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SUMMARY

The incorporation of lithium metal anodes in solid-state batteries
(SSBs) isimpeded due to the chemical reduction of sulfide solid elec-
trolytes (SEs) in contact with lithium metal. Growth mode, composi-
tion, and microstructure of a few model-type SE interphases (SEls)
are slowly unveiled. The objective of this study is to better under-
stand the transport properties of typical multiphase SEls by direct
reaction of the SE with lithium metal powder. Hence, the composi-
tion and conduction properties (dion, and o) of synthesized
bulk-scale SEI-type material (of LisPSsCl) are analyzed. The kinetic
predictions using a Wagner-type diffusion model align well with
recent results of electrochemical studies on cell-level multiphase
SEls. Accordingly, these findings enhance the ability to model trans-
port parameters with greater accuracy and contribute to a deeper
understanding of SEl growth and kinetics in SSBs. The need to stabi-
lize the Li|SE interface by controlling the partial conductivities of the
resulting SEl is emphasized.

INTRODUCTION

In the ongoing transition toward sustainable electric transportation, solid-state batte-
ries (SSBs) are being recognized as a promising advancement of conventional lithium-
ion batteries (LIBs).' SSBs often utilize solid electrolytes (SEs) that replace flammable
liquid organic electrolytes of LIBs, potentially ensuring the safe operation of the sys-
tem.*® Among the multitude of lithium-ion-conducting materials, lithium thiophos-
phate-based SEs, such as lithium argyrodites Li,PSsX (X = Cl, Br, I), have garnered
significant attention from both academia and industry. They are considered suitable
to be employed in SSBs for being highly conductive (up to 20 mS em™),”® and reason-
ably malleable to form sufficient interfacial contacts. Integrating lithium metal anodes
(LMAs) in SSBs, which is not feasible in LIBs due to the significant dendrite risk, is
expected to boost their energy and power densities.” 2

As for all electrochemical cells, the performance of SSBs relies on the interplay of the
negative electrode (often addressed as anode), separator electrolyte, and positive
electrode (often addressed as cathode).''* The SE separates the electrodes and al-
lows ion transport while preventing electronic conduction. Due to their very low
(anode) and very high (cathode) potentials, the electrodes can either reduce or
oxidize the SE at the corresponding interface, which poses stability issues. Based
on thermodynamic data, Zhu et al.”® and Richards et al."® computed the (onset) po-
tentials for reduction and oxidation, along with the resulting equilibrium phases. In
particular, the stabilization of Li|SE interfaces is a major challenge in the develop-
ment of lithium thiophosphate-based SSBs if no other stable separator SE is being

CONTEXT & SCALE
Lithium-ion batteries (LIBs) are
approaching physicochemical
limits in terms of energy density
and fast-charging capability. To
meet the demands of future
(mobile) applications, the
integration of lithium metal
anodes in solid-state batteries
holds the potential to enable
high-performance storage
beyond LIBs. However,
morphological changes during
operation and degradation of
(sulfide) solid electrolytes in
contact with lithium metal are
unsolved issues, both of which are
closely interconnected.

To enable lithium metal solid-
state batteries, it is crucial to
control and optimize the lithium|
solid electrolyte interface. This
study provides new insight into
the characteristics and growth
kinetics of the resulting interlayer
through a direct reaction of sulfide
solid electrolyte with lithium metal
powder. Our findings highlight
the importance of controlling the
partial conductivities of the
resultant multiphase layer to
stabilize the metal anode.
Quantitative design guidelines
are derived.
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used (like garnet-type SE)."”""® When in contact with lithium metal, which exhibits the
lowest possible redox potential (i.e., E4[Li*/Li] = —3.04 V vs. SHE), ternary and higher
thiophosphate SEs are thermodynamically unstable. In the case of lithium argyro-
dites, they are reduced and decomposed to binary lithium compounds, as described
in Equation 1.">"” These binary decomposition products are thermodynamically sta-
ble against lithium metal, and thus, local equilibrium (with lithium metal) will be es-
tablished. Essentially, P(+5) is reduced to P(—3) and other low-valent phosphorous
species,'” which drive the reaction along with the formation of highly stable Li,S
and LiCl (for the sake of simplicity, the formation of stoichiometric LizP is assumed
in the following):

LisPSsX + 8 Li® — 5 Li,S + LisP + LiX with X = CI, Br, | (Equation 1)

