Experimental assessment of the practical oxidative stability

of lithium thiophosphate solid electrolytes

Georg F. Dewald®?, Saneyuki Ohno®", Marvin A. Kraft*®, Raimund Koerver®®, Paul Till*’,
Nella M. Vargas-Barbosa®", Jiirgen Janek®**, Wolfgang G. Zeier®™

“Institute of Physical Chemistry, Justus-Liebig-University Giessen, Heinrich-Buff-Ring 17,
D-35392 Giessen, Germany.
bCenter for Materials Research (LaMa), Justus-Liebig-University Giessen, Heinrich-Buff-
Ring 16, D-35392 Giessen, Germany.
‘Max Planck Institute for Solid State Research, Heisenbergstrasse 1, 70569 Stuttgart Germany

Abstract

All-solid-state batteries are often expected to replace conventional lithium-ion batteries in the
future. However, the practical electrochemical and cycling stability of the best-conducting solid
electrolytes, i.e. lithium thiophosphates, are still critical issues that prevent long-term stable high-
energy cells. In this study, we apply a stepwise cyclic voltammetry approach to obtain information
on the practical oxidative stability limit of Li10GeP2S12, two different Li>S-P2Ss glasses, as well as
the argyrodite LisPSsCl solid electrolytes. We employ indium metal and carbon black as the
counter and working electrodes, respectively, the latter to increase the interfacial contact area to
the electrolyte as compared to the commonly used planar steel electrodes. Using a stepwise
increase in the reversal potentials, the onset potential of oxidative decomposition at the electrode-
electrolyte interface at 25 °C is identified. X-ray photoelectron spectroscopy is used to investigate
the oxidation of sulfur(-II) in the thiophosphate polyanions to sulfur(0) as the dominant redox
process in all electrolytes tested. Our results suggest that — in later cycles — the crystalline solid
electrolyte itself is not the major redox active phase, but rather that only after the formation of such
electrolyte decomposition products, significant redox behavior is observed. Indeed, the redox
behavior of the decomposition products is an additional contributor to the overall cell capacity of
solid-state batteries. The stepwise cyclic voltammetry approach presented here shows that the
practical oxidative stability at 25 °C of thiophosphate solid electrolytes against carbon is

kinetically higher than predicted by thermodynamic calculations, and that the decomposition



products dominate the redox behavior of cathode composites. The method serves as an efficient
guideline for the determination of practical, kinetic stability limits of solid electrolytes with respect

to the employed electrode materials.

1. Introduction.

As lithium-ion batteries are soon expected to reach their physical performance limits,'
all-solid-state lithium batteries (SSBs) are currently investigated as an alternative approach to
achieve high-energy cells. By replacing liquid electrolytes with solid electrolytes (SEs), the lithium
metal anode and high-voltage cathode materials may be accessible, leading to a higher volumetric
energy density. Among the large variety of SEs, the lithium thiophosphates are seen as promising
candidates due to their high conductivity and processability at room temperature.>

Similar to lithium-ion batteries, in SSBs, the often-evolving interfaces and interphases control the
performance and stability. A parameter that encompasses such interfaces and the formation of such
interphases is the electrochemical stability window of the electrolyte. The electrochemical stability
window (or simply electrochemical window, EW) is the potential range in which the electrolyte
and its components are non-reactive, i.e. exhibits inertness towards oxidation and reduction. We
note that the inertness depends strongly on the composition of the electrolyte itself as well as the
electrode materials used. Recent theoretical calculations predict a small EW for thiophosphate
electrolyte/electrode interfaces, which are limited by sulfur redox reactions at the cathode and by

phosphorous redox reactions at the anode.>®

Experimentally, the EW of SE is usually probed via cyclic voltammetry (CV).%*-!! Commonly, an
asymmetric cell setup with lithium metal (acting as both counter and reference electrode) and a
planar inert blocking electrode (as working electrode, usually planar stainless steel but sputtered
gold and Pt are also reported) is used.!>"'* Once assembled, the cell is cycled at a fixed scan rate,
often starting at the open-circuit potential, up to a certain positive potential (reported values range
from 5 — 10 V vs. Li*/Li) back to ca. 0 V vs. Li*/Li and the cycle ends at the open-circuit voltage.
The EW is established by arbitrarily choosing a cut-off current density, e.g. + 1 mA/cm?, for the
upper and lower potential limits of the EW. Han ef al.® recently showed that working electrodes
with higher surface areas in contact with thiophosphate SEs show a lower onset potential of
decomposition reactions and, therefore, a smaller EW. It is important to recall that the Faradaic

current for any electrochemical reaction is proportional to the area of the electrode, the



concentration and diffusion coefficient of redox active species, and the number of electrons
transferred. The surface area increase of the working electrode and the subsequent reduction of the
EW is, therefore, somewhat expected since the increased contact area at the thiophosphate
electrolyte/working electrode interface allows one to probe more of this interface. Even so, the
EW reported by Han et al. is not only significantly smaller than other reports on similar materials,
but also closely matches what is theoretically predicted. As such, until now, it has been presumed
that thiophosphate-based SEs are not stable enough for SSBs and that the measured capacities of
SSBs that contain these electrolytes are strongly affected by the redox activity of the SE itself.
Although decomposition reactions have been reported in the cathode composites in SSBs,”-%12:15-

