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Sulfide-based solid electrolytes (SE) are quite attractive for application in all-solid-state batteries (ASSB) due to their high ionic
conductivities and low grain boundary resistance. However, limited chemical and electrochemical stability demands for protection
on both cathode and anode side. One promising concept to prevent unwanted reactions and simultaneously improve interfacial
contacting at the anode side consists in applying a thin polymer film as interlayer between Li metal and the SE. In the present
study, we investigated the combination of polyethylene oxide (PEO) based polymer films with the sulfide-based SE LijoSnP,>S1,
(LSPS). We analyzed their compatibility using both electrochemical and chemical techniques. A steady increase in the cell resistance
during calendar aging indicated decomposition reactions at the interfaces. By means of X-ray photoelectron spectroscopy and further
analytical methods, the formation of polysulfides, P—[S],—P like bridged PS43~ units and sulfite, SO32~, was demonstrated. We
critically discuss potential reasons and propose a plausible mechanism for the degradation of LSPS with PEO. The main objective
of this paper is to highlight the importance of understanding interfaces in ASSBs not only from an electrochemical perspective, but
also from a chemical point of view.
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Itis often discussed that it might be difficult with today’s Li-ion cell
technologies to meet future long term targets for application in battery
electric vehicles (BEV).'=? In particular, the increasing demand for
extended driving ranges, which comes along with higher energy den-
sity, conflicts with the limited energy density of conventional Li-ion
batteries.! While gravimetric energy densities exceeding 300 Wh-kg™!
are targeted at cell level, only up to 170 Wh-kg™' were reached in
current EVs.* In addition, high power density is desired due to fast-
charging requirements.' Consequently, battery research was extended
to novel cell technologies. Solid electrolytes (SE) have attracted grow-
ing interest as they have the potential to enable the use of metallic Li
as anode material. They feature several advantages over liquid elec-
trolytes, such as a rigid and non-leaking structure, non-flammability
as well as a larger temperature operation range.'> All-solid-state bat-
teries (ASSB) thus have great potential to simultaneously enhance
safety, lifetime and energy density compared to established Li-ion
cell technologies.”

Initially, poor ionic conductivity at ambient temperature has been
regarded as the major drawback of SEs, but recent reports prove
that this challenge has been met with sulfide-based materials like
Lij0GeP,S1» (LGPS) or Li,S-P,Ss. They provide conductivities as
high as 25 mS-cm™!, exceeding that of current liquid electrolytes.®™
Moreover, their softness allows for good contacting, thus providing
lower grain-boundary and interfacial resistance compared to oxide-
based SEs. High total cell resistance evolving from rigid solid-solid
interfaces indeed is a major issue.>'° In a pure solid system, volume
changes of the active materials during cycling lead to a loss of in-
terfacial contact and thus complicate realization of a bulk ASSB.!!!?
Another problem especially for sulfide-based SEs is their chemical
instability not only in contact with air and moisture, but also with
Li metal and the cathode materials.*!%!> Furthermore, recent studies
revealed that their electrochemical stability has generally been overes-
timated so far.'*'® According to Zhu et al., the rather slow decompo-
sition kinetics at the SE/electrode interface, which only gradually lead
to high overpotentials, are responsible for a seemingly large stability
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window in most electrochemical materials stability screening tests.'®
As amatter of fact, the rather poor oxidative/reductive stability of most
SEs requires protection on both cathode and anode side.!

While coating of the active material is acommon strategy to prevent
unwanted reactions at the cathode interface,'” different approaches
aim for overcoming decomposition issues at the interface with the
Li metal anode. Numerous examples of sputtering thin interlayers
onto the SE and Li metal, respectively, have been reported.'®! Li-ion
conductors such as LiPON,'® metals like indium?? or gold*! as well
as metalloids such as silicon!® have been proven to effectively prevent
decomposition reactions between SEs and metallic Li. However, most
sputtering techniques are expensive and thus less attractive for large-
scale applications. Moreover, limited ionic conductivity as well as
degradation of the interlayers still questions their suitability.>3

An alternative concept, which has been studied in liquid electrolyte
based LIBs?*? and in Li-air batteries using Li metal anodes,?® con-
sists in application of a thin polymer film as interlayer. Polyethy-
lene oxide (PEO) based solid polymer electrolytes (SPE) are well
established in polymer-based ASSBs, and many successful examples
have been reported in the literature.?’~>° In contrast to inorganic SEs,
SPEs provide a certain flexibility, ensuring good contacting at the
interfaces.>

In a different study, PEO-based membranes were applied between
electrodes and Li; Al Ti;.(POy4); (LATP),*' an oxide-based SE that
is known to rapidly decompose in contact with metallic Li.!° Thereby,
degradation reactions could be prevented, resulting in improved inter-
facial contacting and decreased interfacial resistance. Although it has
recently been demonstrated that also PEO is thermodynamically not
stable in contact with Li metal, the formed passivation layer allows
for sufficient cycling behavior.>* Similarly, Zhou et al. reported a
beneficial effect of the SPE | oxide-based SE | SPE sandwich architec-
ture on cycling behavior and dendrite stability in lithium and sodium
ASSB test cells.?>3? The same setup has been examined with regard
to its ability to mitigate the risk of SE breakage as well as contact loss
between SE and electrodes,** which is a major issue during cycling
due to volume expansions.'!

