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Abstract: Lithium argyrodite-type electrolytes are re-
garded as promising electrolytes due to their high ionic
conductivity and good processability. Chemical modifi-
cations to increase ionic conductivity have already been
demonstrated, but the influence of these modifications
on interfacial stability remains so far unknown. In this
work, we study LigPS;Cl and LissPS,sCl, 5 to investigate
the influence of halogenation on the electrochemical
decomposition of the solid electrolyte and the chemical
degradation mechanism at the cathode interface in
depth. Electrochemical measurements, gas analysis and
time-of-flight secondary ion mass spectrometry indicate
that the LissPS,sCl, s shows pronounced electrochemical
decomposition at lower potentials. The chemical reac-
tion at higher voltages leads to more gaseous degrada-
tion products, but a lower fraction of solid oxygenated
phosphorous and sulfur species. This in turn leads to a
decreased interfacial resistance and thus a higher cell
performance. )
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Introduction

The demand for high energy density and safety accelerates
the development of solid-state batteries (SSBs).l"! In order
to meet the requirements of high energy and power density,
solid electrolytes (SEs) with high ionic conductivity show
great potential in satisfying these criteria.”’ Among all SEs,
sulfide-based electrolytes exhibit particularly high ionic
conductivity and favorable mechanical properties (e.g., high
elasticity and ductility), which are important for practical
processing of SSBs, especially for thick cathodes. A number
of sulfide SEs have been studied including Li,S-P,S;
glasses,! Li;(GeP,S 5,1 Ligs,Si; 74P 4s8117Clos.L! and LigPSsX
(X=Cl, Br, 1).! However, due to the rather limited
thermodynamic stability of the thiophosphate and sulfide
ions, most thiophosphate SEs exhibit a narrow electro-
chemical stability window, which is problematic in combina-
tion with high voltage cathode active materials (CAMs),
such as LiNi;_, ,Co,Mn,0, (NCM)." Recently, a spate of Li
metal halide SEs have been studied intensively, as they
provide much better cathode compatibility and high voltage
stability, however, their ionic conductivity is still lower than
that of optimized sulfide SEs.*!

Lithium argyrodites with the formula LiPS;X (X=Cl,
Br, I) show great advantages owing to their outstanding
processability and high ionic conductivity.”) Kraft etal.
systematically studied the influence of the different halide
anions (CI~, Br~, and I") on the ionic conductivity.[! Upon
altering the lattice softness of Li argyrodites, the ionic
transport was investigated via monitoring the Li* occupancy
and X /S* site disorder. It was shown that the composi-
tional change of the halide triggers the change of site
disorder due to the characteristic properties of different
halide anions. Recently, Gautam et al. controlled the site-
disorder in Li,PS;Br by tuning the synthesis temperature
before quenching.'”! The results suggest that a higher degree
of site disorder is beneficial for intercage jumps, and leads to
a fourfold increase in ionic conductivity to 2 mScm™'. Apart
from the compositional change of the halide, increasing the
halide content from LicPSsCl to LissPS,sCl, 5 also introduces
more Lit vacancies and Cl7/S*" site disorders.'! Owing to
the weakened interaction between Li ions and the surround-
ing framework, the Cl-rich argyrodite LissPS,sCl, s shows an
enhanced ionic conductivity of 12 mScm™' when pelletized
and sintered. Clearly, the ionic conductivity of the Li
argyrodites has been greatly improved, but the impact of the
chemical modification on the stability and interfacial degra-
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dation at the SE|CAM interface has not been studied in
depth.

Recently, Dewald et al. and Tan et al. investigated the
practical oxidative stability of LigPSsCl with carbon
electrodes.”™'” The oxidation of sulfide (S*7) in the
thiophosphate polyanions to sulfur (S, and S,*~ species)
dominates the electrochemical decomposition of the SE,
representing lithium extraction. However, in contact with
the cathode active material (CAM), the formation of oxy-
genated sulfur and phosphorous species indicates additional
chemical degradation at the CAM|SE (e.g., LisPS;Cl|
LiNi,; ¢Co,,Mn,,0,) interface.’™ Furthermore, the observa-
tion of gaseous products (e.g., SO,) indicates the reaction
between O, (presumably singlet 'O,['l) released from the
NCM with LigPS;CLI™ These results highlight that both
electrochemical decomposition of the SE and its chemical
reactivity with the CAM play a critical role and need to be
taken into account on the way to optimized interfaces for
SSBs.