During this (chemical) degradation, a multiphase reaction layer is formed. The
morphological stability and growth of this interphase are determined by its transport
properties.’”?" Assuming a classical diffusion-controlled solid-state reaction, the
persistent degradation of sulfide SEs can only be stopped once sufficiently strong
counter-acting forces compensate the chemical driving force or if a product is some-
how accumulated such that the kinetics is slowed down to a virtually zero rate. As
some of the interphase components like lithium halides and lithium phosphide
show lithium-ion conductivity—even if it is low—it is expected that the electronic
conductivity within the degradation layer will define the interphase growth rate.
Two types of interphases have been defined and reported”’: (1) mixed ion/elec-
tron-conducting interphases (MCls), which grow more or less continuously due to
both high ionic and electronic partial conductivity’” and eventually cause short cir-
cuiting of SSBs, and (2) predominantly ion-conducting interphases with negligible
partial electronic conductivity. Consequently, the latter are denoted SE interphases
(SEls) in line with the analog interphase in liquid electrolytes.?*~*° They are assumed
to show a square-root of time growth behavior in the ideal case, which can be
described by a Wagner-type model.'”? We like to highlight already at this early
stage that a purely diffusion-controlled SEI formation will theoretically not come
to a rest but will get slowed down with time.

Hence, for LicPSsCl (and other thiophosphate SEs), Wenzel et al."” and Riegger

etal.?’

observed that the SEI growth (in contact with lithium foil) persisted for several
hours to days with a significant slowdown in growth. In experiments based on a novel
electrochemical titration technique, Aktekin et al.?® further described a square-root
of time relationship for the SEI growth in anode-free cells (i.e., for freshly deposited
lithium). These findings imply that the electronic conductivity of the formed SEl is too
high to effectively suppress continuous growth. On the contrary, Otto et al.”” re-
ported that the degradation reaction of Li,PSsCl with vapor-deposited lithium ex-
hibited self-limiting kinetics, ultimately resulting in a layered SEI microstructure.
This disagreement on the long-term SEI growth highlights the importance of gaining
a better understanding of SEl conduction characteristics with respect to SEl growth.
In view of the great relevance of this SEl for the future of sulfide-based SSBs, the un-
clear understanding is not satisfying.

SEls show completely differing chemical, structural, and mechanical properties
compared with pristine sulfide SEs, mainly due to the multiphase composite char-
acter and the negative volume change during growth relative to the SE itself.*°
Hence, various effects occur such as interface cracking and pore formation, loss of
accessible lithium, and hampered lithium-ion transfer.'*?° As a result of the addi-
tional SEl layer, the charge transfer resistance at the interface between lithium metal

and the SE is typically increased. By destroying the SE structure, the SEI formation
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has a detrimental impact on full cell level, supporting dendrite formation and a cor-
responding decrease in cycle life.’”*' Hence, the presence of a SEI has a significant
impact on the fundamental characteristics and long-term performance of SSBs,
which several approaches aim to inhibit.*** Eventually, controlled degrada-
tion,”>*” and stabilized Li|SE interfaces,® while supporting sufficient ionic conduc-
tivity and reduced SEl impedance, may enable the commercialization of SSBs.

Despite their critical role, studies on the electrical and microstructural properties of
SEls are scarce due to the lack of suitable methods (i.e., due to limited spatial res-
olution and difficulties in sample preparation). Examining the SEI presents chal-
lenges because of its nanoscale nature and the concealed (buried) interface.
Hence, investigations are mostly limited to surface sensitive characterization tech-
niques,?’???? electron microscopy,’®*" or electrochemical impedance spectros-
copy.”’**? Other properties of SEls are typically approximated to mirror the char-
acteristics of their constituent (bulk) phases, despite limited understanding of
their individual distribution and nature in complex SEI layers. On one side, there
is a lack of experimental evidence regarding the composite structure of multiphase
SEIl layers and the widely acknowledged presumption of electronically insulating
characteristics. On the other side, there is little experimental research on these in-
dividual phases in battery-relevant contexts, specifically concerning partial ionic
and electronic transport properties. Hence, establishing correlations between as-
sumptions about the SEI layer, validating experimental results, and interpreting
electrochemical data is a complex task.

In this study, we introduce a novel approach to gain deeper comprehension of the
multiphase SEl layer at a new scale. Li¢PSsCl (LPSCI) as model SE is utilized to inves-
tigate the SEl properties of sulfide SEs in contact with lithium metal. We synthesize
bulk-phase SEl-type material (“bulk-SEI”) through direct synthesis from LPSCI and
micron-size lithium metal powder. This enables the assessment of various SEI prop-
erties without the need for approximation based on individual constituent phases.
X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) mea-
surements are conducted to confirm the successful synthesis of the bulk-SEl and vali-
date the chemical composition. The morphology of the synthesized bulk-SEI parti-
cles is examined using scanning electron microscopy (SEM). The presence of
domains enriched in S, P, or Cl is confirmed by complementary energy dispersive
X-ray spectroscopy (EDX). dc polarization under selectively blocking conditions,
i.e., the Wagner-Hebb configuration,**** is utilized for electrochemical character-
ization. Thereby, we quantify the partial ionic and electronic conductivities of the
synthesized multiphase bulk-SEI. Based on these data, we assess SEI growth as
well as its thickness using a Wagner-type diffusion model, which is in very good
agreement with electrochemical studies on cell-level multiphase SEls, and discuss
its effect on SSBs. The findings from these studies provide a comprehensive and ho-
listic understanding of the nanoscale SEI characteristics. Ultimately, we establish a
guideline by estimating suitable partial conductivities for the SEI to optimize the
Li|LPSCl interface and achieve sufficient long-term stability.