Inspired by this promising concept, we investigated the combina-
tion of polymer interlayers with sulfide-based SEs, as they usually fea-
ture higher ionic conductivities than oxides."!” As a model electrolyte,
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we selected Li;oSnP,S;, (LSPS), the thiostannate analogue of LGPS
that features a comparable conductivity of 2—4 mS-cm™!,735 while
its cost is significantly lower due to the replacement of germanium
with tin, making it more attractive for large-scale applications.” The
compatibility of LSPS with PEO has already been tested in a differ-
ent context. Blanga et al. reported on a composite electrolyte showing
improved cycling behavior and safety in Li/S batteries.*® They stated
that prolonged annealing of a LSPS-PEO film with the salt Lil at 90°C
results in the formation of a novel LijxIxSnP,S2/P(EO);/Lil elec-
trolyte. X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) were used to characterize the composite. The study though did
not include post-mortem analysis, so no conclusions can be drawn
with respect to the chemical stability between LSPS and PEO. To the
best of our knowledge, this has also not yet been reported elsewhere.
In the present study, we analyzed the compatibility of LSPS with
PEO-based membranes by examining the interfacial resistance using
electrochemical impedance spectroscopy (EIS), by characterizing the
surface composition using XPS, as well as by applying further analyt-
ical methods. We found clear experimental evidence for the chemical
reactivity of LSPS in contact with PEO and we critically discuss po-
tential reasons and propose a plausible degradation mechanism.

Experimental

Materials.—All materials were handled within an argon filled
glove box (O,, H,O < 1 ppm; GS Glovebox Systemtechnik GmbH).
LijoSnP,S1, (>95%, LSPS) was purchased from NEI Corporation
and used without further purification. Polyethylene oxide (PEO,
M, 10° g-mol~!), polyethylene glycol dimethyl ether (PEGDME,
M,, 2000 g-mol~') and bis(trifluoromethane)sulfonimide lithium salt
(99.95%, LiTFSI) were purchased from Sigma Aldrich Corp. and dried
in a vacuum oven (Biichi B-585 Drying) at 120°C. SE pellets (ca.
0.5 mm of thickness) were obtained by compacting 100 mg of LSPS
powder within a 12 mm diameter stainless steel pellet die at 5 tons
(= 430 MPa) for 20 min inside the glove box. For preparation of
PEO,5sLiTFSI membranes of a thickness of 30-50 wm, 1.25 g of PEO
and 0.50 g of LiTFSI were homogenized using mortar and pestle and
annealed for 72 h at 100°C under argon atmosphere. The material was
hot-pressed between siliconized Mylar foils under argon atmosphere
ina P 200 PM press (Collin) at 100°C and 0.5 kN-cm~2 for 15 min. The
same procedure was used for preparation of pure PEO and PEGDME
membranes.

Cell assembly.—FElectrochemical measurements were conducted
in air-tight two electrode TSC battery cells (rhd instruments). Cells
were stacked in the following order: Li metal electrode (AlfaAesar,
@ = 10 mm, 750 wm thickness), PEO,sLiTFSI membrane (@ =
12 mm), LSPS pellet (3 = 12 mm), PEO,sLiTFSI membrane (@ =
12 mm), Li metal electrode (@ = 10 mm). Sufficient contacting was
ensured by applying a constant pressure of 5 bar. Calendar aging tests
of polymer membranes covered with LSPS powder were performed
in air-tight ECC-std. cells (EL-cell GmbH). Stainless steel spacers of
0.5 mm and a hard spring (32.6 Nm) served for sufficient contacting.
Individual cells for storage experiments were welded into pouch bags
(Showa Denko) under argon atmosphere in order to reliably assure the
absence of air intrusion even over extended times. For investigations
of the interfaces after cell testing, cells were disassembled and the
individual layers were separated carefully using a tweezer.

Electrochemical impedance spectroscopy (EIS).—EIS was
probed in TSC battery cells (rhd instruments) with an Autolab M101
impedance analyzer (Metrohm) in a frequency range between 1 MHz
and 10 mHz using an amplitude of 20 mV in the temperature range
from 20-60°C. For calendar aging tests, the cells were kept at a de-
fined temperature and EIS was measured every 12 h for 7-21 days.
EIS spectra were evaluated using electrical equivalent circuits and the
RelaxIS software package (rhd instruments).
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X-ray photoelectron spectroscopy (XPS).—Samples were
mounted floating on a stainless steel sample holder (@ = 15 mm) us-
ing adhesive copper tape inside the glove box. The sample holder was
then transferred from the glove box into the load lock of the XPS sys-
tem without air exposure using a transfer vessel (Kratos). XPS spectra
were recorded with an Axis Supra system (Kratos) using monochro-
matic Al K, radiation (hv = 1486.6 eV) in hybrid lens mode with the
instrument’s charge neutralizer turned on. Sputtering was performed
using an argon ion cluster gun at an acceleration voltage of 10 kV and
an argon ion current of 1 LA. The obtained spectra were processed and
fitted using the ESCApe software (Kratos, version 1.1). Binding ener-
gies were corrected based on the C-C/C-H peak of adventitious carbon
at 284.8 eV in the C 1s spectrum. A mixture of 30% Laurentzian and
70% Gaussian functions was used for the least-squares curves fitting
procedure utilizing a Shirley background subtraction. For fitting of
doublets, peak ratio and peak separation were fixed.

Fourier transform infrared spectroscopy (FTIR).—Samples
were investigated by FTIR inside the glove box. Spectra were recorded
from 4000 — 380 cm ™' at a MIRacle Germanium ATR (Pike Technolo-
gies) incorporated in the spectrometer Spectrum Two (Perkin Elmer).

UV-Vis spectroscopy.—Measurements were carried out at room
temperature with a Lambda 35 UV-VIS Spectrometer (PerkinElmer).
UV-Vis spectra were recorded in a wavelength range of 700-200 nm,
at a scan rate of 60 nm/min, an interval of 1 nm and a slit width of 2 nm,
using the program UV Winlab (PerkinElmer). Sample preparation
took place in the glove box. The samples were dissolved in dimethy-
lacetamide (anhydrous, 99.8%) or diglyme (anhydrous, 99.5%, both
Sigma Aldrich Corp.) and filled into an air-tight quartz cuvette with a
thickness of 1 mm.