22 their precise onset potentials and influence on the EW of SEs remains unclear.!®

Benck ef al.'® developed a CV experiment with a progressively extended potential range to probe
the EW of different conducting substrates in aqueous electrolytes. This methodology helps on
associating oxidation and reduction features with corresponding coupled processes. Using this
approach, in this work, we apply a stepwise cyclic voltammetry approach to determine the onset
potential of oxidative electrolyte decomposition against carbon black and further study the
electrochemical behavior after oxidative decomposition. More specifically, stepwise cyclic
voltammetry in combination with X-ray photoelectron spectroscopy (XPS) is used to deduce the
practical, kinetic stability limit against oxidation of Li10GeP2S12, 70:30 as well as a 75:25 Li2S-P2Ss
glass, and LigPSsCl, all of which are discussed as potential SEs for SSBs. For our model study, we
replace the inert blocking electrode with a SE-carbon black composite electrode that increases the
interfacial contact between the components, and thus, the sensitivity of the measurement, similar
to Han et al.® Since electronically conducting additives are frequently used in solid state composite
cathodes and their implementation is a necessity for electronically and ionically isolating active
materials, e.g. in Li-S batteries,!>?°22 this setup can be employed to determine the practical EWs
for application in the development of Li-S solid state batteries. As the electrolytes are expected to
decompose in contact with Li metal,>*?¢ indium metal is used as counter electrode to minimize
the reaction current arising from the decomposition on the anode side, as demonstrated recently

by Wagemaker et al.?’

Although the redox activity of the SEs, i.e. LiioGeP2S12, Li3PS4, Li2S-P2Ss glasses and LisPSsCl

at positive potentials has been recently reported,'®?%32 we hope to shed further light into the



decomposition behavior of those materials. Indeed, our results show that the redox activity of these
materials is not due to the crystalline SE itself, but rather due to the side-products formed upon
electrolyte decomposition in early cycles. Therefore, in contrast to the current understanding that
the structural electrolyte itself is redox active, this work suggests that only after the decomposition
has occurred, the electrolytes’ decomposition products dominate the redox activity in the CV
scans, which can easily be misinterpreted as the EW in non-stepwise CV scans to high
potentials.®* Further, we report that the upper potential limit of the tested electrolytes against
oxidation is significantly higher than theoretically predicted,® namely ca. 0.5 V — 1 V higher than
thermodynamically predicted. This implies that the decomposition products of the solid
electrolytes typically show much lower overvoltages in their redox behavior. Unfortunately, the
stability range remains narrower than the cyclization limit of typical oxide-based cathode active
materials. As such, our results make a strong case for the further development of protective oxide
coatings that prevent interfacial decomposition at the electrolyte-cathode interface.’-*
Additionally, as recently shown by Yu et al.?” and Tan et al.'3, the reversible redox reactions of
decomposition products contribute to the overall cell capacity in a SSB and cannot be neglected.
The method and results presented here serve as a guideline for future SE benchmarking studies
under practical conditions. Most valuable is the fact that the presented methodology can be used
to fine-tune the limiting potentials during cyclization to achieve stable cycling of SSBs. In doing
so, the performance of SSBs should increase when detrimental side-reactions due to electrolyte

decomposition are avoided.

2. Experimental Methods.
Synthesis of solid electrolytes. The SEs as well as all related samples were handled only under
argon atmosphere (O2 < 1 ppm, H2O < 5 ppm). For synthesis of electrolytes, a solid-state route
was chosen. Lithium sulfide (Li2S, Sigma Aldrich, 99.98 %), phosphorus pentasulfide (P»Ss,
Sigma Aldrich, 99 %), germanium sulfide (GeS, Sigma Aldrich, 99.99 %), anhydrous lithium
chloride (LiCl, Alfa Aesar, 99%) and elemental sulfur (Sg, Arcos Organics, >99.999 %) were used
as starting materials. For LijoGeP2S12, the reactants were mixed in stoichiometric ratio in a 3 g

batch. An excess of elemental sulfur (3 wt%) was added to compensate for evaporation losses. The



mixture was ball milled (Fritsch Pulverisette 7 premium line) in a ZrO; milling set (80 mL bowl
and 90 g of milling balls with a diameter of 3 mm). The milling was conducted at 400 rpm in 150
cycles of each 15 min milling and 15 min cooling break. Subsequently, the powder was pressed
into 10 mm diameter pellets and sealed under vacuum into a quartz ampoule. Heating was
performed in a Nabertherm tube furnace for 20 h at 773 K (ramp 27 K-h™!) before homogenizing
the sample in an agate mortar for 15 min.