In this work, we employ LiPSsCl and LissPS,sCl, s
electrolytes as a model system in which the increased halide
content affects the ionic conductivity without major struc-
tural changes. The electrochemical and chemical stability of
the SE is measured in SE/carbon and SE/CAM composite
electrodes, respectively. LissPS,sCl;s shows more pro-
nounced decomposition at the interface with both carbon
and CAM. Time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) and differential electrochemical mass spectrom-
etry (DEMS) were carried out to probe the solid and
gaseous degradation products. In comparison with LiPS;Cl,
LissPS,sCl;s yields more products containing elemental
sulfur (i.e., S,° and polysulfides S,*”) and more gas (i.e.,
SO,), but it forms less solid oxygenated sulfur and
phosphorus compounds (i.e., phosphate and sulfate/sulfite).
Accordingly, the SE modification leads to changes in the
underlying interfacial reactions and thus differences in the
fractions of the various cathode |electrolyte interphase
(CEI) compounds. A thin and homogeneous lithium
phosphate/phosphite or lithium sulfate/sulfite layer in turn
improves the cell performance in the case of LissPS,sCl,s.
Overall, these findings provide new insights into the
influence of electrolyte modification on cathode interfacial
stability.

Results and Discussion

LigPSsCl and LissPS,sCl, 5 electrolytes were prepared by a
well-known solid-state synthesis route as reported
elsewhere.!"" Figure S1 shows the XRD patterns of Li;PS;Cl
and LissPS,5Cl, s powders. The reflections at 26 positions
35° and 50° indicate a very minor LiCl impurity in
LissPS,5Cl, 5, while no impurities are found in LigPSsCl. The
ionic conductivity at 25°C was measured to be 2.9 mScm™
for LigPSsCl, whereas LissPS,sCl, s shows a higher conduc-
tivity of 7.0 mScm™!, which is in good agreement with the
literature value.[''?!

In order to determine the electrochemical stability
window of both SEs, cyclic voltammetry (CV) measure-

Angew. Chem. Int. Ed. 2023, 62, €202213228 (2 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

ments were performed with carbon electrodes. Figure la
and b show the CV results of the Li,PSsCl/C and
LissPS,5Cl, s/C electrodes, respectively. At a scan rate of
0.05 mVs™!, the Lis sPS, sCl, 5/C electrode exhibits an approx-
imately twofold higher current density compared with the
LisPS;Cl/C electrode, while all maxima appear at the same
potentials (Figure S2). Under the assumption that both
electrolytes are equally well in contact with the carbon, this
result indicates that a) LissPS,sCl, 5 is more susceptible to
electrochemical decomposition than LisPS;Cl, and that b)
the oxidation mechanism is similar.

The electrochemical decomposition of thiophosphate
SEs has been widely investigated experimentally and
computationally."™'>'®l  Theoretically, Li argyrodite Ses
decompose first into LiCl, Li;PS, and S (more correctly S,°
and/or S,*”, depending on the degree of oxidation) upon
oxidation [Reactions (1) and (2)], subsequently Li;PS,
decomposes into S and P,S; after complete oxidation
[Reaction (3)].