Solid-state NMR spectroscopy.—Samples were filled into 2.5 mm
ZrO, rotors in an argon-filled glove box. *'P and ''”Sn magic-angle
spinning (MAS) NMR experiments were carried out with a Bruker
Avance 500 MHz spectrometer equipped with a 2.5 mm MAS NMR
double-resonance probe at a spinning speed of 20 kHz. The magnetic
field strength was 11.7 T, corresponding to Larmor frequencies of
202.4 MHz (*'P) and 186.4 MHz ('!°Sn). A rotor-synchronized Hahn-
echo pulse sequence was used for data acquisition with a /2 time of
2 s and recycle delays of 60 s.

Results and Discussion

Stability of the LSPS | PEO;;LiTFSI interface.—In order to
assess the compatibility of PEO;sLiTFSI membranes with LSPS,
we first investigated their electrochemical properties in symmetrical
Li | PEOsLiTFSI | LSPS | PEOsLiTFSI | Li cells by means of EIS
at different temperatures. In general, several contributions to the over-
all cell resistance are expected, namely from: (i) bulk and (ii) grain-
boundary resistance of LSPS; (iii) bulk resistance of PEO;sLiTFSI;
(iv) interfacial resistance between Li metal and PEO;;LiTFSI; (v) in-
terfacial resistance between LSPS and PEO,sLiTFSI; and, (vi) semi-
infinite diffusion in the SE sandwich layer.3”-3%

Representative impedance spectra for the first heating and cooling
cycle (ca. 3 h holding time at each temperature) are shown in Figure 1.
The initial high resistance of nearly 29 kQ at 20°C is largely dominated
by the contributions from the resistances (iii) — (v). The main reason for
this is the poor ionic conductivity and flexibility of PEO at ambient
temperature, which has been shown in various contexts before.**
To ensure sufficient contacting between PEO and Li metal, an initial
conditioning step at elevated temperature is essential.>® This can be
linked to the phase transition of PEO from crystalline to amorphous
state, which is accompanied by a decrease in viscosity and thus allows
better adhesion at the interfaces.>*!

As expected, EIS spectra recorded during the cool-down cycle
showed remarkably lower overall cell impedances than the spectra
at the same temperature during the heating cycle (e.g 15 vs. 29 kQ
at 20°C), indicating that the interfacial resistances decreased. The
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Figure 1. Nyquist diagram of the impedance of a Li | PEOsLiTFSI | LSPS
| PEO;5LiTFSI | Li cell during the first heating (circles) and the subsequent
cooling (lines) cycle from 20-60°C (1 MHz to 10 mHz with 20 mV amplitude;

ca. 3 h holding time at each temperature). The electric equivalent circuit used
for fitting is shown in the top right.

electric equivalent circuit used to fit the experimental impedance re-
sults is shown in the top right of Figure 1. As the bulk and grain-
boundary resistances of LSPS (i.e. (i) and (ii) listed above) are very
small in the here measured temperature range, their contributions
are expected to appear beyond the maximum applied frequency of
1 MHz.*> Hence, they cannot be resolved and are included in the
serial resistor (s. left-most resistor in the inset of Figure 1), along
with electrical resistances of the cables and the cell body. Transport
through the PEO;sLiTFSI films and across the PEOsLiTFSI | Li and
the PEO;sLiTFSI | LSPS interfaces (contributions (iii) — (v)) appear
as semicircles in the Nyquist plot and are thus modeled by a parallel
circuit of a resistor and a capacitor. To account for the non-ideal capac-
itive behavior of solid-solid interfaces, indicated by a depression of
the semicircles in Figure 1, constant phase elements (CPE) were used
instead of ideal capacitors, in accordance with previous reports. 34344
The semi-infinite diffusion in the SE layer (vi), which appears as a
45° line in the low frequency region, is fitted by a Warburg diffusion
element.”4

Fitting of the semicircle in the high frequency (HF) region revealed
capacitances in the nF range, corresponding to a time constant on the
order of milliseconds for the HF process. The middle-frequency (MF)
semicircle, in contrast, showed capacitances in the wF range, corre-
sponding to a time constant on the order of microseconds. For a clear
assignment of the two processes to the contributions (iii) — (v), com-
parative measurements were performed with Li | PEO;sLiTFSI | Li and
SS | PEO,sLiTFSI | LSPS | PEOsLiTFSI | SS cells, where SS repre-
sents the stainless steel current collector. An exemplary Nyquist and
Bode plot of the impedance of the three different cell configurations
at 20°C is shown in Figure 2. The MF process (ascribed to the right
semicircle in Figure 2a) can only be found in those cells comprising
Li metal, and thus it can be assigned to the Li | PEOsLiTFSI interface
(iv). The capacitance on the order of wF is in good agreement with
previously reported values.*®* On the other hand, the HF process (as-
cribed to the left semicircle in Figure 2b) occurs in all cells, indicating
that it is linked to Li-ion transport in the polymer layer (iii) as well
as across the LSPS | PEO,sLiTFSI interface (v). Similar capacitances
have been reported for RCPE elements describing Li-ion transport
across the SE layer.*>**

In order to evaluate the calendar aging of these cells, time-resolved
EIS was performed at 40°C (after prior heating to 60°C). Impedance
spectra recorded over the course of one week are shown in Fig-
ure 3, demonstrating a steady rise in cell impedance with time. Fitting
was performed using the same equivalent circuit model as for the
temperature-dependent EIS spectra (Figure 1). The resistance of the
HF process was increasing slightly, while the capacitance remained
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Figure 2. a) Nyquist and b) Bode diagram of the impedance of three different
cell setups at 20°C prior to any heating cycle (1 MHz to 1 Hz with 20 mV ampli-
tude): Li | PEO;sLiTFSI | LSPS | PEO;5LiTFSI | Li (blue), Li | PEOsLiTFSI
| Li (green) and SS | PEOsLiTFSI | LSPS | PEO;sLiTFSI | SS (orange).

in the nF range. This might indicate an ongoing degradation process
at the LSPS | PEO,sLiTFSI interface. In contrast, the MF process
showed a strong increase in resistance with a simultaneous decrease
in capacitance. This trend could arise from either contact losses or
decomposition to result in electrochemically inactive species at the
Li | PEO,sLiTFSI interface. Similar conclusions were reached in pre-
vious studies.’**4> However, a clear assignment of the impedance rise
to changes in the cell is difficult as the various contributions to the cell
impedance partially overlap in the EIS spectra. For a more accurate
analysis of the compatibility of the two electrolytes while excluding
interfering influences from Li metal, stainless steel (SS) electrodes
were used for subsequent testing.

