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Abstract

Lithium argyrodites have gained significant attention as candidates for solid electrolytes in
solid-state batteries due to their superior ionic conductivities and favorable mechanical
properties. However, during charging, oxidative decomposition reactions occur at the
interface between the solid electrolyte and cathode active material which impede cell
performance. In this study, transition metal substitution of the solid electrolyte is investigated
with the intention to tune the composition of the cathode electrolyte interphase (CEl) and
thereby improve the cycling performance. Hence, the Liss-2xZnxPSa5Clis (0 < x < 0.15) and
Lis-2xZnxPSsBr (0 < x < 0.15) substitution series are investigated to elucidate how substitution
affects structure, Li* transport and the performance of the materials as catholytes in solid-
state batteries. Co-refinement of the neutron and X-ray powder diffraction data unveils the
occupation of Li* positions by Zn?*. This leads to blocking of Li* transport pathways within the
Li* cages causing a decrease of ionic conductivities along with increasing activation energies
for Li* transport. By using a combination of cycling experiments, impedance spectroscopy and
X-ray photoelectron spectroscopy, the composition of the CEl and the state-of-charge
dependence of the CEl growth when using Liss-2xZnxPSasClis| NCM-83 composites was
investigated in half-cells, revealing that Zn?* substitution leads to faster decomposition
kinetics and affects the CEl composition. Overall, this work explores the influence of Li*
substitution by Zn?* on structure and transport in lithium argyrodites and the potential of
transition metal substitutions as means to tune the kinetics of CEl growth, the CEl composition

and thereby cell performance.



1. Introduction

Solid-state batteries are a promising alternative to conventional lithium-ion batteries
containing liquid electrolytes, potentially enabling higher safety and improved performance.!
Successful implementation of a lithium metal?3 or high-capacity silicon anode?3 in solid-state
batteries may additionally allow the construction of solid-state batteries with even higher

energy and power densities than state-of-the-art lithium-ion batteries.

Nevertheless, solid-state batteries suffer from low effective ionic conductivities in composite
electrodes due to the presence of voids and grain boundaries, and require intimate particle-
particle contact between the solid electrolyte and the active material.*® Thus, ultrafast Li*
conductors with ionic conductivities of 10 mS-cm™ or higher are needed as solid electrolytes
in composite cathodes (catholytes) or in composite anodes (anolytes).®” In the last decades,
a great variety of Li* superionic solid electrolytes have been investigated including oxides,
phosphates, halides and thiophosphates.® Among these, lithium thiophosphates and in
particular the class of lithium argyrodites LisPSsX (X = Cl, Br, 1) stand out owing to their
exceptionally high ionic conductivities and their structural tunability.®>!° Elemental
substitutions, including iso- and aliovalent substitutions on the P(V) position, for example with
Sb(V),1* Ge(IV),*>13 Si(IV),* or Sn(IV)!* or substitutions on the sulfide position e.g. by
selenide!>1® have proven to be effective strategies to boost ionic conductivities of lithium
argyrodites beyond 10 mS-cm™. Similarly, increasing the halide content in lithium argyrodites
in Lig-xPSs—xCl14x*"8, Lig-xPSs—xBri+x° and Lis-xPSes-xBri+x*> or high entropy compositions such

as Lie.s[Po.255i0.25Ge0.255b0.25]S512° strongly improves their ionic conductivity.

At room temperature, lithium argyrodites LisPSsX (X = Cl, Br, I) crystallize in the high-
temperature cubic polymorph with space group F43m. The halide anions X~ provide a face-
centered cubic sublattice (Wyckoff 4a), where every octahedral void is occupied by a (PS4)3"
tetrahedron (P on Wyckoff 4b and S on Wyckoff 16e) and half of the tetrahedral voids are
occupied by S (Wyckoff 4d) as shown in Figure $1.2! There is X7/S? site-disorder for X~ = CI
and Br~due to the more similar ionic radii compared to SZ-, while for X~ =1~ the crystal structure
is fully ordered in the unsubstituted material.?> There are five tetrahedral voids, that can
potentially be occupied by Li* (T1 to T5).23 Depending on the composition and the degree of
X~/S* site-disorder, the distribution of Li* across these tetrahedral voids differs. In lithium

argyrodites with no site-disorder such as LisPSsl, the lithium-ions occupy only T5 and T5a



positions, forming defined cages around S?~ (Wyckoff 4d), not allowing for long-range Li*
transport.?324 In contrast, for compositions with a significant degree of site-disorder including
LisPSsCl, LisPSsBr, and several other substitutions, the occupation of additional Li* positions
including T2, T4 and T3 has been observed. Occupancy on these positions opens up pathways
for inter-cage Li* diffusion leading to ionic conductivities greater than 1 mS-cm™ of these
compounds.>1823.2> Fyrthermore, a high degree of site-disorder has been found to result in a
larger mean distance of Li* from the Wyckoff 4d position (Rmean) due to decreased Coulomb
attraction, leading to a better interconnection of the Li* substructure and hence facilitating Li*
transport.'31826.27 The X-/S%" site-disorder and thereby the lithium-ion distribution of lithium
argyrodites can not only be tuned by elemental substitutions, but also by the optimization of

the synthesis protocol.?”:28

Due to their high ionic conductivities, lithium argyrodites are frequently applied as catholytes
in lithium nickel cobalt manganese oxide (NCM) based composite cathodes in solid-state
batteries. Despite high obtainable capacities in the first cycles, (electro-)chemical
decomposition upon charging leads to formation of a cathode electrolyte interface (CEl) and
thereby continuous capacity fading and high cell resistances.?®3° At potentials below ~3.6 V vs
In/InLi (4.2 V vs Li*/Li), electrochemical decomposition dominates, leading to delithiation and
the formation of polysulfides and anionic phosphorus and sulfur-containing frameworks.3!-33
At higher potentials above ~3.6 V vs In/InLi (4.2 V vs Li*/Li) solid and gaseous oxygenated sulfur
and phosphorus species such as sulfites and sulfates, phosphates and SO, are formed.?°343>
The oxygen depletion at the NCM surface further leads to the conversion from a layered to a
rock salt-like structure, whereas the gas evolution and volume changes due to (electro-

)chemical reactions increases the porosity of the CE|.3¢

To prevent the (electro-)chemical decomposition when utilizing lithium argyrodites as
catholytes in NCM-based composite cathodes, coatings are applied on NCM particles to
mitigate decomposition reactions.3” Even though coatings such as LiNbO33® or Al,03* have
been quite successful, delamination or cracking of the coating layer, due to volumetric
changes of NCM during cycling and interdiffusion, is observed.3” Hence, coating strategies
successfully slow down (electro-)chemical degradation but cannot fully eliminate it, calling for

additional protection concepts.



Herein, CEl design by substitution of the catholyte is explored as a potential strategy to
mitigate the detrimental effects of (electro-)chemical decomposition by formation of a CEl
with more favorable properties for stable long-term cycling (Figure 1). These include a high
ionic conductivity and low electronic conductivity?’, a high oxidative stability®’, and a
decreased porosity.*® The composition of lithium argyrodites has been shown to affect the CEl
composition and the kinetics of its formation in NCM-based composite cathodes, which
significantly impacts battery performance. For instance, Zuo et al. have reported that the use
of LissPSasClis instead of LisPSsCl as catholyte leads to formation of more polysulfides and
gaseous decomposition products and less solid oxygenated sulfur and phosphorus
compounds, which is more favorable for cell performance.?! Lin et al. have found that the use
of Lie.5[P0.25Si0.25Ge0.255b0.25]Ssl catholyte in NCM-based solid-state batteries leads to fast
capacity fading due to formation of oxidated and oxygenated decomposition products based
on Si, Ge and Sb, showing that substitutions incorporating these elements are detrimental for
the long-term solid-state battery performance even though they lead to faster Li* transport of

the solid electrolytes.?°
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Figure 1: lllustration of a potential CEl design hypothesis. Using a substituted solid electrolyte
as catholyte leads to the formation of a CEl with a different composition which may have more
favorable properties such as higher ionic conductivity, lower electronic conductivity, higher

oxidative stability or decreased porosity to enable stable cycling performance.