LigPSsCl — LiCl + LisPS, + S + 2Li* + 2¢" )
LigsPS,sCl, s — 1.5LiCl + LisPS, + 0.5S + Li* + e~ @)
Li;PS, — 0.5P,Ss + 1.5S 4 3Li* + 3e" 3)

Reactions (1)—(3) are highly simplified as the underlying
decomposition processes are mechanistically rather complex,
involving a large variation of possible intermediate products
(e.g., PS2, P,S,*", and P,S¢*")."™ However, following these
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Figure 1. CV measurements of a) In/InLi| LisPSsCl| LisPSsCl/C and

b) In/InLi| LissPS,sCl; 5| LissPS,sClys/C cells at 25°C. The content of C
additive is 20 wt%. The surface area of C65 was measured to be

59 m?g~". We assume that all carbon particles are well covered by SEs
in the SE/C electrode. The arrows indicate the CV curves from the first
to the third cycle. Box plots of normalized c) S~ and d) CI~ signal
intensities of ToF-SIMS surface analyses (10 measurements per
sample) of SE/C electrodes. The signal intensity is normalized to the
total ion signal intensity of the corresponding spectrum. The average
signal intensities were labelled in (c) and (d). The relative increase of
S” and CI” signal intensities were evaluated to compare the
decomposition degree of SEs.
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equations for sake of simplicity, the complete decomposition
process of the SE should involve 5e” per formula unit for
LigPS;Cl and 4e” per formula unit for LissPS,sCl;5. Con-
sequently, the higher current density in the CV measure-
ments could be explained either by a higher fraction of
decomposed SE material or by a “more complete” decom-
position process.

In contrast to LigPSsCl, a lower oxidation onset is found
for LissPS, sCl, 5 (Figure S2). This correlates with its thermo-
dynamically unstable nature determined from differential
scanning calorimetry (DSC) and thermal gravimetric analy-
sis (TGA) measurements. In the DSC measurement (Fig-
ure S3a), sharp melting/crystallization peaks were observed
for LigPSsCl at 535°C/532°C, respectively. For LissPS,5Cl, s,
the melting/crystallization peaks become broader and shift
to lower temperature (523°C/493°C), which may indicate
incongruent melting. The TGA curves show no significant
mass loss for LigPS;Cl, but for LissPS,sCl, 5, the mass starts
to drop at 315°C (Figure S3b). The underlying reactions
during heating remain elusive. Nevertheless, both DSC and
TGA experiments demonstrate the thermodynamic instabil-
ity of LissPS,sCl;5, which leads to a larger driving force
towards decomposition in electrochemical measurements.

The galvanostatic intermittent titration technique
(GITT) was applied to investigate the voltage-dependence
on the electrochemical decomposition. Upon polarization,
the sharp voltage increase (IR drop) reflects the internal
resistance in the cell (Figure S4a). In the low voltage range
(<3 V vs. In/InLi), the internal resistance of cells with either
LigPS;Cl or LissPS,sCl,5 is almost the same, while the
LissPS,sCl, s/C electrode exhibits higher capacity due to
electrochemical decomposition. At voltages above 3V vs.
In/InLi, the internal resistance of the LissPS,sCl, s/C elec-
trode increases faster than the Li;PS;Cl/C electrode, and the
two electrodes deliver similar decomposition capacity. This
implies that the electrochemical decomposition is a voltage-
dependent process, while it is difficult to correlate the IR
drop with decomposition steps due to the lack of detailed
compositions and their resistance.

ToF-SIMS measurements were performed on the surface
of SE/C electrodes (oriented towards the current collector)
after holding the voltage at 3.7V vs. In/InLi for 60 h.
Figure 1c and d show the signal intensities of S™ and CI”
secondary ions (normalized to the total ion signal intensity)
for both SEs, respectively. Under the assumption that S™
and CI” are more easily formed from decomposition
products (due to higher fragmentation), the strong increase
in normalized signal intensities is correlated to the decom-
position of both argyrodite materials upon electrochemical
oxidation. For Li;PS;Cl, the normalized intensity of the S~
signal is similar to LissPS,sCl; 5 in the pristine pellet as well
as after aging. On the contrary, the intensity of the
normalized CI~ signal is higher in the LissPS,sCl, s/C
electrode after aging. The effect of the current collector on
the decomposition reaction is not clear, but this may offset
the difference in S” and CI™ signal intensities to some
extent.!"”!