Symmetrical SS | PEO;sLiTFSI | LSPS | PEOsLiTFSI | SS cells
were built and characterized by EIS over time, likewise revealing a
continuously rising cell impedance (Figure 4). Fitting required adop-
tion of the equivalent circuit, as the resistance at the Li | PEO;sLiTFSI
interface (process (iv)) is eliminated due to the absence of lithium.
Instead, an additional constant phase element CPE3 was introduced
to represent the SS | PEO;sLiTFSI interface (Figure 4, top left). The
values for R and CPE of the HF semicircle increased linearly. As
for the cells with Li metal electrodes, the time constant was deter-
mined to in the microsecond range and can thus be assigned to the
LSPS | PEO,sLiTFSI interface. This growing resistance at the LSPS
| PEO,sLiTFSI interface clearly indicates chemical stability issues
between LSPS and PEO;sLiTFSI, further supported by the intense
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Figure 3. Nyquist diagram of the impedance of a Li | PEOsLiTFSI | LSPS
| PEOsLiTFSI | Li cell stored at 40°C after prior heating to 60°C (1 MHz to
10 mHz with 20 mV amplitude). The arrows indicate the development over
time, taken at 1-day intervals (blue: initial impedance, pink: after 7 days).
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Figure 4. Nyquist diagram of the impedance of an SS | PEO;sLiTFSI | LSPS
| PEO;sLiTFSI | SS cell stored at 40°C after prior heating to 60°C (1 MHz to
10 mHz with 20 mV amplitude). The arrow indicates the development over
time, taken at 1-day intervals (blue: initial impedance, pink: after 7 days). The
electric equivalent circuit used for fitting is shown in the top left.

yellow coloration of the PEO,sLiTFSI membrane seen after cell dis-
assembly (Figure S1).

Identification of the decomposition products.—In order to iden-
tify the decomposition products between LSPS and PEO;sLiTFSI,
the cells were disassembled and the aged interfaces were investigated.
XRD pattern of the aged samples were identical to those of pristine
LSPS and PEO,sLiTFSI, showing that the degradation products must
be either amorphous or constitute very small fractions not detectable
by XRD. XPS analysis, in contrast, revealed significant changes in
the S 2p and P 2p spectra of the LSPS pellet surface which had been
in contact with the PEO;;LiTFSI membrane in the cell at 60°C over
appx. 7 days (Figure 5). We will first focus on the chemical environ-
ment of the sulfur atoms. An adequate fit of the S 2p detail spectra
required modeling the signal with five doublets. The main signal at
168.9 eV (S 2p3p2; note that doublet binding energies are always ref-
erenced here to the lower binding energy peak of a doublet) marked
by the gray areas in Figure 5a represents the sulfur in [SO,-CF;] units
of LiTFSI, as shown by Xu et al.’** The signal at 161.2 eV (marked
in green), corresponding to the lowest oxidation state of sulfur, orig-
inates from the terminal sulfur in PS;3>~ and SnS4*~ units of LSPS.
Similar binding energies were already reported for LSPS as well as its
derivate LGPS.36#

The remaining three S 2p doublets could not be assigned to the
pure compounds. Comparison to literature data indicates that the peak
at 167.0 eV (marked in red) derives from oxygen-bound sulfur, as
reported for sulfites.***¢ The signal at 163.3 eV (marked in yellow),
which originates from sulfur in a lower oxidation state, most likely cor-
responds to the bridging sulfur atoms of polysulfide species: bridging
sulfur atoms (S°) are usually reported at S 2ps, binding energies of
163.1-163.9 eV, while terminal sulfur atoms (S™) usually appear in the
range of 161.7-162.3 eV.** It should be mentioned that the signal
ratio as well as their exact binding energy depends on the polysul-
fide chain lengths, which however, cannot be quantified with certainty
due to a strong overlap with the signals resulting from the bulk LSPS
phase.

An adequate fit of the P 2p signal required two binding states to
be considered. In accordance with Zhang et al., the main signal at
132.0 eV (P 2ps3,2) marked by the green area in Figure S5b was assigned
to phosphorus in a tetrahedral coordination with sulfur, namely to
the PS4*~ units in LSPS.*} A second signal at 132.9 eV (marked in
blue) might originate from P—[S],—P type bonding configurations, e.g.
represented by a P,S;*~ unit, with the corresponding S 2ps» signal
appearing at 162.9 eV.*** A similar binding energy was reported for
P-S-P bonds in P,Ss in a different study, also matching the S 2p;;
doublets detected at 162.1 eV and 163.5 eV.> Note that due to smaller
signal intensities in the P 2p region and a significant overlap of the
doublets, quantification of the two components involves a high degree
of uncertainty.
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Figure 5. a) XPS S 2p and b) XPS P 2p spectra of the LSPS surface which
was at the interface between LSPS and PEO;sLiTFSI after aging in an SS |
PEO;5LiTFSI | LSPS | PEO;sLiTFSI | SS cell at 60°C over appx. 7 days. Grey
peaks are attributed to the [SO,-CF3] unit in LiTFSI (168.9 eV), red peaks to
S—O bonds in sulfite (167.0 eV), yellow peaks to S-S bonds in polysulfides
(163.3 eV), blue peaks to P—[S],—P type bonds (162.9 eV for the P 2p and
132.9 eV for the S 2p signals), and green peaks to PS4~ or SnS4*~ bonds
in LSPS (161.2 eV for the P 2p and 132.0 eV for the S 2p signals). Note
that doublet binding energies are always referenced here to the lower binding
energy peak of a doublet.