To obtain the argyrodite LisPSsCl, the stoichiometric amount of the described precursors was
mixed and ground for 15 min in an agate mortar. The mixture was pelletized and sealed under
vacuum into an ampoule, followed by annealing at 823 K for 7 days (ramp 100 K-h™!) and
subsequent grinding after the reaction was completed.

The Li2S-P2Ss glasses was synthesized in 3 g batches by ball milling the starting materials (milling
set up as described above) for 300 cycles of 5 min milling and 15 min break with 500 rpm.
Characterization of electrolytes. Phase purity was confirmed via X-ray diffraction (XRD).
Measurements were performed on a PANalytical Empyrean powder diffractometer in Bragg-
Brentano &6 geometry using Cu Ka radiation (41 = 154.056 pm, A>= 154.539 pm). A 268range of
10° to 90° was scanned in a step size of 0.026° (counting time per step 200 s). Samples were
prepared on a (911)-oriented Si zero background holder and protected from ambient atmosphere
by a Kapton® polyimide film. Diffractograms are shown in Figure S1 — S3.

For analysis of crystalline samples, Rietveld refinements were carried out employing the TOPAS-
Academic V6 software package (Bruker). A 26 range of 26—90° was refined using a Thompson-
Cox-Hastings pseudo-Voigt function for the profile shape. The structural models published by
Weber et al. and Kraft ef al. were used as starting points for refinements.*>3¢ Lithium parameters
were taken from the respective neutron powder diffraction results and were not refined. For both
samples, only minor side phases were found and the obtained structural information can be found
in the Supporting Information.

To determine the conductivity of the SEs, 200 mg of the powder were pressed isostatically into
10 mm diameter pellets, contacted with around 200 nm of gold on each side with a diameter of
8.2 mm (deposited via thermal evaporation), and placed into pouch cells for impedance
spectroscopy. Analysis was performed at 298 K using a VMP300 potentiostat (Biologic) in the
frequency range between 7 MHz and 100 mHz with an amplitude of 10 mV. Taking the geometric



dimensions of the pellet into account, conductivities were calculated. Representative spectra are
shown in Figure S4.

Preparation of carbon. Commercial carbon black with a BET-determined surface area of
62 m?>g ! (Super C65, TIMCAL, Ltd.) was used as electronically conducting component of the
working electrode composite. Here, two types of drying approaches were employed: (1) C65 dried
in a Biichi oven under dynamic vacuum at a temperature of 300 °C for 24 h, and (2) C65 treated
at 800 °C for 12 h under a reducing Hy/Ar flow (20 vol% Hb> in Ar).

Cyclic voltammetry (CV). For CV testing, press cells as previously described were used.?’ First,
60 mg of SE were filled into the PEEK housing and manually compressed with stainless steel
stamps. For the SE-C electrode composite, SE and carbon were mixed in a weight ratio of 9:1 and
manually ground in an agate mortar for 15 min. A mass of 12 mg of SE-C composite was put onto
the SE pellet to prepare the working electrode (resulting in a theoretical thickness of around
160 pm for Li;j0GeP2S12, calculated based on the components density). The sample was uniaxially
pressed for 3 min at 35 kN. After adding 100 pm thick indium foil (ChemPur, 99.999 %) with a
diameter of 9 mm as counter electrode on the other side of the pellet, the cell was fixed in an
aluminum frame with a torque of 10 Nm, resulting in a pressure of approximately 60 MPa. Similar
to the work by Wagemaker and coworkers,?” indium metal was chosen as the counter and reference
electrode material to ensure that no additional Li source is present for the experiments. Although
only lithiated indium can be used as a reference electrode, a stable OCV of 0.62 V vs. Li"/Li is
established upon incorporation of ca. 1 at.% of Li in In.3¥4% As such, after assembly each cell was
allowed to equilibrate for 1 h, to ensure good alloying at the counter/reference electrode and to
establish a stable OCV prior to any measurements. Therefore, all data are reported against the
potential of In/InLi. The stepwise CV experiments were performed using a VMP300 potentiostat
(Biologic) at a constant temperature and scan rate of 298 K and 0.1 mV/s, respectively. Each
experiment started at the open-circuit voltage (OCV), the potential was swept to the oxidative
reversal potential, then back to 0.0 V vs. In/InLi, and the cycle finalized at the OCV. Two
consecutive cycles were measured for each reversal potential studied. The following reversal
potential ranges were measured: 1.6 to 3.2 V vs. In/InLi in 0.1 V step increases and from 3.2 to
4.4V vs. In/InLi in 0.2 V steps. The instrumental resolution during CV experiments was 100 pV
and 3 nA (accuracy 0.1 pA). In total, due to slow scan rate and the number of scans, a total step-

wise CV experiment consumes about 35 days per sample.



The as-described cells (employing either vacuum dried or the surface-reduced C65) were also
tested as full cells using chronopotentiometry at a current density of 200 uA-cm2. In these cells,
the LijoGeP2S12 acted both as electrolyte and pseudo-active cathode material. Two different cells
were tested up to two different cut-off potentials, 2 V and 3 V vs. In/InLi. The cells were initially
charged to their respective cut-off potential and then discharged to 0 V vs. In/InLi.