Encouraged by the works of Zuo and Lin et al. that indicate a strong correlation between the
composition of the catholyte, CEl composition and cell performance, the Liss-2xZnxPSasClis
(0 £ x<0.15) and Lis-2¢ZnxPSsBr (0 < x < 0.15) substitution series are investigated to elucidate
how transition metal substitution with Zn?* affects the performance of the materials as

catholytes in solid-state batteries, and further the kinetics of CEl formation and the



composition of the CEl. While transition metal substitution on Li* positions has already been
reported for Lis-2xZnxPSs—xOxBr*?, Liz-2xFexPSe*® and Lis-2xCuxPSs—xBris**, the effects on the Li*
substructure and the structure-transport relationship of the material and further have not
been investigated. Additionally, only the impact of Zn?* substitution on the application in
conjunction with the lithium metal anode has been tested, while the impact on the
performance of composite cathodes incorporating such electrolytes as catholyte, are not fully
understood yet. Substitution of Zn?* appears promising, since ZnO additives have been shown
to enable improved cycling performance of LisPSsCI|NCM composite cathodes by mitigating
oxidative decomposition.*> Potential decomposition products such as ZnS are known to
absorb SO, similarly to ZnO and may thereby mitigate decomposition.*® Furthermore, Zn?* is
not expected to be redox active within the operating voltage range of NCM-based solid-state
batteries in contrast to other transition metals with appropriate ionic radii such as Fe?*.%’
Therefore, a higher structural stability of Zn?*-based solid electrolytes during SSB cycling
compared to SEs incorporating redox-active transition metal species is expected. As compared
to an additive, the substitution approach enables an even distribution of Zn?* within the solid

electrolyte and thereby enables to omit the mixing step of solid electrolyte and additive.

In this work, blocking of intra-cage transport pathways by introduction of Zn2* on T5 positions
within the Li* cages is revealed as a cause for decreasing ionic conductivities and increasing
activation energies upon substitution by co-refinement of neutron powder diffraction and X-
ray powder diffraction data. Additionally, cycling of half-cells unveils that application of the
Zn?* substituted argyrodites as catholytes leads to lower charge capacities and worse capacity
retention. Using impedance spectroscopy, faster kinetics of CEl formation and higher
resistance due to the CEl are revealed as potential causes for the lower charge capacities,
when using Zn?* substituted argyrodites as catholytes. Interestingly, while the kinetics of CEl
formation mostly depends on the cutoff potential, they are found to be slightly faster for Zn?*
substituted argyrodites, irrespective of the cutoff potential. Analyses of cycled half-cells by X-
ray photoelectron spectroscopy confirm that the amount of degradation products increases
and the CEl composition changes at higher cutoff potentials, and further corroborates that

Zn?* substitution affects the degradation behavior of argyrodites.

Overall, this work explores the concept of CEl design by substitution of catholytes and extends
the understanding of how aliovalent substitutions on lithium-ion positions affect structure and

transport of lithium argyrodites. In turn, by adding transition metals into the argyrodites, this



work explores how much the performance of these materials as catholytes in solid-state

batteries is affected.

2. Experimental Section

Synthesis. The syntheses of the Liss-2xZnxPS4.5Cl1.5 and Lis-2xZnxPSsBr substitution series (0 < x
<£0.15) were performed in a glovebox under argon atmosphere (H.0 < 0.5 ppm, 02<0.5
ppm). Lithium sulfide (Li2S, Alfa-Aesar, 99.9%), zinc sulfide (ZnS, Merck, 99.99%), phosphorus
pentasulfide (P4S10, Merck, 99%) and lithium chloride (LiCl, Alfa-Aesar, 99%) were mixed in
stochiometric ratios to obtain Lis5-2ZnxPS4.5Cl1.5. Accordingly, lithium sulfide (Li,S, Alfa-Aesar,
99.9%), zinc sulfide (ZnS, Merck, 99.99%), phosphorus pentasulfide (P4S10, Merck, 99%) and
lithium bromide (LiBr, ultradry, Alfa-Aesar, 99.99%) were mixed in stochiometric ratio to
obtain Lis-2xZnxPSsBr. The mixed precursors were manually ground in an agate mortar for
15 min and manually pressed into pellets before being filled into carbon coated quartz
ampoules (length ~ 10-12 cm, diameter = 10 mm), which were previously dried at 800 °C
under dynamic vacuum (p < 8 mbar) for 2 h. After sealing the ampoules under vacuum, they
were transferred into a tube furnace. All Liss-2xZnxPSas5Clis compositions were heated to
450 °C at a heating rate of 100 °C-h~! and annealed for 3 days followed by stopping the power
supply of the oven and leaving the sample inside (natural cooling). The annealed pellets were
hand ground for 15 min and then again pressed into pellets and sealed under vacuum in
similarly pre-heated carbon coated quartz ampoules. Subsequently, the ampoules were again
heated to 450 °C at a heating rate of 100 °C-h™* and annealed for 3 days. The Lig-2xZnxPSsBr
were heated to 550 °C at a heating rate of 100 °C-h~! and annealed for 14 days, followed by
guenching in liquid nitrogen to obtain a higher ionic conductivity than in the case of natural
cooling (vide infra). All obtained pellets of the final reaction products were hand ground for

further characterization and kept in the glovebox to avoid contact with moisture or oxygen.

Neutron powder diffraction. All neutron powder diffraction data of the Lis 5-2xZnxPS4.5Cl1.5 and
Lis-2xZnxPSsBr (0 < x < 0.15) compositions were collected at the Oak Ridge spallation neutron
source (SNS, Oak Ridge National Laboratory) at the POWGEN Time-Of-Flight diffractometer
(BL-11A beamline) employing the PAC automatic sample changer. Roughly 2.5 g of samples

were placed into cylindrical vanadium cans with a diameter of 8 mm and sealed under inert



atmosphere using a copper gasket. For each diffractogram, data were collected at 298 K for

2 h at a center wavelength of 1.5 A in high-resolution mode.

Powder X-ray diffraction. Because of their air-sensitivity, all samples were measured in sealed
borosilicate glass capillaries (Hilgenberg, 0.5 mm diameter). X-ray diffraction measurements
were performed at room temperature on a STOE Stadi P diffractometer in Debye-Scherrer
geometry using Mo-K, radiation with a wavelength of 0.7093 A, a curved Ge(111)
monochromator and two Mythen 2k detectors. Diffraction experiments have been conducted
in a Q range of 0.62 A1 to 8.15 A1, employing a 20 step-size of 0.1° and measuring for 20 s

per step.

