. Reaction 1 relates to the formation of Lil-H20 observed

experimentally in the LisPS4l sample when exposed to moisture:
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LiaPSal + H20 — LisPSa4 + Lil-H20, AH (cal) ==0.19 eV (1)

When in contact with H20, LisPSa4l is determined to have AH < O for the formation of

Lil-H20, in agreement with the experimental results (Figure 4b).
Reaction 2 relates to the hydrolysis of LizPSa4:
LisPS4 + 4H20 — LisPOa4 + 4H2S , AH (cal) =-0.96 eV (2)

When in contact with H20, LisPSa4 is determined to have AH < 0 for the formation of
H2S, which indicates that this reaction is thermodynamically favorable. It explains the
H2S gas generation from the LisPS4 sample at the exposure to moisture in the ambient
atmosphere (Figure 3). Unknown peaks observed in the XRD patterns of the LisPS4
sample after exposure to the ambient atmosphere (Figure 4a) may be assigned to the

decomposition products of LisPO4 (Reactions s1 and s2, supporting information).

Based on the above experimental and theoretical results, the hydrolysis stability of
LiaPSal is attributed to kinetic rather than thermodynamic origin. From the viewpoint of
physical stability, Lil-H20 should result into an effective barrier between PS43~ units in

LiaPSal electrolyte and H20 in air.

The formation of Lil-H20 as a protective barrier was further investigated by SEM.
Figure 6 shows an SEM image and corresponding EDX elemental mappings for
Phosphorus (P), Sulfur (S), and lodine (I) of the LisPS4l sample (pressed at low
pressure to facilitate handling, see experimental section) prior to exposure to the
ambient atmosphere. The EDX elemental mappings showed a homogeneous

distribution of P, S, and | in the Li4aPS4l sample.

Figure 7a shows an SEM image of the LisPS4l sample after exposure to the ambient
atmosphere for 60 min. The formation of a layer covering the surface of the sample
was observed, and the corresponding EDX elemental analysis indicated a rich iodine

ratio (iodine/phosphorus ratio=2.2), higher than that in the pristine LisPSal
12



(iodine/phosphorus ratio=1). Figures 7b-f show higher magnification of the selected
area in Figure 7a (white box) and corresponding EDX elemental mappings for
Phosphorus (P), Sulfur (S), lodine (I), and Oxygen (O). The EDX elemental mapping
indicated that oxygen (Figure 7f) was mainly located on the covering layer. These
results suggest that Lil-H20, observed by XRD (Figure 4b), is formed after exposure
to the ambient atmosphere, acting as a protective layer and preventing the direct

contact between the sample and H20 molecules in the air.

It is worth noting that similar results were found by Goodenough et al. The introduction
of the Lithium halide LiF to the garnet LissLasZr15Taos012, increased the stability of
the garnet electrolyte against moist air. The enhanced stability was attributed to LiF in
the grain boundary of the garnet preventing the diffusion of moisture into the pellet.
The results found by Goodenough et al.?> 33, and in this work opens a new alternative
for improving the stability of solid electrolytes in the ambient atmosphere by the
introduction of lithium halides.

The dehydration of the LisaPS4l sample after being exposed to the ambient atmosphere,
by simple drying at 180 °C under vacuum for 4 h, was investigated by XRD and Raman

spectroscopy.

Figure 8a shows the XRD pattern of the Li4PS4l sample after exposure to the ambient
atmosphere for 60 min and subsequent drying at 180 °C. The XRD patterns of the
LiaPS4l sample before and after exposure to the ambient atmosphere are shown for
comparison. After drying at 180 °C, only the XRD peaks corresponding to the LisPSul

crystal phase were observed

Figure 8b shows the Raman spectrum of the LisPS4l sample after exposure to the
ambient atmosphere and subsequent drying at 180 °C. The Raman spectra of the
LisPS4l sample prior to and after the exposure to the ambient atmosphere are shown

13



for comparison. The Raman spectrum of the sample after the exposure to the ambient
atmosphere exhibited a band centered at 415 cm™". The slight shift in comparison to
the band observed prior to the exposure to the ambient atmosphere (417 cm™) can
be attributed to the change in the local environment due to the formation of Lil-H20.
Nevertheless, the Raman spectrum after drying the sample at 180 °C exhibited a band
centered at 417 cm™, similar to the Raman band observed prior exposure to the

ambient atmosphere.

The reversibility of the Li4PSal crystal phase by simple drying was confirmed by XRD
and Raman spectroscopy. Moreover, the LisPS4l sample after exposure to the ambient
atmosphere and subsequent drying at 180 °C under vacuum, exhibited an ionic
conductivity of 0.7 x 104 S cm™" at room temperature (19 °C), similar to that of the

sample prior to the exposure to the ambient atmosphere.
4. Conclusion

The formation of the Li4PSal crystal phase in LisPSa4-xLil solid electrolytes with x=0.5,
1 and 1.5, was investigated by XRD, Raman spectroscopy, and EIS. The LisPSal
crystal phase was found to nucleate with Lil incorporation of x = 1 or lower. A higher
Lil content of x = 1.5 was not completely incorporated. As confirmed, the local structure
of the LisPS4-xLil samples was formed by PS43~ units, separated by | ions, according
to the Lil incorporation. Solid electrolytes containing LisPSal crystal phase exhibited an

ionic conductivity of 1.3-1.5 x 10™4S cm™.

The chemical stability of the LisPSa4l sample (x = 1) in the ambient atmosphere was
investigated and compared to that of LisPSs (x = 0), by measuring the H2S gas
generation, to analyze the effect of the incorporation of Lil on the chemical stability in
the ambient atmosphere of sulfide-based electrolytes. No generation of H2S gas was
detected in the LisPSa4l solid electrolyte after 60 min of exposure to the ambient

14



atmosphere. The suppression of hydrolysis is attributed to the formation of Lil-H20,
acting as a protective barrier and preventing the direct contact between PS43 units in

the bulk electrolyte with H20 molecules in air.
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Figure 1 a) XRD patterns and b) Raman spectra of LisPS4-xLil samples with x=0, 0.5,

1and 1.5
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Figure 2. Arrhenius plot of LisPS4-xLil samples with x=0, 0.5, 1 and 1.5
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Figure 3. H2S gas generation from LisPS4 and LisPSa4l solid electrolytes a) during 60
min and b) up to 1800 min of exposure to the ambient atmosphere. The temperature
was 20 °C, and the relative humidity was 40%. c) Photographs of the LisPS4 and

LiaPS4l samples after exposure to the ambient atmosphere for 1800 min.
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Figure 4. XRD patterns of a) LisPS4 and b) LisPSa4l solid electrolytes prior to and after

exposure to the ambient atmosphere for 60 min and 1800 min.
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Figure 6 a) SEM image of the LisPSa4l sample prior exposure to the ambient
atmosphere, and corresponding EDX elemental mapping of selected area (white

box) for Phosphorus (b), Sulfur (c), and lodine (d).

25



Figure 7 a) SEM image of the LisPS4l sample after exposure to the ambient
atmosphere for 60 min. b) Higher magnification of selected area in a) (white box), and
c-f) corresponding EDX elemental mapping for Phosphorus (c), Sulfur (d) lodine (e)

and oxygen (f).
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Figure 8. a) XRD pattern and b) Raman spectra of the LisPSa4l solid electrolyte, prior
exposure to the ambient atmosphere, after exposure to the ambient atmosphere for

60 min and after subsequently drying at 180 °C.
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