Figure 6 depicts the FTIR spectra of an aged (60°C over appx.
7 days) PEO;sLiTFSI | LSPS sample in comparison to the pristine
materials. The shoulders emerging at 1030 and 1420 cm™' can be
attributed to S=O vibrations (marked by red stars), as shown by Hesse
etal.>! S-S stretching vibrations in polysulfides (marked by the yellow
star) usually yield weak bands around 500 cm~'.52 However, due to the
strong overlap with S-P and S-Sn bands in LSPS, which appear around
400 and 570 cm~!, an unambiguous confirmation of polysulfides is
not possible. Strong bands at 635, 905 and 1615 cm™! (green stars)
match the values reported for C=C-H stretching vibrations.’!3 This
indicates a reduction of the polymer accompanied by hydrogen or
water release, which will be discussed later.

In order to confirm the development of polysulfides during aging
of LSPS with PEO as suggested by XPS analysis (Figure 5a), UV-
Vis spectroscopy based studies showed that the detected S,>~ species
thereby depends on the properties of the solvent.’*® In solvents with
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Figure 6. FTIR spectra of the aged LSPS | PEO;sLiTFSI interface (solid blue
line) aged at 60°C over appx. 7 days compared to pristine LSPS (dashed orange
line) and pristine PEO (dashed light blue line). Vibrations bands of S-S (yellow
star), S=O (red stars) and C=C-H bonds (green stars) are indicated for better
visibility.

a high donor number, e.g. dimethyl sulfoxide or dimethylacetamide
(DMA), multiple redox reactions involving Sg>~, S¢>~, S4>~ and S3™~
species take place, with the strongly blue-colored S;*~ radical be-
ing the predominantly stabilized intermediate. In contrast, low donor
number solvents such as 1,3-dioxolane or diglyme promote the for-
mation of short-chain polysulfides, mostly the yellow-colored S4%~
anion. To determine whether polysulfides were produced during the
aging of the PEOQsLiTFSI | LSPS interface at 60°C over 7 days, the
aged PEO;sLiTFSI membranes were rinsed in DMA and diglyme,
respectively. The DMA solution immediately turned blue while the
yellow coloration of the polymer disappeared, indicating the presence
of the blue S;°~ radical expected upon the solvation of polysulfides
in DMA. With diglyme instead, the membrane had to be dissolved to
obtain a yellow solution indicating short-chain polysulfides. Thus, the
coloration of the solutions was a first indication for polysulfide species
in the aged PEO;5LiTFSI membrane, and several features characteris-
tic of polysulfides were observed in the UV-Vis spectra of the solutions
obtained with both solvents (Figure 7). As discussed above, the difter-
ent donor properties of diglyme and DMA result in the stabilization
of different polysulfide species. In diglyme, the UV-Vis features can
be attributed to S,2~ (280 nm) and S,>~ (345 and 420 nm), whereas
S62~ (338 and 448 nm) and S3"~ (618 nm) were detected in DMA.>>7
In summary, the expected speciation of polysulfides in the two sol-
vents is an unambiguous proof of the formation of polysulfides in
the PEO5sLiTFSI membrane during the aging of the PEO,sLiTFSI
| LSPS interface at 60°C. The existence of polysulfides in the aged
PEO,5LiTFSI membrane was also confirmed by Raman spectroscopy
(not shown).

For further analysis, magic-angle-spinning (MAS) nuclear mag-
netic resonance (NMR) spectroscopy was performed on fresh LSPS
and LSPS aged at 60°C over appx. 7 days in an SS | PEO,sLiTFSI |
LSPS | PEO;sLiTFSI | SS cell. *'P MAS NMR spectra of the fresh
LSPS (Figure 8a, red line) revealed two strong peaks at 92.6 ppm
and 77.9 ppm, which represent isolated [PS4]*~ units and can be as-
signed to the 2a (occupied exclusively by P) and 4d sites (occupied
by Sn and P in a ratio of 1:1) in the LSPS phase.> Another peak
is visible at 86.8 ppm, which is consistent with the presence of a
small amount (15%) of either Li; PS¢ or LizPS,. To clearly distinguish
between the two, XRD analysis was performed. Rietveld refinement
revealed 7.94% Li;PSg as the only side phase in pristine LSPS (Figure
S2). This argyrodite, which can be described as a double salt of PS,3~
and S?~ anions,® has recently been reported as a side phase of LSPS
by Kaus et al.’® In addition, a small and rather broad 3'P MAS NMR
peak is visible at 68 ppm in Figure 8a, which hints at the presence of
P-rich amorphous regions (1%), and a small peak at 10 ppm reveals
the presence of a minor Li; PO, contribution (0.3%). The NMR spec-
trum of the aged LSPS (blue line) looks very similar to that of the
fresh sample. The only clear difference is a broadening of the peak at
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Figure 7. a) UV-Vis spectra of aged PEOsLiTFSI membranes which were
soaked in either DMA (blue) and diglyme (orange); membranes were aged at
60°C over appx. 7 days in an SS | PEOsLiTFSI | LSPS | PEOsLiTFSI | SS
cell. b) 2™ derivative of the absorbance to better detect the various spectral
contributions: S2~ at 280 nm, S42~ at 345 and 420 nm, S¢>~ at 338 and
448 nm, S3°~ at 618 nm.