Rietveld analysis. TOPAS-Academic V6 software package*® was used to carry out the Rietveld
refinements on X-ray diffraction and absorption-corrected neutron powder diffraction data
for all samples. The powder neutron and X-ray diffraction data for each composition were co-
refined as identical sample batches were used for data collection. The default weighting
scheme of TOPAS Academic V6 software package was used for the co-refinement, which
applies inverse variance weighting for both the neutron and X-ray diffraction data. This results
in minimization of the overall chi-squared value, which equals the sum of the weighted
residuals for the neutron and X-ray diffraction dataset. For the Liss5-2xZnxPSasClis and
Lis-2xZnxPSsBr substitution series the structural models obtained from neutron refinements of
Lis.sPS45Cl1.s and LigPSsBr by Gautam et al.'®?” were used as starting models. To fit the peak
shape, Pseudo-Voigt and GSAS back-to-back exponential functions were used for the neutron
diffraction patterns and modified Thompson-Cox-Hastings pseudo-Voigt functions were
applied to the X-ray diffraction patterns. The fit quality was assessed based on visual
inspection and indicators including the goodness of fit (GOF) and Rwp. To achieve a suitable
profile fit relevant parameters were refined in the following order: (1) Scale factor, (2)
background fit using a Chebychev polynomial of 11* order, (3) lattice parameter and (4) peak
shape. Once a good profile fit was achieved, the (5) isotropic thermal displacements
parameters, (6) fractional atomic coordinates and (7) occupancies of the anionic framework
were refined. Next, Li* positions including T1-T5 and T5a were probed, using coordinates of
these positions reported by Minafra et al.??> When unphysical values for displacement
parameters (Beq < 0 Az or Beqg > 6 A?) or negative occupancies were found, the sites were
excluded from the refinement model. For all Li* positions, the same displacement parameter

was assumed due to their similar chemical environment, and this was needed for a stable



refinement. Finally, all possible Zn?* positions including T1-T5, T5a and the phosphorus
position were probed, and similarly to the refinement of Li* positions, sites were excluded
from the refinement model when unphysical values for displacement parameters or negative
occupancies occurred. Thereby, Zn?* could only be found on T5 positions. The Li*, CI~ and S
coordinates, occupancies, and displacement parameters with exception of the sulfide bound
to phosphorus in the (PS4)3~ unit were exclusively refined from the neutron powder diffraction
data, while the Zn?* occupancies were exclusively refined from X-ray powder diffraction data.
For all remaining structural parameters both datasets were considered. The co-refined
neutron and X-ray powder diffraction patterns, all constraints and the structural tables are

given in the Supporting Information in Figure S2 and S3 and Tables S1-S10.

Potentiostatic electrochemical impedance spectroscopy. To determine the ionic
conductivities, AC impedance was measured. First, approximately 300 mg of the as-
synthesized powders was pre-pelletized by hand before pressing isostatically at 413 MPa for
30 min, resulting in pellets with relative densities between 87% to 89% for all compositions.
Then, approximately 100 nm thick gold layers were deposited on either side of the pellets
using a Cressington Sputter Coater, applying a current of 30 mA and a sputtering time of 300 s
under vacuum of 0.1 mbar. The sputtered pellets were then incorporated into pouch cells
(*2cmx2cm), attaching aluminum current collectors with Kapton® tape. For all
compositions impedance spectra in the temperature range from 173 K to 298 K were
measured using an Alpha-A impedance analyzer from Novocontrol Technologies applying an
AC excitation voltage of 35 mV in a frequency range from 10 MHz to 50 mHz. The temperature
was equilibrated for 1 h before each measurement to guarantee the targeted temperature
has been reached. The RelaxIS 3 software package by rhd instruments was used for evaluation
of the recorded impedance spectra. Using the Kramers-Kronig relations, the data quality was
assessed to determine the frequency range for the fitting. The uncertainties for the

determined ionic conductivities were calculated based on the fit and geometrical errors.

Assembly of solid-state batteries. For cycling experiments and to study the kinetics of cathode
electrolyte interphase formation, half-cells with the composition In/InLi|LissPSa.5Cl1.5| NCM-
83:Lis;5-2¢ZNxPS45Clis  (x=0,0.1) and with the composition In/InLi|LigPSsBr|NCM-
83:Lig-24ZNxPSsBr (x=0,0.1) were assembled in a glovebox under argon atmosphere
(H20 < 0.5 ppm, 02 < 0.5 ppm) in press-cells.*® Prior to its use LiNio.83C00.11Mno.0s02 (NCM-83,

MSE supplies) was dried under dynamic vacuum at 250 °C in a Blichi B-585 glass oven over



night. The cathode active material NCM-83 was mixed with the catholyte Liss-2xZnxPS4.5Cl1 s
(x=0, 0.1) or Lis-2xZnxPSsBr (x = 0, 0.1) in a weight ratio of 70:30 or 65:35, respectively. The
higher catholyte weight fraction in the case of Lis-2xZnxPSsBr (x = 0, 0.1) is required due to the
higher density of this material, to maintain a constant volumetric ratio for all half-cells. The
mixtures with a total mass of 100 mg were then soft milled for 15 min at 15 Hz using 5 ZrO;
balls with a diameter of 5 mm each. To determine the porosity of the composite cathodes,
200 mg of the composites was pressed into pellets which were subsequently isostatically
pressed at with 400 kN for 50 minutes. Subsequently, the half-cells were assembled by first
adding 80 mg of LissPSasClis or LisPSsBr as a separator and hand pressing. Next, 12 mg of
cathode composite was evenly distributed across the surface of the separator and 3 t was
applied uniaxially on the whole cell stack for 3 min, to achieve further densification of the
materials. For preparation of the In/InLi anode, a lithium rod (abcr, 99.8%) was cut into 1-
1.5 mg pieces and pressed into a foil, that was subsequently used together with an indium foil
(chemPUR, 99.999%, 100 um thickness, 9 mm diameter) to form the In/InLi alloy in-situ.*®
Next, the cells were tightly closed with a wrench and fixed in an aluminum frame applying a

torque to keep the cell under ~60 MPa of stack pressure.

Electrochemical measurements. To allow for the In/InLi alloy to form, all half-cells were rested
at OCV for 6 h before each electrochemical experiment. For all cycling experiments, the
In/InLi|LissPSasCli.s| NCM-83:Lis 5-2xZnxPSasClis  (x=0,0.1) and In/InLi|LisPSsBr|NCM-
83:Lis-2xZnxPSsBr (x = 0, 0.1) half-cells were cycled between 2.0V and 3.7 V vs In/InLi (2.62 —
4.32 V vs Li*/Li) at 298 K, applying a C-rate of 0.1 C based on 200 mAh-gcam™ theoretical
capacity of NCM-83. For the In/InLi|Lis.sPSa.sCli.s| NCM-83:Lis 5-2¢ZNxPSasCl15 (x =0, 0.1) half-
cells, this corresponds to an areal capacity of ga = 2.14 mAh-cm™ and a current density of
j=0.214 mA-cm™2, while for In/InLi|LisPSsBr|NCM-83:Lis-2xZnxPSsBr (x = 0, 0.1) half-cells this
corresponds to ga = 1.99 mAh-cm™ and j = 0.199 mA-cm™. After each charge, the half-cells
were rested for 1 h at OCV, followed by a PEIS measurement applying an AC voltage of 10 mV
in a frequency range of 7 MHz to 10 mHz. The cell cycling and PEIS measurements were
performed using a BioLogic VMP-300 potentiostat. Using the RelaxIS 3 software package by
rhd instruments the data quality of the obtained spectra was assessed by the Kramers-Kronigs
relations and the reliable frequency range was fit using a R-(RP)-(RP)-(RP)-P equivalent circuit,

where R corresponds to a resistor and P to a constant phase element.