X-ray photoelectron spectroscopy (XPS). For XPS measurements, a PHI Versaprobe II Scanning
ESCA Microprobe (Physical Electronics PHI/ULVAC-PHI) with a monochromatized Al Ka
X-ray source was used. Detailed spectra were recorded with a pass energy of the analyzer of
23.5 eV. Subsequently to disassembling the cell, the SE-C composite surface was investigated by
XPS. Prior to recording, a representative surface area was selected by secondary electron imaging
and the samples surface was cleaned for 5 min via Ar* sputtering (0.5 kV, 0.5 pA, area 36 mm?).
In addition to two reference samples of as-synthesized and as-mixed with carbon electrolytes, five
samples were prepared for each electrolyte to investigate the influence of the applied potential.
After the assembly of In/SE/SE-C cells, the potential was swept from OCV to 1 V,2V,3V, and
4V vs. In/InLi with a rate 0.1 mV-s™!, respectively. The potential was kept constant at the set
potential for 12 h to complete the reaction. One cell was kept at 4 V followed by 12 h at 0 V to
check reversibility of the redox processes. Analysis was performed using the CasaXPS software
package (Version 2.3.17). To calibrate the spectra to compensate for charging effects, the C 1s
peak of pristine SE was assigned to aliphatic carbon and set to 284.8 eV. The resulting binding
energy of the main intensity in S 2p detail spectrum was subsequently used to calibrate C65

containing samples.



3. Results.

Cyclic voltammetry. CV is a widely used method to investigate the stability of liquid electrolytes
in order to corroborate their suitability for a wide range of applications.!**!=** Similar to liquid
electrolytes, for SEs the experimental setup and the choice of electrode configuration, especially
the lack of a true reference electrode, drastically influence the results obtained by CV, leading to
a spread of information in the literature.!?"1444-52 In solid-state materials, employing the commonly
used planar stainless-steel electrodes for probing e.g. the decomposition reactions in LijoGeP2S12
leads to small currents, even at a high potential of 5 V vs. In/InLi (see Figure 1, black trace), which
suggests that this electrolyte is kinetically stable at these high potentials. However, due to sluggish
kinetics in solids, the rate of decomposition will be limited to the solid/solid interface and the
typical planar geometry with a small interface area leads to small currents. As the interfacial
contact area between the SE and the electrode is increased upon the addition of carbon, Faradaic
currents can be detected within the potential range in which the SE was previously seemingly
stable (see Figure 1, red trace). Indeed, as presented in the introduction, Han et al.® recently showed
this effect and concluded that the onset of decomposition does occur at lower potentials than when
tested with planar electrodes, because more Faradaic features are evident in the measured CV.

Here, as C65 is used as the working electrode, the surface area of the blocking electrode is
increased by roughly three orders of magnitude compared to the planar steel electrode. Considering
typically currents measured during CV and the BET surface area of C65 (62 m>g!), the resulting
current densities can be estimated to be in order of 107> mA-cm 2 (for 0.01 mA as shown in Figure
1). Due to the underlying microstructure, the true electrochemically active surface area remains
unknown and normalization of the observed currents by the exact electrochemical surface area is
not possible. However, planar electrodes are clearly not suitable for stability tests of SEs due to
the small interfacial contact area in contrast to practical conditions in a solid-state battery. Such a
planar measurement setup wrongly suggests a wide EW due to minor oxidation currents in the
order of pA at high potentials. On the other hand, using the composite working electrode and
measuring directly to high potentials leads to oxidation and reduction features in the CV that seem
to be related to the stability of the measured electrolyte, but the precise onset of the decomposition
remains unclear and, further, decomposition reactions cannot be distinguished from any

subsequent redox-activity.
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Figure 1: Visual comparison of two types of electrode morphology in CV experiments with the
thiophosphate solid electrolyte LijoGeP2Si2. By employing In/InLi as both reference/counter
electrode and planar stainless steel as working electrode, only small currents are detected (black).
Adding a carbon-solid electrolyte composite electrode to the cell (orange) leads to higher currents
and significant oxidative decomposition reactions are visible. The different currents are mainly

due to the huge difference in interface area of the steel and carbon electrodes.

Stepwise cyclic voltammetry. In order to determine the onset potential of oxidative electrolyte
decomposition, a careful stepwise approach of CV was employed to characterize Lij0GeP2S12, two
Li,S-P>Ss glasses (Li2S:P2Ss ratio of 75:25 and 70:30) and LisPSsCl in asymmetrical cells. Each
CV is measured twice up to a given reversal potential with a slow scan rate (0.1 mV-s™!) followed
by a stepwise increase of the potential range by 0.1 V up to 3.2 V vs. In/InLi and by 0.2 V from
3.4 V to 4.4V vs. In/InLi. With this step-wise increase of the potential range, the reactivity of



decomposition products may be differentiated from any redox-activity of the pristine electrolyte
(a schematic Figure of the experimental method is given in the Supporting Information, Figure
S5). Figure 2 shows the resulting CV curves for experiments on LijoGeP2S12. Full scans for the
LixS-P»Ss glasses and the argyrodite LigPSsCl can be found in the Supporting Information (Figure
S6 — S9). These measurements are taken against vacuum dried C65 carbon. However, as industrial
carbons often exhibit OH-groups on the surface due to unsaturated carbon bonding, all experiments
were repeated with reduced C65. 3 The resulting CV scans are shown in the Supporting