86.8 ppm, which shows that the impurity phase undergoes an amor-
phization during aging. However, no conclusion with regard to the
P-S-P type bonds suggested by XPS analysis (blue marked peaks in
Figure 5b) can be drawn, as the expected signal would overlap with
those of Li;PS¢ or LisPS,.”°

The !?Sn MAS NMR spectra (Figure 8b) are again very similar
for the fresh and the aged LSPS. A single peak at 87 ppm can be
assigned to the [SnS;]*~ units in the LSPS phase.** The asymmetry
of this peak might hint at some Sn-P exchange between the 2a and 4d
sites. A slight broadening of this peak for the aged sample (blue line)
might result from some increased structural disordering of the main
phase. As in the 3'P MAS NMR spectra, no additional phases can be
evidenced.

Potential reasons for the decomposition of LSPS at the LSPS
| PEOsLiTFSI interface.—Polysulfides S,?~, sulfite SO3>~ and
P-[S],—P type bridged PS,>~ units were identified as decomposition
products in the previous section, without, however, discussion their
possible origin. Within this part, conceivable reasons for the observed
degradation products are reviewed. Before looking into contamina-
tions and structural features of the two materials, the influence of
temperature on decomposition was investigated. Therefore, calendar
aging of SS | PEO;sLiTFSI | LSPS | PEO,sLiTFSI | SS cells and
SS |PEO,sLiTFSI|LSPS | SS cells using LSPS powder was performed
at 20, 40 and 60°C. Cell disassembly demonstrated the degradation
enhancing effect of temperature, as samples stored at 60°C showed
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Figure 8. a) 31p MAS NMR spectra of fresh (red) and aged (blue) LSPS.
Peaks can be attributed to two isolated [PS4]>~ units in LSPS, a Li7PS¢ con-
tamination, and a small fraction of Li3PO4. Comparison of the fresh and aged
sample indicates a slight amorphization of the side phases in the aged sample.
Spinning sidebands are marked with an asterisk. b) ''°Sn MAS NMR spectra
of fresh (red) and aged (blue) LSPS. The peak can be assigned to [SnS4]*~
units in LSPS.

more intense coloration than those stored at 20°C. This observation
was supported by XPS analysis, which yielded a higher fraction of
degradation products for the samples stored at 60°C. Hence, the de-
composition reaction seems to be kinetically controlled.

One conceivable origin of the observed degradation is a reaction
of LSPS with traces of water in the system. PEO is known to trap
water even throughout vacuum drying, and Karl-Fischer titration as
well as FTIR spectroscopy were reported as suitable methods to ex-
plore this.**® However, both measurements, conducted with the pure
materials and the hot-pressed PEO;sLiTFSI membranes, did not in-
dicate any residual water. An alternative source of moisture could
originate from leakage of the test cells. To fully exclude any possibil-
ity of moisture intrusion, several test cells were stored in argon-filled
pouch bags sealed in the glove box. XPS analysis conducted after
storage for one week at 60°C revealed the same degradation products
for cells with and without additional sealing in pouch bags, so that
leakage of ambient air into the cell could be ruled out as an origin of
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Figure 9. Image (top left) and XPS S 2p spectra of a PEO membrane after
aging in an SS | PEO | LSPS | SS cells using LSPS powder at 60°C over appx.
7 days. Red peaks are attributed to S—O bonds in sulfite (166.9 eV), yellow
peaks to S—S bonds in polysulfides (163.4 eV) and green peaks to PS43~ or
SnS4#~ bonds in LSPS (161.2 eV).

the decomposition. As a further test to exclude residual moisture or
ambient air intrusion into the cell as the cause for the here observed
LSPS, the reaction products of LSPS with water were examined. For
this, a cell containing LSPS powder was purged with humidified ar-
gon that was saturated with water at 25°C. Subsequent XPS and FTIR
analysis revealed Li,S, LiOH, elementary tin as well as reduced phos-
phorus species as the reaction products, next to only minor amounts of
SOy compounds (Figure S3). Apparently, reaction with water results
in a reduction of LSPS, whereas only oxidized species were found in
the LSPS-PEOsLiTFSI samples aged at 60°C in SS | PEO;sLiTFSI |
LSPS | PEO,sLiTFSI | SS cells. This ultimately refutes the possibility
that the reaction of LSPS with trace water impurities might be the
origin of the observed decomposition.

In the next step, LiTFSI as the conductive salt was investigated.
To exclude a possible reaction between LiTFSI and LSPS, PEO mem-
branes without salt were prepared and stored in SS | PEO | LSPS | SS
cells using LSPS powder. Cell disassembly after calendar aging for
7 days at 60°C revealed an intense yellow coloring, as observed for the
LSPS-PEO;5LiTFSI samples stored for 7 days in SS | PEO;5sLiTFSI
| LSPS | SS cells, and XPS as well as UV-Vis spectroscopy of the
former confirmed the same degradation products. The XPS S 2p spec-
trum is shown in Figure 9 together with an image of the aged salt-free
PEO membrane, which is essentially identical with that shown in Fig-
ure 5 for the aged SS | PEOsLiTFSI | LSPS | PEO,;sLiTFSI | SS cell,
except for the absence of the LiTFSI features at 168.9 eV. These re-
sults do not only prove that the conductive salt is not required for
the observed LSPS decomposition, but also demonstrate that all the
sulfur-containing reaction products stem from the oxidative decom-
position of LSPS. This was particularly surprising with regard to the
sulfite species, which we considered to originate from LiTFSI before.