RESULTS AND DISCUSSION

To be a suitable separator material to incorporate LMAs and commercialize SSBs, a
(sulfide) SE must fulfill various criteria, including high ionic conductivity. In the case of
lithium thiophosphate-based SSBs, the challenges posed by the evolution and
growth of multiphase SEls result in increased ionic resistance and require further
investigation.
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Figure 1. Scanning electron microscope images of the starting materials and the synthesized
bulk-SEI

(A-C) Lithium metal powder (A), LPSCl powder (B), and the homogeneous mixture of both materials
(hand-ground, serving as precursor) (C).

(D and E) Image of the synthesized bulk-SEl particles after annealing at 250°C and subsequent hand
grinding in the mortar are shown in (D) and (E). No remains of spherical lithium metal powder have
been identified. The particle size appears to be significantly increased, while differences in shape to
the initial LPSCIl and untreated mixture are found.

Material synthesis and chemical analysis of multiphase bulk-SEI

Detailed information on the prepared lithium metal powder is given in the supple-
mental information. This includes SEM images of single particles and the
particle size distribution (Figures S1 and S2; Section A) and XRD results (Figure S4;
Section C). Moreover, Figure S9 (Section D) presents the XPS depth-profiling results
of lithium metal particles, which reveal the passivation layer comprising lithium hy-
droxide, Li;O, lithium carbonate, and carbon species.

In Figure 1, SEM images of the starting materials are compared: freshly prepared
lithium metal powder (A), LPSCI powder (B), and their hand-ground mixture before
annealing (C). XRD analysis of the mixture (Figure Sé; Section C, supplemental infor-
mation) did solely disclose minor signs of reaction (as evidenced by clear LPSCl and
lithium metal reflections), and electrochemical testing revealed high electronic con-
ductivity—even after few weeks of storage. Hence, it was employed as precursor in
the subsequent heat treatment process at 250°C. Please note that this is an extra
(synthesis) step, which may lead to unavoidable deviations from the characteristics
(i.e., morphology and properties) of the actual SEI in SSBs. Images of the resulting
bulk-SEl particles (Figures 1D and 1E, at different magnifications) provide first in-
sights into their morphology. It comprises micron-sized, agglomerated secondary
particles with various shapes and sizes. The absence of spherical particles (i.e.,
lithium metal powder) in the precursor (C) and the final product (D and E) provides
an initial indication of the successful mixing and subsequent reaction, respectively.
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Figure 2. Representative X-ray diffraction pattern of the synthesized bulk-SEI and the
corresponding Rietveld refinements

Single phases of Li,S (ICSD: 196932) and LiCl (ICSD: 52235) are identified. w, a, Rup, and GOF are
the mass fraction, lattice constant, weighted profile R-factor, and goodness of fit, respectively.

The particle size of the product appears even after consecutive grinding to be
increased compared to the initial particle size of the sulfide SE and the precursor
mixture. As mentioned above, the increased particle size could be related to the
annealing step. Additional SEM images with further details on the bulk-SEl's
morphology are shown in Figure S3; Section B, supplemental information.

The properties of the synthesized bulk-SEIl are notably responsive to the carefully
measured stoichiometric ratio of reactants. Specifically, residuals of LPSCI may impact
the partial ionic conductivity, while lithium metal residuals may affect the electronic
conductivity. If residuals persist, we anticipate the latter to have a more significant
impact. To avoid this, we adjusted the amounts of lithium metal powder and LPSCI
to their corresponding molar ratio without risking an over-stoichiometric amount of
lithium metal. Thus, to confirm the successful synthesis, ensure the absence of any re-
maining reactants, and acquire further information about the crystalline nature of the
obtained bulk-SEl, phase analysis by means of powder XRD was performed (see Fig-
ure 2). While the interfering background in the 26 range of 17°-23° is caused by the
polyimide cover, the XRD pattern reveals distinct reflections corresponding to single
phases of Li,S and LiCl. Identifying both compounds indicates the (partially) successful
synthesis according to the chemical reaction (Equation 1).