Information (Figure S11 — S14).
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Figure 2: Stepwise cyclic voltammogram (0.1 mV-s) for LijoGeP:S1>, using indium and a carbon-
solid electrolyte composite as CE and WE, respectively. Up to 2.6 V, only minute currents are
recorded (upper panel). Oxidative decomposition at high potentials (oxidation of (P/GeS4)® 7))
leads to evolving peaks with varying peak area at potentials at which the SE was stable when lower
reversal potentials were applied (lower panel). The latter processes are attributed to the redox
activity of decomposed species (Sx>~— Sx) based on their corresponding peak potentials. Open-
circuit voltage was 0.5 V vs. In/InLi. For clarity, only the first cycle at representative reversal

potentials is shown. The full set of CVs can be found in the Supporting Information.

Figure 2 visually suggests that below a certain reversal potential (< 2.6 V vs. In/InLi) only minor,
mostly capacitive currents on the order of pA are measured (current densities of about
10°mA-cm™2 with respect to the surface area of carbon working electrode). With increasing
reversal potential, a significant increase in the maximum currents at the reversal potential (Figure
S10) and additional anodic as well as cathodic peaks start to evolve. These new features occur
within the previously stable range, suggesting that decomposition reactions are occurring at the
composite electrode-electrolyte interface. Based on their peak potentials, these features are due to
subsequent redox behavior of sulfur that stems from the decomposition of the (P/Ge)S4 tetrahedral
units, as further corroborated by X-ray photoemission spectroscopy (vide infra). In other words,
the oxidation of the (P/Ge)S4 tetrahedral units likely leads to elemental sulfur or polysulfides as
well as other oxidized species such as the pyro-thiophosphate.??> While back-reactions to the ortho-
thiophosphate units are possible, the sulfur and/or polysulfides, likely both due to the broad
potential range,’* subsequently become redox-active. The observed changes in peak areas and peak
potentials indicate changes in ohmic drop and the formation of resistive decomposed products.

Commonly, the stability window is defined by comparing CV experiments and choosing a current
density or charge as cut-off criterion.5*->> However, it needs to be emphasized that the resulting
CV will strongly depend on the sample preparation, mixing of the composites, surface area of the
carbon, and the experimental procedure. Hence, any selection of a current density cut-off is
arbitrary. As an example, for LiioGeP2S12, the first reduction peak occurs in the scan up to a
reversal potential 2.6 V vs. In/Liln with a peak current of 1.3 pA. The peak current is clearly
distinguishable from previous scans and can therefore be attributed to a reduction reaction taking

place. Therefore, to be consistent with the underlying chemistry, in this work, we define the



oxidative stability potential of the electrolyte at the reversal potential in which the CV does not
show redox behavior (peaks) of the decomposition products in the following cycle. Hence, the
uncertainty of this potential value is in the order of the step size used for the experiments (0.1 V).
Based on this definition, LiioGeP2S12 and LigPSsCl show similar stabilities with decomposition
observed for potentials > 2.6 V vs. In/InLi and > 2.5 V vs. In/InLi, respectively. Despite the fact
that two differently coordinated sulfur positions are present in LigPSsCl (PS4*~ and “free” S27),%
no significant difference between their stabilities was found within the experimental uncertainty.
However, both glassy electrolytes of compositions 70:30 and 75:25 Li>S-P»Ss show an lower
oxidative stability limit of 2.2 V and 2.3 V vs. In/InLi, respectively. While 75:25 glass can be
predominantly described by ortho-thiophosphate (PS4*"), with only minor contributions of pyro-
thiodiphosphate (P2S7*"), the 70:30 material contains both polyhedral species in a ratio of 1:1.67
Although assigned with different local structural units, both glassy electrolytes show a comparable
onset of oxidative decomposition and the reason for the observed lower stability of these SEs
compared to the crystalline materials investigated in this study remains unclear. The oxidative
(kinetic) stability limits of all electrolytes found here exceed the reported theoretical
(thermodynamic) values™ and they are significantly lower than previous experimental results
obtained using a Li/SE/planar electrode setup.'!!448

In comparison to the vacuum-dried carbon, a slight shift in the onset of oxidative decomposition
on the order of 0.1 to 0.2 V was found for the stepwise CV and maximum currents for the reduced
C65 (see Figure S11 — S15). In addition, higher currents can be detected in the CVs suggesting a
better interfacial transfer kinetics with cleaner surfaces. However, considering the uncertainty of

the measurement, no significant influence of surface treatment on the onset of oxidative

decomposition can be established.