To investigate the growth kinetics of the CEl, In/InLi|LissPSa.5Cl1.5| NCM-83:Lis 5-2¢ZNxPS4.5Cl1 5
(x=0,0.1) and In/InLi|LisPSsBr| NCM-83:Lis-2xZnxPSsBr (x = 0, 0.1) half-cells were charged to
different cutoff potentials (3.5V, 3.6 V, 3.7V, 3.8 V and 3.9 V vs In/InLi) at 298 K, applying a C-
rate of 0.1 C based on 200 mAh-gcam™* theoretical capacity of NCM-83. Subsequently, the cells
were kept at the cutoff potential for 24 h. Approximately every 30 minutes, a PEIS
measurement was carried out applying an AC voltage of 10 mV in a frequency range of 7 MHz
to 100 mHz, recording 15 points per decade. The cells were then further cycled at 0.1 C for 50

cycles.

Analysis of the particle size distribution. The volume-weighted particle size distribution was
determined using a HELOS particle size analyzer by Sympatec. 2.5 mg of powder was placed
in a small vial and dispersed in 2 ml of p-xylene with 1 wt. % polyisobutene added to enhance
the viscosity and then ultrasonicated with an ultrasonic finger for approximately 15 min under
inert atmosphere. Subsequently, the dispersion was injected into a cuvette containing 40 ml
of p-xylene with 1 wt. % polyisobutene outside the glovebox. During the measurement the
dispersion was stirred to prevent sedimentation of particles. X-ray photoelectron spectroscopy
(XPS). The samples were mounted on the sample platform under inert atmosphere inside a
glovebox and later transported to the XPS instrument with a sample transfer tube, also under
inert atmosphere, ensuring no contact between sample and atmospheric oxygen or water. In
order to conduct XPS experiments, a monochromatic Al X-ray source (1486.6 eV) running at
15 kV and 13.2 W was used on a VersaProbe Il (Ulvac-Phi). It has a spectral resolution of 0.5 eV
and minimal beam size of less than 100 um. Between the sample and the analyzer, the
emission angle was maintained at 45°. The data were fitted using CASA-XPS software, and
additional elemental spectra were calibrated using the C 1s signal at 284.8 eV as an internal
reference data point and Cu 2ps/, (etched and surface cleaned) as external reference source.
S-2p, P-2p, O-1s and Cl-2p details spectra are discussed below. Li-1s, Zn-2p, Ni-2p, Mn-2p and
Co-2p detail spectra show signals but either the signal to noise ratio is not sufficient or they
do not show any significant changes upon cycling and are therefore not further mentioned

herein.



3. Results and discussion

3.1 Structural characterization. Two lithium argyrodite substitution series with the target
compositions of Lis 5-2xZnxPSa5Cl1.5s and Lis-2xZnxPSsBr (0 < x < 0.15) were synthesized by a solid-
state synthesis. These compositions are used to not only explore the potential incorporation
of Zn?* in the argyrodite structure, but also to investigate the effect of varying the halide anion.
Neutron powder diffraction and powder X-ray diffraction is carried out at room temperature
and the patterns are analyzed by Rietveld refinements. The co-refined neutron and X-ray
powder diffraction patterns are shown in the Supporting Information Figure S2 and S3. While
the neutron powder diffraction patterns have been collected to allow for distinction between
the isoelectronic chloride and sulfide anions and to explore changes in the lithium-ionic
substructure, X-ray diffraction was required due to the similar neutron scattering length of

phosphorus and zinc, to better determine Zn?* positions and occupancies.

As starting point for the co-refinements of the neutron and X-ray powder diffraction data, the
structural models for LissPSasClis and for LisPSsBr by Gautam et al.'®?’ were used for the
pristine composition of each substitution series. It is important to note, that the structural
data for the LisPSsBr sample heated to 550 °C and subsequently quenched in liquid nitrogen
was used, as this closely resembles the synthesis procedure employed for the herein reported
samples of the Lis-2xZnxPSsBr (0 < x < 0.15) substitution series. Quenching with liquid nitrogen
has been shown to significantly increase the ionic conductivity of LisPSsBr and thus, was also
applied herein, to obtain sufficient ionic conductivities for the application of Lis-2xZnxPSsBr
(0<x<0.15) as catholytes. The constraints used for the refinement and all tabulated

structural data are compiled in the Supporting Information (Table S1-5S10).

All investigated compositions crystallize in the cubic polymorph with space group F43m and
the lattice parameters of the pristine compositions agree well with literature data.'®2? For
both substitution series, the lattice parameter decreases linearly upon substitution with Zn**
(Figure 2a). As the ionic radii of r(Li*) = 0.59 A and r(zn%*) = 0.60 A°! are similar, the linear
decrease of the lattice parameter is most likely a result of the higher Coulomb attraction of
the divalent Zn?* and the anionic framework as well as the vacancy formation. According to
Vegard’s law, the linearly decreasing lattice parameter indicates the formation of a solid

solution in the investigated compositional space.>? For Liss-2xZnxPSa5Clis, the onset of ZnS

side-phase at x = 0.15 (Table S6) along with a slightly lower refined content of Zn?* compared



to the nominal Zn?* content for this composition (Figure 2b) suggests the solubility limit has
been reached. In the case of Lis-2xZnxPSsBr (0 < x £ 0.15), there is no structural indication that
the solubility limit has already been reached for x = 0.15. However, due to lowering of the
ionic conductivity upon substitution, a further investigation was deemed not feasible with the

goal in mind to develop a highly conducting catholyte composition (see Section 3.2).
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Figure 2: a) The lattice parameter decreases along with an increasing degree of Zn®*
substitution. b) The refined Zn** content x(Zn’*)refinea agrees well with the nominal value
X(Zn?*)nominal. €) Increase of the mean distance of Li* (Rmean) to the center of Li* cages (Wyckoff
4d) along with increasing degree of substitution. d) A scheme depicting intra- and inter-cage
jumps in the Lis.s->xZnxPS4.5Cl1.5 substitution series, which illustrates that the occupation of T5
positions by Zn** leads to blocking of intra-cage Li* diffusion pathways. e) and f) show that the
distribution of Li* across the Li* positions remain almost unaffected by the degree of
substitution in Lis5-2xZnxPS4.5Cl1.5 and Lis-2xZnxPSsBr. All error bars correspond to one standard

deviation based on the co-refinement.

The site-occupancies of the halide and sulfide anion on Wyckoff 4a and Wyckoff 4d are in
agreement with the literature reports for the pristine compositions.*®2” With increasing Zn?*
content a minor increase of the halide site-disorder can be observed for the Lis-2xZnxPSsBr
(0 £ x £0.15) substitution series from 36.0(6)% for LisPSsBr to 40.2(3)% for Lis.7Zno.15PSsBr,
while for Liss-2¢ZnkPSasClis (0 <x <0.15), the change of the halide site-occupancies on
Wyckoff 4a and 4d with increasing degree of substitution remains within the range of the

refinement uncertainty (Figure S4).