Based on the Reactions (1)—(3), the chemical stoichiom-
etry of the Li argyrodite determines the ratio of the
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decomposition products. Considering the relative intensity
changes of the S~ (6.7 10.4-fold increase for
LisPS;Cl: LissPS,sCl; 5) and CI™ (5.1- : 6.7-fold increase for
LisPSsCl: LissPS,sCl, 5) signals and the observations on the
current density of SE/C electrodes, we speculate that the
fraction of decomposition products in the LissPS,sCl, s/C
electrode is higher than in the LigPS;Cl/C electrode. In other
words, LissPS,5Cl; 5 shows a higher degree of electrochem-
ical decomposition.

To quantify the interfacial degradation at the SE|
NCMS85 interface, LigPS;CI/NCM85 and LissPS,sCl, 5/
NCMSS cells were charged up to 3.7 V vs. In/InLi and held
at this voltage, while impedance spectra were measured
every 25 min for 30 h. Figure 2a, b show that the resistance
of the two cells increases strongly during aging. A trans-
mission line model (TLM) was applied to extract the charge
transfer and the electronic/ionic transport processes in the
composite cathodes (Figure 2¢)."®! As the impedance shows
a typical Gerischer-type behavior, the charge transfer and
transport resistances cannot be accurately decoupled from
each other by fitting. However, an effective total resistance
of the composite cathode can be determined as:!'*

Rcal = Rcl(Rel + Rion) (4)
(a) 180 (b) 180
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Figure 2. Impedance evolution of a) LigPSsCl and b) Lis sPS,sCl, 5 SSBs
resting upon 3.7 V vs. In/InLi at 25 °C. The impedance spectra are
stacked with a y-axis shift of 35 Q for each spectrum. The equivalent
circuit and the corresponding contributions are marked in (c). The
transport-reaction scheme in the composite cathode is described by a
transmission line model (TLM). R, R, and Ry, represent the
resistance contributions from charge transfer, electron transport and
ionic transport, respectively. W denotes the Warburg impedance for
diffusion inside insertion active particle. Cy, accounts for the differ-
ential capacity of NCM. CPE;,, represents the constant phase element
for the interfacial capacitance. d) Comparison of R, increase against
the square root of time (£*?).
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where R, denotes the overall cathode resistance. R,
R, and R, represent the resistance contributions from
charge transfer, electron transport and ionic transport,
respectively. Figure S5 displays the impedance evolution of
the cathode and anode parts. The resistance contribution of
the cathode side dominates the total resistance of the cell
and increases parabolically over time. As shown in Fig-
ure 2d, the resistance of the LisPS;CI/NCMS8S composite
cathode exhibits a steep square root increase with a rate
constant of 13.2 Qh™*°. In contrast, the resistance of the
Li5 sPS, sCl; sNCMSS cathode increases parabolically with a
rate constant of 8.9 Qh™*. This result suggests that the
interfacial degradation of the LissPS,sCl; s/NCMS85 compo-
site cathode is slower, and we assume the following
mechanism: first, electrochemical decomposition by extrac-
tion of lithium and oxidation of sulfur (without contribution
of oxygen from the NCM) takes place on the NCM surface,
analogous to the SE/C interface. Additionally, a chemical
reaction of NCM and the SE can occur, which is probably
accompanied by oxygen release from the NCMSS5 lattice at
high voltages (>3.6V vs. In/InLi). The highly reactive
oxygen species can further react with the SE and leads to
gaseous and oxygenated degradation products.’'! There-
fore, the parabolic increase in resistance shows a combined
effect of electrochemical decomposition and chemical degra-
dation.