X-ray photoemission spectroscopy. Given the reported thiophosphate chemistry for B-LizPS4,%
oxidative decomposition of (P/Ge)S4 tetrahedral building units in LiioGeP2S12 is likely and may
lead to the oxidation of S?>~ to produce elemental sulfur or polysulfide species. Indeed, based on
thermodynamic calculations, GeS», S., P>Ss and B-LizPSs4 (which in itself is unstable under
oxidizing conditions) may all be expected as decomposition products of LiioGeP2S12.>%® While
the formation of crystalline P>Ss appears to be unlikely due to entropic reasons, the local formation

of bridging sulfur, i.e. P-S,-P bonds, likely takes place.’® Highly resistive decomposition products



are expected to degrade the overall battery performance, which may explain the evolving
overpotential and changing peak shape and potentials in the CV.® Interestingly, the formation of
redox-active decomposition products such as elemental sulfur or polysulfide species may be the
reason for the reduction peaks at lower potentials (2.5 — 1.5 V) as shown in Figure 2. After
oxidative decomposition, a partially reversible reduction and oxidation behavior can be seen by

the decomposition products as recently shown to influence the performance of SSBs.?

Pristine LGPS Q S 2p | |Pristine LGPS ? P2p
LGPS-C65 A LGPS-C65 A
1V Q 1V \
2V 2V /

3V 2 ~ 3V 2

4V ; Q 4V 2

4V>0V Q 4V>0V A

168 166 164 162 160 158 136 134 132 130 128

Binding energy / eV

Intensity / a.u.

Figure 3: XPS characterization of LijoGeP:S12-carbon composite. Shown are S 2p and P 2p
signals. Treatment at 2V, 3 V respectively 4 V leads to a significant broadening and shift towards
higher binding energies, indicating oxidation. Besides the main signal representing P-S bonds in
PS#~ (shown in red respectively olive), a less intense signal, attributed to P-[S]s-P bonds, was
found in these oxidized samples. The oxidized species shown with orange peaks at 163.4 eV are
reduced to be S°~ after the treatment at 0 V (green). All potentials are given relative to the In/InLi

electrode.



To corroborate the presence and chemical nature of the decomposition products, the electrolyte-
carbon composites were investigated using X-ray photoemission spectroscopy after applying a
constant potential of 1 V,2 V,3 V, and 4 V vs. In/InLi for 12 h (see Figure 3 for LiioGeP2S12). In
addition, after 12 h of oxidation at 4 V vs. In/InLi, one sample was subsequently subject to a
reduction potential of 0 V vs. In/InLi for 12 h. The XPS results are consistent with those obtained
by CV. The phosphorus as well as germanium signal in the pristine LijoGeP2S1 can be fitted with
one species each as expected from the structure (Figure S16).?** In addition to the expected
terminal (P/Ge)-S bonding, a less intense second contribution at slightly higher binding energy can
be identified in the S 2p spectra of the uncycled composites, which has been described before,®°
and is possibly related to the interaction between carbon surface or surface contaminants and
SE.>*6162 While minor oxidative changes can be found in the sulfur binding energy for the
untreated composite and at a potential of 1 V, only after treatment at 2 V and 3 V, respectively,
significant shift towards higher binding energies can be found for both the sulfur and phosphorus
signals. Here, an additional contribution starts to evolve in the S 2p and P 2p spectra at higher
binding energies. As recently found, this oxidized species contains P-S,-P bonds.?** An evolving
doublet at 163 eV that can be found in the S 2p spectrum of the composite treated at 4 V, which

may be attributed to elemental sulfur.!>2:63

These data collected on LijoGeP2Si> (as well as
Li,S-P>Ss glasses and LigPSsCl, see Supporting Information) show that there is an onset of
oxidative decomposition of the thiophosphate building units. For B-LizPSs, polymerization of
PS4*” units, leading to sulfur formation has been shown experimentally and proposed
theoretically.??60-6465 After oxidation at 4 V and subsequently applying 0V vs. In/InLi, the
oxidized species mostly disappear in the S 2p and P 2p spectra, further corroborating the redox-
active nature of the decomposition products (P-S:-P and S, species) units as observed in the
stepwise cyclic voltammetry. All three electrolytes show a reduced sulfur signal after applying a
low potential (see also Figure S17 — S19), corroborating the reversal redox activity of elemental
sulfur, while the decline of the oxidized P 2p signal indicates a fractional redox reaction of P-S,-P
type bonds. This is in line with previously reported X-ray photoemission results?? that indicate the

formation of P-S,-P and S® species. One simplified oxidation exemplary reaction can be written as

2PS4 = PSS+ S0+ 2 (1)

However, given the variety of possible structural units in thiophosphate species, e.g. PS4>~, P2S7*,

P>Se?™ 2% the detailed oxidation pathway remains elusive. The specific binding state of sulfur is



uncertain, and we assume the formation of sulfur chains/rings of unknown length. Nevertheless,
as P(+5) cannot be further oxidized, a linking of the ortho-thiophosphate PS4>~ units towards P>S7*
or P2S¢>™ is expected and sulfur or polysulfide formation must occur.?? While the oxidation of the
local ortho-thiophosphate units to P-S-P (pyro-thiodiphosphates or meta-thiodiphosphates) is
likely partially reversible due to the complex and coupled redox chemistry of thiophosphates,’-5¢
a structural decomposition is not reversible and only the oxidized sulfur species that stem from the

decomposition can be subsequently cycled reversibly as a redox active material.