For the co-refinement of the neutron and X-ray powder diffraction data, all tetrahedral voids
(T1-T5)?3 were considered as possible positions for Li*. Additionally, all tetrahedral voids and
substitutions were considered for the refinement of Zn?* positions. Thereby, Li* occupancy on
T5 and T2 position was found for Lis 5-2xZnxPSa5Cl15 (0 < x < 0.15) and Li* occupancy on T5, T5a
and T2 position was discovered for Lis-2xZnxPSsBr (0 < x <0.15). The found Li* positions and
distribution for LissPSasClis and LigPSsBr (Figure 2e and 2f) agree well with previous
reports.’®27 Interestingly, the Zn?* occupancy was only found on the T5 positions for all
investigated compositions, resulting in shared occupancy of the T5 position by Li* and Zn?*. No
evidence for any Zn?* occupancy on other tetrahedral positions, including the phosphorus
position, can be found. The refined content of Zn%* agrees well with the nominal content as
shown in Figure 2b. Introducing Zn?* leads to a minor increase of the mean distance of cations
to the cage center (Rmean) (Figure 2c), mainly driven by further displacement of the T5 positions
away from the central anion (Figure S5). While for the Lig-2xZnxPSsBr (0 < x < 0.15) substitution
series the increased site-disorder leads to a decrease in average anionic charge in the cage
center, this is not the case for the Liss-2ZnxPS45Cl15 (0 < x < 0.15) substitution series. Instead,

the cage expansion may be caused by the stronger electrostatic repulsion exerted by the



divalent Zn?*, leading to further displacement of cations from the cage center to maximize the
distance between Zn?* and neighboring cations. Notably, there is no evidence for the
occupation of new Li* sites and the overall Li* distribution stays unaffected by Zn?*
introduction (Figure 2e and 2f). The Zn?* occupation on the T5 positions is expected to disrupt
Li* diffusion pathways by preventing intra-cage diffusion of Li* that could otherwise occur via
this position. As shown in Figure 2d, Li* needs to migrate via T5 positions for long-range Li*
transport and therefore a notable decrease of the ionic conductivity due to blocking of Li*

diffusion pathways should be expected.

3.2 lonic transport. To determine the ionic conductivities and activation energies of ionic
transport for the Lis5-2xZnxPSa.sCl1s (0 < x < 0.15) and Lis-2:ZnxPSsBr (0 < x < 0.15) substitution
series, temperature dependent electrochemical impedance spectroscopy was employed. The
impedance responses, including the fits for the whole temperature range of Lis2Zno.15PS4.5Cl1.s
and Lis 7Zno.1sPSsBr and the Arrhenius plots for all compositions are given in the Supporting

Information (Figure S6-S8).

While for Lis-2xZnxPSsBr (0 < x < 0.15) allimpedance spectra can be fit with an equivalent circuit
model consisting of a parallel constant phase element P and resistor R (RP element) in series
with another constant phase element, this was only possible at temperatures below 273 K for
Lis.5-2xZnxPSa5Cl1s (0 < x < 0.15). At higher temperatures, the RP element shifts to frequencies
that are too high to resolve due to the high ionic conductivities of these compositions. Thus,
only the tails of the blocking electrodes were fit for the impedance spectra of
Lis.5-2xZnxPSa5Cl15 (0 < x <£0.15) collected at 273 K and above, using a resistor in series with a
constant phase element as the equivalent circuit model. As typical for highly conducting
lithium argyrodites, bulk and grain boundary contributions cannot be deconvoluted. The
ideality of the processes (a > 0.9) as well as the capacitances between 1 -10'* Fand 2 - 10720

F suggest the ionic transport is dominated by the bulk.#>3
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temperature including the fit and the corresponding equivalent circuit model, showing the
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decreases with x(Zn**)nominal. d) Activation energies Eq increase along with x(Zn?*)nomina. The
error bars resemble errors from fitting of the data. Datapoints that were not fit due to the

Kramers-Kronig relation are shown in grey.

All impedance spectra measured at 298 K, including the respective fits are given in Figure 3a
and 3b. The room temperature conductivity of the pristine compositions of 7.4(3) mS-cm™ for
LissPS45Clis and 1.7(1) mS:cm™ for LigPSsBr are in agreement with previous reports.'82’
Furthermore, the relative pellet densities within each substitution series remain comparable,
indicating the conductivity trends do not originate from variation in the porosity and must
indeed be a result of the structural changes induced by Zn?* introduction.>* As shown in Figure
3c the room temperature ionic conductivity of Liss-2xZnxPSasClis decreases along with an

increasing fraction of Zn?* down to 6.0(3) mS-cm™ for x = 0.15. Similarly, a decrease in room



temperature ionic conductivity down to 0.8(1) mS-cm™ for x = 0.15 was observed for
Lie-2xZnxPSsBr. The decline in room temperature ionic conductivities along with an increasing
degree of substitution is accompanied by an increase of the activation energies from 406(5)
meV to 415(10) meV for Liss-2xZnxPS4sClis and from 386(3) meV to 426(9) meV for
Lis-2xZNnxPSsBr, which indicates a significant impact of Zn?* substitution on the potential energy

landscape.

Besides the increasing occupation of the Li* T5 position by Zn?*, which blocks Li* transport
pathways (Figure 2b and 2d), the decrease in charge carrier density and the slight decrease in
unit cell volume (and thus bottleneck sizes) may further contribute to the decrease of ionic
conductivity upon Zn?* introduction. The detrimental effects of these structural changes may
be attenuated by an increase in Rmean (Figure 2c), which is usually associated with an increase
of ionic conductivities.'® Nevertheless, since the changes of the charge carrier density, unit
cell volume and Rmean are rather small, only minor influences are expected. Due to the
successful introduction of Zn?* and their high ionic conductivities these materials are ideal
candidates to test how Zn?* substitution of lithium argyrodite catholytes affects cathode

performance and (electro-)chemical decomposition.

3.3 Solid-state battery cycling. To evaluate the effects of Zn?* substitutions in
Lis.5-2xZnxPS45Cl1s and Lis-2xZnxPSsBr on the performance of solid-state batteries, cycling
experiments on half-cells incorporating Liss-2xZnxPS4a5Clis (x=0,0.1) and Lis-2xZNnxPSsBr
(x=0, 0.1) catholytes were performed. As the goal is to study the effect of Zn?* substitution
on CEl formation and to explore the concept of CEl design by substitution of lithium
argyrodites, only the composition of the catholyte is varied, while the pristine composition of
each substitution series was used as separator. For both substitution series, the composition
with nominal substitution x = 0.1 was chosen as catholyte to compare the performance against
the pristine composition. While for the Lis 5-2xZnxPSa.5Cl1 5 this was due to the onset of ZnS side-
phase at x = 0.15, for Lig-2xZnxPSsBr the ionic conductivity for x = 0.15 below 1 mS-cm™ was

deemed to be too low to apply this material as catholyte in solid-state batteries.
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the cycle number. The error bars correspond to the standard deviation from triplicate cell
cycling. ¢) Nyquist plots of the impedance data of an In/InLi[Lis5PS45Cl1.5| NCM-
83:Li5.3Zn0.1PS4.5Cl1.5 cell after the 15t and 100%™ charge cycle, including the corresponding fit
and equivalent circuit model. d) Evolution of R,+R3 after charging as measure of the CEl
resistance as a function of the cycle number. The dashed lines are added as guide for the eye

to indicate the increase of R2+Rzin the first ten charge cycles.

In Figure 4a, the charge capacities of half-cells with Lis s-2xZnxPSasCl15 (x =0, 0.1) as catholyte
and cycled at 0.1 C are shown. The respective charge discharge curves are given in Figure S9.
Each half-cell setup was tested in triplicates to ensure reproducibility and avoid mis- or
overinterpretation of trends. In the first cycle, all cells have a high charge capacity over
220 mAh-gcam™! as typical for NCM with high nickel content,*> followed by an irreversible

capacity loss after the first cycle of over 40 mAh-gcam™. The fast capacity loss, which is



especially observed in the first cycle, but also up to the 10t cycle is typically thought to
originate from a combination of oxidative decomposition of the catholyte at elevated
potentials leading to the formation of a resistive CEl layer and contact loss due to volume
expansion/contraction during (de-)lithiation of NCM-83 particles.”®>’ Interestingly, from the
20™ to the 50™ cycle the capacity fading stops entirely, and the capacity even increases
slightly. This phenomenon is potentially caused by the redox activity of the decomposition
products formed during the decomposition of the solid electrolyte.3%> From the 50t cycle
onwards, increasing capacity fading is observed, indicating propagating (electro-)chemical
decomposition reactions. This is reflected in the charge discharge curves and increasing
voltage hysteresis, as result of the higher overpotentials during charging and discharging
(Figure S9 and S10).°® The cycling performance of cells using Lis3Zno1PS4sClis catholyte
appears to be slightly worse, showing faster capacity fading in the initial cycles and also at
higher cycle numbers. In Figure 4b, the charge capacities of half-cells with Lis-2xZnxPSsBr
(x=0, 0.1) catholytes cycled at a charging rate of 0.1 C are shown. Despite quite similar initial
capacities compared to the cells with Liss-2xZnxPSa5Clis (x =0, 0.1) catholytes, continuous

capacity fading starts already before the 30%" cycle and is more severe.