To monitor the impedance evolution during cycling, full
cells with NCMS85 and different SEs were examined at
0.96 mAcm? (0.5 C). The LisPS;Cl cell displays an initial
charge and discharge capacity of 215 and 165mAhg™'
(Figure 3a), while the LissPS,sCl;s cell exhibits an initial
charge and discharge capacity of 215 and 170 mAhg™'
(Figure 3b), resulting in Coulombic efficiencies of 77 % and
79 %, respectively. After 50cycles, the LisPSsCl and
Lis sPS,sCl; 5 cells still show discharge capacities of 133 and
145 mAhg™, respectively. After each charging step, impe-
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Figure 3. Galvanostatic charge/discharge curves of a) LigPSsCl and

b) LissPS,5Cl; 5 cells at 0.5C. ¢) Comparison of the cycling stability of
two cells. Nyquist plots of d) LigPS;Cl and e) Lis sPS,sCl, 5 cells after 1st,
10th and 50th charge.
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dance spectra was measured and fitted with the equivalent
circuit (Figure 2c) to extract the cathode interfacial charge
transfer processes in the cells. The increasing resistance
during cycling is ascribed to the interfacial reactions at the
SE|CAM interface (Figure S6). Upon cycling, the
LissPS,sCl, 5 cell exhibits higher capacity than the LisPS;Cl
cell, but the differences in resistance increase of the two cells
are insignificant. We note that the cells for the measure-
ments shown in Figure 2 were held at 3.7V vs. In/InLi—
which would support the chemical degradation caused by
oxygen release from the NCMSS5, whilst the electrochemical
decomposition would be more pronounced during cell
cycling as shown in Figure 3.

In addition, the morphological/structural degradation is
typically more pronounced at higher cycle numbers. Assum-
ing that the mechanical properties of both SEs are similar,
morphological/structural degradation should be more or less
comparable for both SSBs and should therefore contribute
to a similar extent to the overall SSB performance at higher
cycle numbers.

Given the different ionic conductivity for the different Li
argyrodites, the transport kinetics in two composite cathodes
were compared by rate experiments. As shown in Fig-
ure S5a,b, LigPSsCl and LissPS,5Cl;s cells show initial
discharge capacities of 183 and 198 mAhg™ at 0.1C,
respectively. With increasing C-rate, the LigPS;Cl cell
exhibits gradually decaying discharge capacities of 165, 132,
96, and 46 mAhg™' at 0.2, 0.5, 1 and 2 C, respectively. In
contrast, the LissPS,sCl;5s cell displays higher discharge
capacities of 185, 160, 132, and 85 mAhg'. The obvious
difference in rate capability could be ascribed to the higher
ionic conductivity of LissPS,sCl;5. On the one hand, the
LissPS,sCl,s separator facilitates ion transport between
electrodes with lower overvoltage. On the other hand,
LissPS,sCl; s offers a higher local ionic conductivity in the
composite cathode. In order to deconvolute both contribu-
tions to the rate capability, four cells with the following
separator | cathode combinations were examined:

LizPS;Cl SE|LigPSsCl/NCM composite cathode
Lis sPS,sCl; 5 SE|LisPS;Cl/NCM composite cathode
LizPS;Cl SE|LissPS, 5Cl, 5/NCM composite cathode

Lis sPS,sCl; 5 SE|Li5sPS,sCl, 5/NCM composite cathode

Figure S8 and Table S1 display the rate capability of the
four cells. At low C-rate conditions (0.1 C and 0.2 C), the
two cells with LissPS,sCl; sNCM cathodes exhibit higher
capacity, while the two cells with LissPS,sCl; 5 SEs show
higher capacities at high C-rates. This implies that the
limiting step is rooted in the composite cathode at low C
rates, while the ionic conductivity of the SE separator
dominates the rate capability at high C-rates. Obviously, the
higher ionic conductivity of the LissPS,sCl, s SE is favorable
for the construction of SSBs.