Capacity evolution in solid-state batteries. The observed redox activity of the decomposition
products may contribute the overall capacity and cell performance of a solid-state battery,!8-27-1:32
and the attainable capacities need to be monitored within and outside of the oxidative stability
windows. In other words, it is important to establish if and how the redox activity of the
decomposition products contributes additional charge to the overall system. As important is the
correlation of the impedance increase due to the decomposition products with the redox activity.
In order to quantify this contribution, the described setup for the cyclic voltammetry was cycled
with the C65-Li10GeP2S1> composite acting as a cathode, without addition of an active material.
As expected, when the cell is cycled within the kinetic oxidative stability window, only negligible
charges (<5 puAh, corresponding to < 1072 pAh-cm2 with respect to the working electrode
surface) are recorded (Figure 4a). However, with an upper cut-off potential of 3 V vs. In/InLi,
which clearly lies outside of the stability window, charges on the order of 0.2 mAh are reversibly
transferred (Figure 4b). Similar results and potential characteristics can be found using reduced
carbon (see Figure S20), instead of vacuum-dried carbon, albeit with different capacities and
slightly different overpotentials.

For a better comparison, the measurement result is further normalized to the mass of solid
electrolyte in the cathode showing a significant influence of the decomposition reactions on the
specific capacity when the electrolyte is decomposed. In a real SSB, i.e. with a known loading of
a cathode active material, the contribution from the decomposition reactions will be higher because
cathode active materials provide more active area for decomposition. In addition, as one would
then normalize to the amount of known-active material but not the electrolyte itself, the additional

specific capacitance may be significant. For instance, as a rough estimate, the total charge of



0.28 mAh obtained during the initial “charge” to 3 V vs. In/InLi correlates to 25 mAh-gsg™! for
10.8 mg of SE or to 105 mAh-gs™! for 2.66 mg of sulfur cathode active material in a typical loading
for Li-S solid state batteries.?! While conductive additives are vital for sulfur-based cathodes as
the active material is electronically insulating, similar estimates can be made for NCM-based solid-
state batteries. Indeed, while this estimate does not account for changes in contact areas,
experimental conditions, changes in composite ratios and cathode processing, the decomposition
products can lead to a significant capacity contribution in solid-state batteries. While it adds
capacity to the battery operation, the resistive nature of the decomposition products (see above)
will have detrimental implications on long-term cycling. Assuming the complete oxidation of
(P/Ge)S4® ) according to Equation (1), and with it the molar amounts of electrolyte decomposed
based on measured charge of 0.28 mAh in the first scan, as well as the theoretical surface of carbon
electrode material as an active reaction site, a reaction layer with a thickness of 13 nm can be
expected (neglecting side reactions, changes in structure and density as well as assuming complete
oxidation of LijoGeP>S12, details on calculation are given in the Supporting Information).

These data underscore the non-trivial role of the thiophosphate electrolytes in solid-state batteries.
While redox-activity in the SEs has been observed before,®?° these data show that the
decomposition products clearly act as a pseudo-active material and thereby contribute to the
overall cell performance, i.e. the cell capacity. Since the herein found oxidative stability limits lie
inside the potential windows of typical cycling protocols, the capacity of the evolving interphase

between SE, carbon and decomposition products cannot be neglected.
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Figure 4: Charge-discharge curve of LijoGeP:S:> acting as pseudo-active material in a composite
cathode with carbon C65. While for cycling inside the stability window (< 2.0 V vs. In/InLi) only
marginal charges are detected (a), a subsequently increasing capacity of 0.28 mAh is obtained in
the first charge for an upper cut-off potential of 3 V vs. In/InLi and Li*/Li (b). As the solid
electrolyte acts as pseudo-active material, its contribution needs to be regarded in solid-state
batteries, especially when a high-voltage cathode active material is employed. For calculation of
the specific charge, the measured value is normalized to the mass of electrolyte (10.8 mg) in the

cathode composite.