To better gauge the underlying reasons for the observed trends of charge capacities,
impedance data after each charge cycle were collected. In Figure 4c, the impedance data of a
half-cell with Lis3Zno.1PS4sClis catholyte are shown after the 15t and 100™ charge cycle,
including the corresponding fits. Additionally, the equivalent circuit used for fitting all
impedance data of half-cells in this study, assuming four different processes, is shown. These
processes typically represent the bulk resistance of the solid electrolyte Rsepbuk (gray), a
resistance with the capacitance of grain boundaries Rsegrain (yellow), the resistance at the
interface between solid electrolyte and cathode active material Rsgcam (red) and the
resistance at the interface of the solid electrolyte and the anode material Rsg/anode (blue). The
processes were assigned based on the capacitances of the RP-elements and the frequency
range, analogous to previous reports.3%5>5980 |n this study, the four corresponding resistances
are labelled R1, Rz, Rz and R4, as these cannot all unequivocally be assigned to a known physical
process. While the first resistance R1 in the high-frequency range can clearly be assigned to
the bulk transport of the solid electrolyte and Rs could be assigned to the resistance at the
interface of the solid electrolyte and the anode material Rsg/anode, the distinction between R;

and Rs is especially challenging. The corresponding processes have a strong overlap of time



constants, as indicated by low a-values, which leads to large errors of the fitting parameters.
Thus, Rz + Rz represents the best obtainable approximation of the growing resistance resulting
from CEl formation at the SE/CAM interface during cycling.>® The impedance data after the 1%
and 100%™ charge cycle including all remaining cell setups for cycling experiments are shown in

Figure S10 in the Supporting Information.

The evolution of R, + Rz as a function of cycle number (Figure 4d) shows a strong increase in
the first 10 cycles when using Lis-2xZnxPSsBr (x = 0, 0.1) catholytes and in the first 20 cycles for
Lis.5-2xZnxPSa5Cl1s (x = 0, 0.1) catholytes. This increase of R, + Rz indicates that most of the CEl
formation occurs within the first cycles, which is in line with previous reports.2°®
Furthermore, the faster increase of R, + Rs3 for cells with Lis-2xZnxPSsBr (x = 0, 0.1) catholytes
suggests faster CEl growth kinetics and/or the formation of more resistive decomposition
products. These results are in agreement with the cycling data and voltage hysteresis (Figure
S11), where all cells exhibit rapid capacity fading in the initial charge cycles along with

increasing overpotentials during charge and discharge.

Interestingly, when comparing the slope of R, + Rs for cells with and without Zn?* for either
substitution series as marked by dashed lines in Figure 4d, the cells with Zn?* generally show
a faster initial increase of R; + Rs. This indicates, that there are differences in the growth
kinetics and/or decomposition products formed at the SE/CAM interface. After this initial
increase, the evolution of R, + R3starts to strongly deviate when comparing cells incorporating
Lis.5-2xZnxPSa5Cl1s (x = 0, 0.1) and Lis-2xZnxPSsBr (x = 0, 0.1) catholytes. While R; + Rs stabilizes
for cells with Liss-2xZnxPSasClis (x=0,0.1) catholytes, cells containing Lis-2xZnxPSsBr
(x=0, 0.1) catholytes show a continuous increase of Rz + Rs, causing the fast capacity fading
of in contrast to the stable cycling performance for half-cells using Lis.s-2xZnxPSa5Cl1s
(x=0, 0.1) catholytes. This deviation in cycling performance and Rz + Rs demonstrate superior
performance of the Lis5-2xZnxPSasClis catholytes compared to the Lis-2xZnxPSsBr catholytes,
which cannot be explained by their higher ionic conductivity alone. While the halide does not
participate in oxidative degradation®?, the phosphorus and sulfur containing decomposition
products formed at the SE/CAM interphase likely differ and are more suitable at preventing
further degradation in case of the Liss-2xZnxPS4sClis catholytes. When comparing Zn?*
substituted and unsubstituted catholytes of one substitution series, it appears that the Zn?*

substituted catholytes show a slightly higher R, + Rs until the 100%" cycle. At this point it



remains unclear, whether this is a result of different CEl growth kinetics or differences in

chemical composition of the CEl and is therefore further explored in the following sections.

3.4 Kinetics of CEl formation. Motivated by the finding that R, + Rs increases faster when using
Zn?* substituted lithium argyrodites, the kinetics of the degradation reactions at the SE/CAM
interface that lead to the formation of the CEI were further investigated. Thermodynamically
the oxidative decomposition is mostly governed by the sulfur band edges.®! Therefore, the
influence of thermodynamics can be considered to only play a minor role when comparing the
CEl formation of the Zn?* substituted and unsubstituted materials. Due to the significantly
worse cycling performance of Lis-2xZnxPSsBr (x = 0, 0.1), it is obvious that these materials are
unsuitable for building high-performance solid-state batteries. Hence, these catholytes were
excluded from further studies to entirely focus on the degradation kinetics of
Lis.5-2xZnxPS45Cl15 (x = 0, 0.1) hereinafter. To rule out that the particle size distributions of the
catholyte and the cathode porosity have an influence on the observed differences in cycling
performance, both were determined experimentally for each catholyte. Due to the similar
synthesis procedure and processing conditions, similar particle size distributions and cathode

porosity are expected and were also confirmed experimentally (Figure $12).

Previous work by Zuo et al. on oxidative degradation at the LGPS|NCM-622 interface has
shown that the cutoff potential strongly influences the kinetics of degradation as well as the
degradation products formed at SE|CAM interfaces.>* To explore the degradation kinetics in
the Zn?* substituted catholytes, here the cutoff potentials 3.5V, 3.6 V,3.7V, 3.8V and 3.9V
versus In/InLi are considered. To study the CEl formation, all half-cells (x = 0, 0.1) were first
charged to the respective cutoff potential and then held at that potential for 24 h. During that
time, impedance spectra were measured every 30 minutes as illustrated in Figure 5a. After
the 24 h potential hold, the cells were discharged and then cycled for another 50 cycles at the
respective cutoff potential. The impedance data collected during the period of potential hold
were analyzed using the same equivalent circuit model as applied for the evaluation of the

cycling of half-cells using Lis 5-2xZnxPSa.sCl1is (x = 0, 0.1) catholytes (Figure 4c).

Based on previous works, a Wagner-type model for diffusion-controlled reactions was
employed to describe the growth of the CEI.3%62 Since the CEIl formation is diffusion-controlled
a coupled migration of ionic and electronic charge carriers is required. The lithium chemical

potential difference across the CEl acts as the driving force for the CEl growth and is controlled



by the state of charge (degree of lithiation of NCM), all of which corresponds to the potential
that is held constant. Assuming that charge transport of ions is significantly faster than the
electron transport across the CEl, equation (1) can be used to describe the time dependence

of the growth of CEl resistance (Rce).