In order to investigate the interfacial degradation
processes, ToF-SIMS surface analysis was carried out on the
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Figure 5. ToF-SIMS measurements of LigPS;CI/NCM and Lis sPS,sCl, s/NCM cells after 100 cycles. All spectra were measured in negative ion mode
on the sidewalls of 45° craters. All secondary ion images were normalized to the total ion signal to compensate topographic effects such as the FIB
crater geometry. Exemplary of Supporting Information images of NiO, ", Cl~, (PO, -PO;7), (SO, :SO;7), (S4 +Ss +Ss ) and a RGB overlap. Cathode
active material particles, solid electrolyte, and degradation layer are well distinguished in the overlay image.

side of the composite cathode (SE/NCM) that was oriented
towards the current collector, after aging for 60 h at 3.7 V.
The normalized intensities related to S™ and Cl™ increase
strongly during aging for both electrodes (Figure 4a,b),
suggesting electrochemical decomposition of both SEs (high-
er fragmentation of the SE). Assuming the microstructures
in the composite cathodes are similar (Figure S9), the
comparably higher intensities of the LissPS,sCl s/NCM
electrode after aging indicate more severe SE decomposi-
tion. Figure S10 presents the signal intensities of a series of
polysulfide species (S,”, 1<x<4). The increase in S~
intensity after aging is reflected as well in the S,” and S;~
signals for the LissPS,sCl;s/NCM electrode. However,
concerning the overlapping impact of current collectors,['*
the difference in two electrodes is gradually eliminated,
especially for the S, fragment.

Due to the affinity of oxygen to react with phosphorus
and sulfur, phosphate (PO, ) and sulfite/sulfate (SO,")

fragments are regarded as indicators for oxygen-involving
degradation.>'"2!1 A5 shown in Figure 4c, d, in contrast to
S, and CI” signals, higher normalized intensities for PO;~
and SO;~ fragments were observed on the surface of the
LigPS;CI/NCM electrode. This result indicates that less solid
oxygenated sulfur and phosphorus species form at the
LissPS,5Cl, ssNCM interface. Below, we propose a mecha-
nism to explain these results in more detail.

In order to verify the above surface analytical results,
additional post mortem ToF-SIMS analyses were conducted
at 45° FIB crater sidewalls. Figure 5a displays exemplary
secondary ion (SI) images of two composite cathodes after
100 cycles. NiO,™ and CI™ signals were used to distinguish
the cathode active material and the electrolyte particles,
respectively. For interfacial degradation, phosphate (PO,”),
sulfate/sulfite (SO,”) and polysulfide (S,”) signals represent
different degradation processes at the SE|NCM interface.
To eliminate the mass interference and maintain the lateral

(a) (b) )
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- < — dx10* E —, s.ox10® . —, ax10°
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@
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E E E E
S ixio?t 5 G é = |ia
= < w10 Z zox105) £ o Z et
- —
. s =
ol [ 0.0 0

| LiPS,CUNCMES clectrode before cycling
! Lis PS5y 2Cly o/ NMCMB5S electrode before cycling

B Li,PS,CUNCMES electrode after aging at 3.7 W (vs. InfinLi) for 60 h
B Li;.PS, ,Cl, /NCMBS electrede after aging at 3.7 V' (vs. In/InLi} for 60 h

Figure 4. Box plots of normalized a) S~ and b) CI” signal intensities from ToF-SIMS surface analyses of SE/NCM85 electrodes after aging at 3.7 V
(vs. In/InLi) for 60 h. The signal intensities in (a) and (b) are normalized in relation to the total ion signal intensity of the corresponding spectrum.
Because we assume that the oxygen-involving degradation chemical degradation exclusively takes place on the surface of the NCM secondary
particles, the signal intensities of PO;~ and SO;~ fragments in (c) and (d) are normalized by the NiO,™ signal intensity of the corresponding
spectrum. In this way, deviations due to a different fraction of interfaces within the analysis area are partly compensated.
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Figure 6. Voltage profile of a) LisPSsCl and b) LissPS,sCl; 5 cells cycled
at C/20 rate and 45 °C, together with the corresponding time-resolved
evolution rate (left y-axis) and cumulative gas evolution (right y-axis)

for O, and the normalized ion currents for SO,.

resolution, PO,” and SO,  fragments were normalized by
multiplication (i.e., PO,"PO;", SO,-S0;")."**I To enhance
the signal intensity of polysulfide fragments (S,”), the images
of S,7, S5~ and S¢~ were summed (see Supporting Informa-
tion).