4. Discussion
The stepwise cyclic voltammetry performed here helps to determine the kinetic stability limit of
solid electrolytes against oxidation, in this case for carbon C65 as electrode material. The
experiments represent a model case study compared to a solid-state battery, as reactions with active
materials are excluded. However, the results can be used to elucidate degradation mechanisms in
carbon containing cells, and they may also be taken as hint for degradation at conventional NCM-

based cathode materials. The upper stability limits against oxidation obtained here are shown in



Figure 5, together with recent theoretical predictions of stability windows.> The potentials of
common cathode materials during cycling are also provided for reference. In this work, we have
defined the detection of reduction peaks in the next cycle following an oxidative sweep as criterion
for the stability limit against oxidation. Since the recorded current will strongly depend on sample
preparation and experimental parameters, this comparative definition allows to define a practical
stability limit using step-wise cyclic voltammetry. While it is trivial that an increasing surface area
leads to higher currents and better resolved CVs, the stepwise CV provides the onset potentials of
oxidative electrolyte decomposition. The solid electrolytes employed here show comparable
potential limits for oxidation in the range between 2.2 V and 2.5 V vs. In/InLi (corresponding to
2.8 Vand 3.1 V vs. Li*/Li).® This shows that the experimental stability windows are wider than
thermodynamically predicted. This is a reasonable result because the calculated stability represents
the thermodynamic phase stability against competing phases at 0 K only, which excludes entropy
contributions. In addition, the practical electrochemical stability windows obtained here must be
viewed in relation to their respective cut-off criterion in which no redox activity of the
decomposition reactions has been observed yet. Ongoing decomposition reactions may already
take place as the X-ray photoemission spectra show small oxidative contributions on the surface
already at lower potentials. However, as these cannot be seen in the CV yet, these windows reflect
the practical stability window in which no influence on the cell performance is expected.

Although the electrochemically active area of the working electrode remains unknown, the results
found herein represent practical oxidative stability limits, since the employed carbon is a
frequently used additive. Taken together, the stepwise cyclic voltammetry and X-ray
photoemission results show that the decomposition products become partially redox-active. We
emphasize that while redox-activity of the building blocks of the electrolyte material itself is
possible, i.e. linking and unlinking of thiophosphate units along with the production of sulfur, the
consideration and detection of other redox active decomposition products is important. Ignoring
the latter could lead to misinterpretation and would suggest significantly lower potential limits that
hinder the viability of these SEs.?* In other words, while a direct scan to high potentials (as shown
in Figure 1) may suggest redox activity of the SE, the stepwise CV and X-ray photoemission
spectra show that the redox activity largely comes from the decomposition products and that these

decomposition products add significant capacity to the cell performance of a solid-state battery.



While the experimental results need to be referred to as a kinetic stability limit as opposed to
thermodynamic stability, as they will strongly depend on the electrode material, its surface and
microstructure as well as the applied current density in a cycling experiment, they can hint towards
the practical oxidative stability limits of electrolytes. This means that for assessment of solid-state
batteries, any stability window will have to be reestablished with the respective electrodes and
carbons that are to be used. Since we have thoroughly analyzed the oxidative stability of these
electrolytes, we can say that (1) the observed redox activity stems mostly from electrolyte
decomposition products, which add capacity to all-solid-state battery cells, and (2) depending on
the composition and transport properties of the occurring interphase, the decomposition layer will
likely degrade the overall cell performance, as shown previously,!>18:3867 highlighting the need for

the research and development of protective coatings in all-solid-state batteries.
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Figure 5: Practical oxidative stability limit of Li;j0GeP2S12, Li>S-P2Ss glasses and LisPSsCl against
a carbon composite working electrode (indium metal counter electrode). The herein found stability
region for each electrolyte is shown in blue and the onset of oxidative decomposition is shown in

orange. Stability regions are derived from stepwise CV experiments from reversal potentials



without a recorded reduction peak. For comparison, theoretical results for thermodynamic
stability ranges (black lines, taken from Zhu et al.’) and typical cycling windows of Li-S and oxide
cathode active materials based cells are also shown. Note that the theoretical stability windows of
the glassy LixS-P>Ss compounds refer to the corresponding crystalline phase Li;P3Si; and
B-Li3PSq.

Conclusion

In conclusion, the combination of stepwise cyclic voltammetry and X-ray photoemission shows
the oxidative decomposition of LijoGeP2S12, 70:30 as well as 75:25 Li»S-P,Ss glass, and LisPSsCl1
electrolytes. In contrast to theoretical calculations, all electrolytes show a higher oxidative stability
limit (between 2.2 V and 2.5 V vs. In/InLi, corresponding to 2.8 V and 3.1 V vs. Li*/Li), when
measured against carbon-containing composite working electrodes. Our work underscores the
value of systematic and careful electrochemical experiments that employ high surface area
electrodes to assess realistic stability windows of solid electrolytes for operation in battery cell
configurations. It further shows that the practical oxidative stability limits are higher than the
theoretically predicted (thermodynamic) values. Moreover, after electrolyte decomposition, the
reaction products become redox-active and consequently contribute to the overall cell capacity in
solid-state batteries.

This work shows that the careful stepwise cyclic voltammetry can address the practical, kinetic
oxidative stability window of solid electrolytes and that these need to be measured anew once
electrode compositions are changed. In general, improving the utilizable cycling window via
composite or substitutional approaches may be possible. Further, coatings of electrode materials
can then be designed to provide higher electrolyte stability in contact with the active cathode
materials. By tailoring the electrolyte stability, long time cycling stability of solid-state batteries

is expected to increase.
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