RCEF%CE. %-%-%-#%H-k-ﬁ:k*-ﬁ (1)
In equation (1), S represents the surface area passed by Li* and electrons, ¢ denotes the
average conductivity of the CEl, V,, represents the average molar CEl volume, x denotes the
moles of Li extracted from Liss-2xZnxPSasClis (x =0, 0.1), F represents Faraday’s constant,
o,;+and d,- denote the mean partial lithium-ion and electronic conductivity of the CEl and Ay,
represents the chemical potential gradient of lithium across the CEl. The equation can be

simplified by introducing a rate constant for the growth rate in terms of thickness k and can

be even further simplified by introducing K" reflecting the growth rate in terms of resistance.

The result of the diffusion-controlled growth rate is a linear growth behavior of R, + R3
(representing Rcel here) versus t%°, which can be observed for all half-cells up to a cutoff
potential of 3.7 V vs In/InLi (Figure 5b, Figure S13a and S13b). Interestingly, in contrast to
LGPS|NCM-622 composites held at 3.8 V and 3.9 V vs In/InLi, the herein investigated half-cells
only initially follow parabolic growth behavior (Figure S13c and S13d), until they transition to
linear growth behavior (Figure S14). This indicates that the Wagner-type model for diffusion-
controlled reactions is not sufficient to describe the growth behavior of the CEl at 3.8 V and
3.9 V vs In/InLi after a critical thickness of the CEl is reached. The transition from parabolic to
linear growth behavior may be caused by superposition of the chemical diffusion by electric
field driven ionic currents, as it has been observed for solid-state reactions of spinels.%3
Nevertheless, to enable a comparison at least for the initial CEl growth, only the portion of the
data following parabolic growth behavior was included for the fit and extraction of k' at3.8V

and 3.9 V versus In/InLi.

The average growth rate of the CEl resistance k*mean was calculated from the linear fits of the

triplicates of R, + R3 versus t% for each cutoff potential and catholyte composition and is given
in Figure 5c. For 3.5 V to 3.7 V versus In/InLi a linear dependence of k*"'A“u and thus roughly

to the potential can be observed. For 3.8 V and 3.9 V versus In/InLi, k*mean grows much faster



as it would be expected from k*~AuLi, suggesting there are factors beyond the state of charge
such as changes in the partial ionic and electronic conductivity to consider, which will be

further discussed in Section 3.5. Compared to LGPS|NCM-622 composites, the growth rate K
is generally larger for each potential, indicating the formation of more detrimental

decomposition products at the Lis 5-2xZnxPSa.5Cl15 (x = 0, 0.1) [NCM-83 interface.

At potentials from 3.5 V to 3.7V vs In/InLi, the growth rate k*meam of cells incorporating
Lis.3ZNno.1PS4s5Cl1s as catholyte is slightly higher as compared to LissPS45Clis, which points
towards faster degradation or the formation of more unsuitable degradation products as for
Lis.sPSasClis (Figure S13a and S13b). Here, decomposition products based on ZnS or related
semiconducting species may be possible. This would lead to a higher partial electronic
conductivity of the CEl. Since the growth rate is limited by the charge carrier with the smaller
partial conductivity according to equation (1), which in this case is the partial electronic
conductivity, this may explain the faster decomposition kinetics of the Zn?* substituted
materials. At 3.8 V and especially 3.9 V versus In/InLi (Figure S13c and S13d), the differences
of Rz + R3 are within the standard deviation of the triplicate data and therefore do not allow
for identification of significant differences of the CEl growth kinetics when using the

substituted and pristine catholyte at these cutoff potentials.

3.5 Cycling at different cutoff potentials. In order to investigate the influence of the
decomposition products on cycling of half-cells with Lis 5s-2xZnxPSa5Cl1s (x = 0, 0.1) composites
and thus gain further insights into the effect of Zn?* substitution on CEl formation and cell
performance, duplicates of half-cells that were previously heldat3.5V, 3.6V, 3.7V, 3.8V, and
3.9 V versus In/InLi for 24 hours were cycled for 50 cycles to the respective cutoff potential at
0.1 C. It has been shown for LGPS|NCM-622 composites that the CEl compositions may differ
depending on the cutoff potential, which may fundamentally influence the cycling behavior.3
Additionally, the formation of a thicker CEl layer occurs at higher cutoff potentials, potentially
making differences between the CEl formation of Zn?* substituted and unsubstituted materials

more apparent.



a) 3.9V

| peis I e |
Open circuit Oh 0.5h 1h
potential t
b) 150 : . . . : C) 140 1400
O Lis3Zng PS,sCly 5 B Lis ;Zng PS, sCly s
O LissPS,sClis 1201 [ Lis sPS, 5Cly 5 11200
© 100+ 41000
c 100 + 1 8.
= S 8ol {800
> g |
T 2 60} 600
@ 50t i K<}
D 40} 1400
Cutoff potential:
3.7 Vvs. In/InLi 20 1200
0 1 1 1 1 1 O 0
0 1 2 3 4 5 35V 36V 37V 38V 39V
1951 hoe Potential / V vs. In/InLi
d) 200 e) 200
i 3.7 V cutoff s 3.7 V cutoff
's 0 24h @35V &35V cutoff ‘s 0 24h@35V &35V cutoff
S 24h @ 3.6V &3.6V cutoff S 24h @ 3.6V &3.6V cutoff
o 180 24h @3.7V &3.7 V cutoff o 180 24h @3.7V &3.7 V cutoff
é O 24h@3.8V&38V cutoff g 24h@3.8V &38V cutoff
c O 24h@3.9V&39V cutoff € 0 24h@3.9V&39V cutoff
— 160 — 160
2 2
= .g
S 140 Q 140
© ©
o o
© ®
2 120 2 120
© ©
N i
(& (@]
T3¢ 0 10 20 30 40 50 94 0 10 20 30 40 50

Cycle number Cycle number

Figure 5: a) lllustration of the protocol used for the potential dependent investigation of the
kinetics for CEl formation. b) Linear fits of the average R2+R3 obtained from the impedance
data as a function of t° of cells tested at 3.7 V vs In/InLi. Error bars correspond to the standard
deviation from triplicate measurements. c) Comparison of the average slopes extracted from
the R2+R3 vs t%° plots as a measure of the mean growth rate k*mea,, for each cell setup and
potential. Charge capacities of d) In/InLi|Lis.5PS4.5Cl1.5| NCM-83:Lis5PS4.5Cl1.5 half-cells and e)
In/InLi[Lis 5PS4.5Cl1.5| NCM-83:Lis 3Zno.1PS4.5Cl1.5 half-cells as a function of the cycle number. All

half-cells except for the comparison in grey have previous been held at a certain potential for



24 h and are then cycled using the same potential as cutoff potential. The error bars correspond

to the standard deviation from duplicate measurements.

In Figure 5d and 5e the charge capacities of the half-cells with Lis s-2ZnxPSa.5Cl15 (x =0, 0.1)
catholytes are shown. For each catholyte, the half-cells which were cycled to a cutoff potential
of 3.7 V versus In/InLi, show the highest overall charge capacities and high capacity retention
(Figure S15). At this cutoff potential, most of the capacity of NCM-83 can be accessed as
indicated by the charge discharge curves (Figure S16), while the growth rate of the CEl and
thus the resulting cell resistance is still relatively low as compared to the cells cycled up to
3.8 Vor 3.9 V versus In/InLi (Figure 5c), leading to good capacity retention. These findings are
corroborated by the evolution of the CEl resistance R, + R3 extracted from PEIS measurements
after the 24 h decomposition step and after the following charge cycles of the half-cells (Figure

517).