As shown in the overlay RGB image in Figure 5, PO,~
and SO,  products form at the inner degradation layer
(close to NCM particles), while S,~ species form at the outer
degradation layer (close to electrolyte particles). In addition
to a diffusion-controlled solid-state reaction between the
NCM and the SE, oxygen release from the NCM and
decomposition of Li,COj; at high voltages (i.e., >4.2V vs.
Li*/Li) likely cause this inner degradation layer. In contrast,
the outer degradation layer is dominated by the electro-
chemical decomposition reactions of the SEs (i.e., “delithia-
tion”). After long-term cycling, both electrochemical decom-
position and chemical degradation contribute to the
interfacial resistance, and further voltage polarization.

Figure S11 shows the semi-quantitative results of SIMS
crater wall image ROI analysis, which verifies the ToF-
SIMS surface analysis shown in Figure 4. Compared with
LigPSsCl, LissPS,5Cl; 5 shows a higher normalized intensity
of (S, 4S5 +S47) and a decrease in the normalized intensity

Electrochemical decomposition
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of (PO,PO;7). For (SO,™-SO;7); the approximately equal
intensities in the two electrodes can be attributed to partially
reversible redox behavior of related degradation
products.® At the same time, SO,” fragments suffer from
more pronounced mass interferences with neighboring
signals and low signal intensities compared to PO,” frag-
ments.

In an attempt to further investigate the oxygen-involving
degradation processes at the SE|NCMSS interface, in situ
gassing studies via DEMS were performed. The evolved
gaseous degradation products could help to elucidate
possible degradation mechanisms at the SE|NCMSS inter-
face during cycling. To this end, the cells were cycled at a
rate of 0.05 C and 45°C in the voltage range of 2-3.9 V vs.
In/InLi (Figure 6). The LigPS;Cl cell achieved a first cycle
charge and discharge capacity of 243 mAhgycy ' and
201 mAhgycy !, respectively. The LissPS,sCl; s cell exhib-
ited a first cycle charge and discharge capacity of 239 and
176 mAhgyey . Note that these two cells were chosen due
to their relative similar initial charge capacities. Accordingly,
the total amount of gas evolution from both SEs could be
compared. The gas evolution was monitored within m/z =1-
100 and four main gases were detected (H, (m/z=2), CO,
(m/z=44), O, (m/z=32) and SO, (m/z=64)). The evolution
of two gases is of major interests in this study, namely of O,
and SO,, which will be discussed below. The evolution of H,
and CO, gases is discussed in the Supporting Information
(Figure S12).

The O, gas evolution (m/z=32) is characteristic for
layered Ni-rich oxides CAMs. In the case of NCMS8S5, cells
are required to achieve a state of charge (SOC) >80 %!
and this condition is met for both cells with SOC ca. 84.3 %
and 82.5% for the LisPS;Cl and LissPS,sCl;s cell, respec-
tively. The origin of O, evolution in layered Ni-rich oxides is
a consequence of the destabilization of the crystalline lattice
at high voltage (>4.2V vs. Li*/Li).”" Moreover, the
amount of O, evolved scales exponentially with the lattice
destabilization and hence the SOC. With similar charge
capacities of the two cells, the cumulative amount of O,
evolved from both cells is similar (6.7 pmolgyey ' for the
LigPSsCI cell and 6.8 pmolgyey ' for the LissPS,sCl; 5 cell).
In addition to the O, signal, we monitored the SO, gas

Oxygen-involving degradation
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Figure 7. Schematic illustration of SE|NCM interfacial degradation. At low voltages (< 4.2 V vs. Li*/Li), the electrochemical decomposition of Li
argyrodites takes place. In the high voltage range (>4.2 V vs. Li"/Li), the oxygen-involving degradation dominates the interfacial reactions, and
generates gaseous (represented by SO,) and oxygenated sulfur and phosphorus species (sulfate/sulfite and phosphate) at the interface.
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evolution (m/z=64) simultaneously. SO, gas evolution is
commonly observed for SSB cells containing lithium thio-
phosphate SEs and indicates oxygen-involving degradation
at the SE|CAM interface. Interestingly, the SO, gas ion
current signal for the LissPS,sCl, s cell had higher intensity
compared to the LigPS;Cl cell. This observation suggests
that the formation of gaseous products from oxygen-
involving degradation is increased for the LissPS,sCl 5
Cell.[l‘)b.22c.23]