Since Blanga et al. did not report stability issues for their composite
electrolyte based on PEO and LSPS,*® one could question whether
contaminants in the pristine materials cause the decomposition. Beside
the Li;PS¢ phase identified by 3'P-NMR, XPS analysis of the raw
materials indicated lithium hydroxide and carbonate as contaminants
in LSPS (Figure S4). The assignment of the O 1s peak to LiOH was
confirmed by comparative measurements of an LSPS-LiOH pellets
(wt ratio 2:1), yielding an O 1s signal at exactly the same binding
energy. The pellets were moreover stored at 60°C for two weeks and
analyzed via XPS. As no changes were observed in the spectra, LSPS
and LiOH were proven to not react with each other (shown for the S 2p
spectrum in Figure S5). The LiOH impurity though might react with
PEO and thereby might lead to the observed degradation of LSPS.
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To probe this, an SS | LSPS-LiOH | PEO | SS cell was stored for
appx. 7 days at 60°C. Subsequent XPS analysis revealed a remarkably
higher sulfite amount than in SS | LSPS | PEO | SS cells (Figure 9), and
even traces of sulfate were detected (Figure S6). The same observation
was made for SS | LSPS | PEO | SS cells aged for an extended time
of appx. 6 weeks. Apparently, LiOH has a promoting effect on sulfite
formation, indicating that it plays a role in the degradation mechanism.

In order to explain a reactivity of PEO with LSPS, we also took a
closer look at the functional groups of the polymer. The here used PEO
with an average molecular weight of 10® g-mol~! only features hy-
droxyl groups at the chain ends, from which a nominal hydroxyl mass
fraction of 0.034 mg-g~! can be calculated.®’ Despite this small value,
a reactivity of these hydroxyl groups cannot be generally excluded.
Their impact on the degradation reaction can be examined by replac-
ing PEO by a similar polymer without hydroxyl groups. Polyethylene
glycol dimethyl ether (PEGDME), which differs from PEO by having
methoxy end groups, was selected to be tested against LSPS powder.
XPS analysis after calendar aging of an SS | PEGDME | LSPS | SS
cell for appx. 7 days at 60°C likewise yielded polysulfides, which was
additionally verified by UV-Vis spectroscopy. In contrast to previous
XPS experiments with aged LSPS-PEO samples (e.g. Figure 9), how-
ever, no S—O species were detected in the S 2p spectrum (Figure S7).
Apparently, removal of the hydroxyl functionality prevents sulfite for-
mation, while the appearance of polysulfides is not affected by the
presence/absence of hydroxyl functionalities. It seems that two differ-
ent decomposition processes take place simultaneously at the LSPS |
PEO interface. The tests with PEGDME revealed that sulfite forma-
tion is most likely caused by a reaction of LSPS with the hydroxyl
groups of PEO and, with regard to the previous experiment, promoted
by LiOH contaminations in pristine LSPS.

Discussion of a possible degradation mechanism.—Based on
the above findings, the reactants involved in the decomposition reac-
tion of LSPS and PEO are PEO itself, the PS,>~ units of LSPS and
possibly LiOH impurities in LSPS. The resulting degradation prod-
ucts are polysulfides S,>~, sulfite SO3>~ and P-[S],—P type bridged
PS4*~ units. As mentioned, comparative measurements indicated two
degradation mechanisms. The hydroxyl groups in PEO and the LiOH
contaminant in LSPS turned out to be involved in the oxidation of
LSPS to sulfite, but polysulfides and P—[S],—P units were also found
in aged LSPS-PEGDME samples.

To the best of our knowledge, fundamental investigations of the
chemical stability between organic polymers and sulfide-based inor-
ganic SEs have not been conducted without applying electrochem-
istry so far. A literature research though revealed that the same degra-
dation products were found in XPS studies of sulfide-based SEs in
contact with cathode active materials in ASSBs after cycling.!243:48-50
Auvergniot et al., for instance, reported the formation of polysulfides,
P,S;5 and LiCl during oxidation of LisPS5Cl in contact with LiCoO,.>°
They moreover detected sulfite, which was attributed to the reaction
of the argyrodite with traces of oxygen in the cell. Zhang et al. ana-
lyzed the interfacial properties of an LGPS/LiCoQO,/carbon composite
cathode, identifying S—-O, S-S, P=S and P-S-P type bonds formed
during cycling.** Similar observations were made by Koerver et al.,
who found S-S and P-[S],—P species in a composite cathode based on
LiNiygCopMng 0, (NMC) and B-Li;PS, (LPS) after cycling.*®4°

To better understand the connection between these oxidation reac-
tions provoked by galvanostatic cycling and the oxidation processes
herein, we took a deeper look into the underlying mechanisms. The
formation of P—[S],—P bridges (n > 2) in a polymerization-like re-
action of PS,>~ units was predicted in computational studies on the
LPS/FePQ, interface by Sumita et al.®>%3 The reaction is accompanied
by a decrease in Li-ion sites, and Li-ion diffusion into the cathode is
a driver for further oxidation. In a follow up experimental study, the
behavior of LPS/carbon cathodes during Li deinsertion and insertion
was examined.** Hakari et al. showed that the sulfide ions in LPS
contribute to charge compensations. By XPS analysis it was demon-
strated that the local bonding environment of phosphorus remained
unchanged, but higher oxidation states were observed in S 2p spectra
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Scheme 1. Reaction scheme for a possible degradation mechanism of LSPS.
(a) Reaction of PS43~ units to P,S7*~ units and polysulfides, analogous to
what was proposed by Koerver et al.** (b) Intramolecular fragmentation of
deprotonated PEO, according to Hester et al.® (c) Reaction of the alkoxides
produced by reaction (b) with polysulfides produced by reaction (a) to sulfite
and polymer fragments, inspired by Liang et al.*’

of charged cathodes. The signal at 162.7 eV was assigned to bridging
sulfur atoms between PS>~ units, which results in a formal sulfur
oxidation state of —1.