The most pronounced differences between the cycling performance of Zn?* substituted and
unsubstituted catholytes can be seen for the cells cycled at 3.8 V and 3.9 V versus In/InLi.
Whereas higher charge capacities can be achieved for cells with the LissPSasClis catholyte,
the obtainable charge capacities are lower when employing Lis 3Zno.1PS4.5Cl1 5 as the catholyte,
suggesting that the CEl is more detrimental for Lis3Zno.1PSasClis, especially at higher cutoff

potentials.

To attain chemical information on the degradation products formed at the catholyte | NCM-83
interface, X-ray photoelectron spectroscopy was performed. In Figure 6a and 6b the S-2p and
P-2p detail spectra are shown, and the O-1s and Cl-2p detail spectra can be seen in Figure S18
and S19. Zn-2p spectra were also recorded, but no signal was visible due to the small amount
of zinc present in the cathode composite. Spectra are shown for the uncycled cathode
composites as well as for Lis5-2xZnxPS45Cl1s (x = 0, 0.1) | NCM-83 cathode composites after 50
cycles with a cutoff potential of 3.7 V vs In/InLi and 3.8 V vs In/InLi from the cycling

experiments above.
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Figure 6: XPS spectra and relative intensities of species identified from the fit of a) S-2p and b)
P-2p signals of cathode composites including LissPS4.5Cl1s and Lis.3Zno.1PS4.5Cl15 as catholyte

before cycling and after cycling to a cutoff potential of 3.7 V or 3.8 V.

In the S-2p detail spectra shown in Figure 6a, the signals before cycling could be assigned to
the (PS4)3" tetrahedra (161.4 eV) and free S?~ (159.9 eV) of the argyrodite structure.®* After
cycling, oxidative degradation products are formed, which include polysulfides, as indicated
by the presence of -So- groups at higher binding energies (163.4 eV)?%%>, sulfites (166.9 eV)%*
and sulfates (168.7 eV).%® Furthermore, the degradation leads to weakening of the (PS4)3"
signals and disappearance of the free S?~ signals of the argyrodite structure. The P-2p spectra

in Figure 6b corroborate the presence of (PS4)3~ units (132.7 eV)®* and further indicate the



formation of LisPO4 (133.2 eV) and POy species (134.4 eV)?>%5%7 3s additional oxidative
degradation products during cell cycling. The presence of LisPO4 (531.3 eV)®> and Li,SO4%® after
cycling was verified by the O-1s detail spectra (Figure S18). These show the presence of both
compounds even before cycling of the cells, which likely results from surface impurities of the
argyrodite and NCM-83 and has been previously observed by Walther et al.*® The Cl-2p signal
spectra do not show any changes upon cycling (Figure S19), confirming CI” is not involved in
the oxidative degradation.®* While Zn-2p detail spectra were also recorded, the signal to noise
ratio was not sufficient to allow for assignment of Zn species. Nevertheless, decomposition
products based on ZnS or related semiconducting species may be conceivable that result in an
increased electronic conductivity of the CEl, leading to faster decomposition kinetics. This is
reflected by the higher relative intensity of decomposition products in the XPS spectra when
employing Lis 3Zno.1PS45Cl1s as shown in Figure 6. Redox activity of Zn?* such as reduction to

Zn is not expected in the potential window in which the cycling experiments were performed.

Interestingly, the relative intensities of the oxidative degradation products in the S-2p, P-2p
and O-1s detail spectra after cycling to a cutoff potential of 3.7 V vs In/InLi for 50 cycles at
0.1 C reported herein are significantly higher in comparison to the XPS spectra reported by
Walther et al. for LisPSsCl|NCM-622 cathode composites after 100 cycles with the same cutoff
potential and C-rate.?’ Additionally, sulfites and sulfates were not found at the LigPSsClI | NCM-
622 interface. The significant differences in the decomposition behavior potentially stems
from the 24 h hold at the cutoff potential before cycling as well as the higher structural

instability of NCM-83 and Lis sPS45Cl15.4

For both catholytes, the cells with 3.8 V vs In/InLi cutoff potential generally show more
oxidative degradation products, which is in line with the results obtained from the cycling
experiments. While the amount of phosphorous-based degradation products (POx and LisPOa4)
remains mostly unchanged, more sulfuric degradation products are formed. Notably, there is
a shift towards sulfite- and sulfate-based degradation products with increasing cutoff
potential, whereas the signals corresponding to polysulfides remain similar or even decrease
inintensity in the case of the Lis sPS4.5Cl1 5 catholyte. The shift towards oxygenated degradation
products agrees with previous works, that suggests a significant increase of oxygen release

once NCM-811 is charged to a potential above 4.3 V vs Li*/Li (= 3.7 V vs In/InLi).344%69,70



The relative amount of decomposition products including SOx, POx and polysulfides that are
observed by XPS when comparing Lis.3Zno.1PS4.5Cl15 and Lis sPS4.5Cl1 5 catholytes are similar at
3.7 Vs In/InLi, which is in agreement with the similar cycling behavior at that cutoff potential.
At 3.8 V vs In/InLi more pronounced decomposition occurs for the Lis.3Zno.1PSa.sCl1s catholyte
as indicated by lower intensity of signals corresponding to (PS4)*~ units in the S-2p and P-2p
detail spectra. This aligns with the worse cycling behavior observed for the cells with
Lis.3Zn0.1PSa5Cl1s catholyte at 3.8 V vs. In/InLi and highlights again that Lis3Zno.1PSasClis has
faster decomposition kinetics, which becomes more apparent at high cutoff potentials as a

result of the increased thickness of the CEI.

Conclusions

The structure-transport correlation of Lis.s-2xZnxPSa.5Cl15s (0 < x < 0.15) and Lig-2xZnxPSsBr (0 < x
<0.15) and interfacial degradation of Lis 5-2xZnxPS4.5Cl1.5(x = 0, 0.1) | NCM-83 and Lis-2xZNnxPSsBr
(x=10, 0.1)|NCM-83 composites were investigated to explore the concept of CEl design by
elemental substitution. By using a combination of high-resolution neutron diffraction and X-
ray diffraction, the blocking of Li* transport pathways through occupation of T5 positions
within the Li* cages by Zn?* was found and was related to the decrease of the room-
temperature ionic conductivity along with increasing activation energies. Cycling experiments
of solid-state batteries incorporating the pristine and Zn?* substituted materials as catholytes,
unveil quicker capacity fading when using Zn?* substituted argyrodites as catholytes, along
with higher CEl resistances after charging. The decomposition kinetics of Liss-2xZnxPSa.5Cl1is
(x=10, 0.1)|NCM-83 composites were quantitively evaluated by state-of-charge dependent
studies, revealing slightly faster degradation kinetics in the case of Lis3Zno.1PS4sClis and a
strong increase of the CEl growth rate for cutoff potentials above 3.7 V vs In/InLi, which was
further reflected in faster capacity fading observed in subsequent cycling experiments.
Analyses of X-ray photoemission detail spectra unveil a shift towards more oxygenated
decomposition products at a cutoff potential > 3.8 V vs. In/InLi, including sulfites and sulfates,
and confirm that Lis3Zno.1PS45Cl15 is more prone to oxidative decomposition compared to

unsubstituted Lis sPS4.5Clys.

Overall, this work shows that the composition of the catholyte affects kinetics of CEl formation

and the chemical composition of the CEl. While Zn?* substitution does not lead to the desired



improved growth kinetics and composition of the CEl, other elemental substitutions may

enable the design of a CEl with more favorable properties.
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