On the basis of the ToF-SIMS and DEMS results, we
propose that the oxygen-involving degradation at the SE|
CAM interface leads to either gaseous (indicated by SO,
evolution (DEMS)) or solid products (indicated by PO,”
and SO,  fragments (ToF-SIMS)). The mechanism of
interfacial oxygen-involving degradation is rather complex,
and the difference in gaseous or solid products remains
unclear, which needs further investigation. Modifying the Li
argyrodite SEs by halide substitution changes the fraction of
gaseous and solid interfacial products which in turn
influences the SSB performance.

Upon substitution of S** with CI-, the enhanced Li*
mobility leads to a higher ionic conductivity for Cl-rich
argyrodite. However, the lower thermodynamic stability of
LissPS,sCl; s triggers a higher fraction of electrochemical
decomposition in SE/C and SE/NCM electrodes (Figure 1
and 4). The oxygen-involving interfacial reactions occur in
the high voltage range (>4.2 V vs. Li*/Li), where the NCM
crystal lattice is destabilized and initially inert oxygen ions in
the surface layer turn reactive upon oxidation. As a result,
interdiffusion and solid-state reactions can occur on the one
hand, and highly reactive oxygen species (i.e., singlet
oxygen) can be released from the NCM lattice on the other
hand, which can then further react with the SE and
interfacial species. The oxygen-involving degradation at SE |
NCM interface ultimately leads to gaseous species such as
SO, and solid oxygenated phosphorous and sulfur species
(e.g., phosphates and sulfates/sulfites).”**) Our results
demonstrate that the basic reactions of the different
thiophosphate-based SEs with NCM are similar, but the
fractions of degradation products are different, which could
be attributed to the different stoichiometric ratio of S.°, P,Ss
and LiCl-related species. Accordingly, ToF-SIMS results
confirm that LissPS,sCl;s forms less solid oxygenated
phosphorous and sulfur species during battery cycling
compared to LigPS;Cl. DEMS analysis indicates that
LissPS,sCl, s generates more gaseous degradation products
such as SO, during charging (Figure 7). Future studies may
need to investigate the degradation products in more detail.
Hence, the thermodynamic and kinetic properties of Li
argyrodites play a significant role in driving the SE/CAM
interfacial degradation.

Conclusion

In summary, we investigated the influence of argyrodite
modification on the interfacial reaction of NCM and SE. For
argyrodite modification, the halide content affects the ionic
conductivity by introducing Li™ vacancies and CI7/S* site
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disorder, while it shows a complex influence on the
interfacial degradation in the composite cathodes.
LissPS,5sCl;s shows a higher fraction of electrochemical
decomposition at low voltages compared to Li,PS;Cl. At
high voltages (i.e., >4.2 'V vs. Li*/Li), Lis sPS,sCl, s shows a
higher fraction of SO, gas evolution, but less solid oxy-
genated phosphorous and sulfur species (e.g., phosphates
and sulfates/sulfites). Since the fraction of solid oxygenated
degradation products in the interfacial region is reduced,
and thus the interfacial resistance is lower, the overall cell
performance is enhanced for LissPS,sCl, 5. By and large, this
study shows that the composition and structure of the SE
affect the electrochemical decomposition behavior as well as
the interfacial reaction between SE and NCM. Thus, new
electrolytes, which may in situ form a homogeneous lithium
phosphate/phosphite or lithium sulfate/sulfite layer are
promising for the modification of new electrolytes. These
results highlight the possibility of solving interfacial prob-
lems through the targeted modification/development of SEs.
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