A similar reaction has recently been reported by Koerver et al.,
who also observed interconnection of PS,3~ units upon oxidation of an
LPS/NMC/carbon composite.*’ They presumed formation of corner-
and edge-sharing species, namely Li,P,Sg, Li;P,S7 or Li, P, S¢. In con-
trast to the polymerization proposed by Sumita et al., this reaction is
not only accompanied by reduction of Li-ion sites, but also by sulfur
release, resulting in a nominal loss of Li,S (Scheme 1a). They stated
that during the charging process sulfur might be accumulated in the
cathode and Li-ions are transferred to the counter electrode.*%* Ac-
cording to various studies, the released sulfur most likely reacts with
sulfide ions, which are e.g. present in the Li;PS¢ side phase, to form
polysulfides. 34850

Interestingly, Koerver et al. found the same oxidation products, al-
beit less intense, by XPS analysis of the LPS/carbon mixtures prior to
electrochemical testing.*” This was not further commented, however
regarding the results presented in our study, we suggest that cycling
only accelerates the oxidation, but is not the actual trigger. Li extrac-
tion toward the counter electrode cannot be the driving force in this
case, as the material was not exposed to a current or a potential. The
same is true for the calendar aging tests shown here, suggesting that
the LSPS decomposition mechanism involves areaction with the PEO.
Firstly, PEO is well-known to have a high Li-ion solvation ability, ow-
ing to its crown-ether-like structure that allows efficient complexation
of Li-ions.>**%5 Furthermore, several studies in the field of Li/S bat-
tery research demonstrated that polysulfides can be dissolved in PEO,
showing high mobility in Li/S cells with SPEs.%%-% It can therefore
be assumed that removal of the LSPS decomposition products, i.e., of
Li-ions and polysulfides, into the polymer is a driving force for the
oxidation of LSPS, following the principle of Le Chatelier.

The FTIR results moreover indicated that the polymer gets reduced,
resulting in formation of C=C double bonds. Hester et al. reported
various fragmentation reactions for deprotonated PEO.® LiOH be-
ing present in pristine LSPS might act as a deprotonation agent. The
formation of alkoxides has already been reported for the reaction of
PEO with different alkali metal hydroxides by Xiao et al.”® In a subse-
quent intramolecular ether cleavage reaction, smaller fragments could
emerge (Scheme 1b).”! The fragmentation of PEO leads to a much
higher amount of terminal oxygen than in the pristine material, which
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becomes relevant concerning sulfite formation. In search of a reaction
mechanism, we found an interesting correlation with Li/S batteries.
Liang et al. showed that graphene oxide is reduced in contact with
polysulfides.*’” More precisely, they stated that C-OH bonds get re-
duced to C-H bonds during oxidation of polysulfides to thiosulfate.
The formation of thiosulfate by oxidation of sulfur with metal hy-
droxide has also been reported earlier.”?

In summary, a plausible degradation mechanism for LSPS could
start with the polymerization of PS,>~ units. The released sulfur can
react to polysulfides which are, likewise Li-ions, taken up by PEO. At
the same time, the polymer could undergo an intramolecular fragmen-
tation, which is accelerated by deprotonation of PEO with LiOH. The
resulting alkoxides might then react with polysulfides to form sulfite
and polymer fragments (Scheme 1c). This mechanism would also ex-
plain the absence of sulfite species in LSPS-PEGDME samples, as the
lack of a terminal hydroxyl group prohibits both the initial deprotona-
tion and the subsequent intramolecular fragmentation to alkoxides.

Conclusions

In the present study, we analyzed the compatibility of the inor-
ganic solid electrolyte LSPS with PEO-based polymer membranes.
First electrochemical investigations in a Li | PEO;sLiTFSI | LSPS |
PEO,sLiTFSI | Li cell demonstrated a continuous increase in the over-
all cell resistance, clearly indicating an ongoing degradation reaction
of the LSPS solid electrolyte. SS | PEOsLiTFSI| LSPS | PEO;s LiTFSI
| SS cells where the lithium electrodes were replaced by stainless steel
blocking electrodes showed an analogous impedance increase which
could be ascribed to a growing impedance at the LSPS | PEO,sLiTFSI
interface caused by a reaction between these two materials. Sub-
sequent XPS analysis, 3'P MAS NMR, and UV-Vis spectroscopic
tests of the aged LSPS | PEOsLiTFSI interface revealed polysulfides,
P-[S],—P type bridged PS,>~ units and sulfite as decomposition prod-
ucts. Additional experiments showed that artifacts due to reaction of
LSPS with trace water impurities as well as the reaction of LSPS with
the conductive salt LiITFSI could be ruled out as possible causes for the
observed LSPS degradation. On the other hand, surface impurities on
pristine LSPS as well as the hydroxyl end groups in PEO were found
to affect the LSPS decomposition: while comparative tests showed
that polysulfides are evolved independently of whether the end groups
of the polymer were hydroxyl (in PEO) or methoxyl (in PEGDME)
moieties sulfite is only formed in the presence of hydroxyl end groups
(i.e. with PEO). Our data clearly prove that the LSPS | PEO interface
is chemically instable, even in the absence of any electrochemistry.
Based on a literature review, we proposed a plausible reaction mecha-
nism for the purely chemical degradation of LSPS at the LSPS | PEO
interface, considering not only the raw materials LSPS and PEO, but
also contaminants such as lithium hydroxide on the LSPS surface.

‘We hereby want to highlight the importance of investigating inter-
faces in ASSBs both in terms of electrochemical and chemical proper-
ties. Regarding surface impurities and evaluating their role in potential
unwanted side reactions is indispensable when analyzing electrochem-
ical properties at the material level. Although surface impurities like
lithium hydroxide or carbonate can be found in all types of battery
materials, they are rarely taken into account when it comes to inter-
pretation of the experimental data. This work shows that extensive
post-mortem analysis is essential to get a complete picture of the in-
terfacial reactions taking place in ASSBs.
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