However, no traces of the expected LizP or any related phosphorous compounds,
including intermediates, are detected via XRD. The most prominent reflections of
phase-pure LizP occur at 23.4°, 24.0°, 26.8°, 42.3°, and 43.4° (ICSD: 26880). Howev-
er, the detection of LizP is hindered by the polyimide cover, particularly up to 24°,
and the LisP reflection at 26.8° superimposes with the most prominent peak of
Li,S. Additionally, no clear reflections are observed at 42.3° and 43.4°. Figure S7
(Section C, supplemental information) provides the magnified XRD pattern in the
range of 40° to 62°.

The potential presence of multiple lithiated phosphorus compounds (e.g., Li.P inter-
mediates) significantly reduces the probability of their detection in the bulk-SEl due
to the low fractions of each phosphorus compound. Moreover, another possible
reason is the increased reactivity of LizP to moisture, with the polyimide covers
used here only minimizing exposure to air. To the best of our knowledge, the obser-
vation of LizP in SEl studies has only been reported but remains challenging under
ultra-high vacuum (UHV) conditions (e.g., by XPS).*>*¢ Lastly, LisP may be in an
amorphous (non-crystalline) state in the bulk-SEI, which is also often assumed in

studies of phosphorus as an electrode material in batteries.*’~*?

The Rietveld refinement of the XRD pattern provides lattice constant values of a =
5.753 A for the Li,S phase and a = 5.171 A for the LiCl phase, which are in good
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agreement with previously reported values.””*' Furthermore, the refinement pro-
cess reveals the mass fractions of the synthesized bulk-SEI for each identified com-
pound. Li,S represents the predominant fraction at 89 wt %, while LiCl accounts for
only 11 wt % of the overall composition. It should be noted that the starting LPSCI
material used in the synthesis already contained 3 wt % of LiCl as an impurity (iden-
tified by XRD refinement; see Figure S5; Section C, supplemental information). How-
ever, a direct comparison of these mass fractions obtained through XRD measure-
ments to the expected values (of chemical reaction [Equation 1]) is not feasible
due to the potential presence of unidentified or non-crystalline phases.

Notably, reflections of the initial constituents (lithium metal and LPSCI) are neither
detected nor identified, especially in comparison with reference diffractograms of
both materials and the precursor (see Figures S4-56; Section C, supplemental infor-
mation). Therefore, Figure S8 (Section C, supplemental information) provides a
comparison of XRD patterns (raw data) between LPSCI, precursor mixture, and syn-
thesized bulk-SEl. As mentioned above, we intentionally avoided using over-stoi-
chiometric amounts of lithium metal during preparation. Hence, we did not aim to
compensate for lithium loss originating from passivation films present on lithium
metal powders. In addition, we believe that lithium metal powder would further
be subjected to passivation during grinding and synthesis due to its high reactivity
and increased surface area (even under inert conditions in gloveboxes). Therefore,
some lithium metal is inevitably consumed due to passivation reactions (e.g.,
Li,O, lithium hydroxide, and lithium carbonate formation), making it more likely
for residual LPSCI to be present in the bulk-SEl. Additional lithium compounds,
such as lithium hydroxide and Li,O, are also not identified. With respect to residual
LPSCI, there is a slight increase in intensity at ~36.5°. However, despite this obser-
vation, the primary (most prominent) reflections of LPSCI at 25.4°, 30.0°, and 31.5°
are not detected for the bulk-SEI. We believe that these features are not conclusive
for the presence of lithium metal or LPSCl residuals. Thus, we assume that residual
amounts of either lithium metal or LPSCI are sufficiently small, distributed within
the multiphase SEI, and passivated or isolated so that they do not affect the proper-
ties of the bulk-SEl, as will be discussed in the next section.

In order to gain additional chemical information, resolve the unidentified, missing, or
amorphous phases, and provide a thorough understanding of the chemical compo-
sition of the bulk-SEl, a chemical analysis using XPS was carried out next. Further-
more, we conduct additional analysis to verify the absence of lithium metal traces
within the bulk-SEl and to quantify any residual amounts of LPSCI| that may not
have been fully consumed. This is crucial to ensure that the properties of the bulk-
SEl remain uncompromised.

Figure 3 shows the Li 1s, S 2p, and P 2p XP spectra of the synthesized bulk-SEl. No
lithium metal signals at binding energies (BEs) below 53 eV and plasmon-loss fea-
tures at ~60 eV are detected in the Li 1s spectrum. We also performed depth
profiling, which did not provide additional information on the bulk-SEI structure or
identify residual amounts of lithium metal (Figure S10; Section E, supplemental infor-
mation). This is in contrast to the XP spectra of lithium metal powder (compare Fig-
ure S9; Section D, supplemental information). Hence, these results verify the prior
findings and consequently validate the complete consumption of lithium metal.
Please note that minor impurities of lithium hydroxide and carbonates (both at
55.4 eV) as well as Li,O (54.5 eV) cannot be prevented—even at dynamic vacuum
conditions during synthesis. This can be attributed to the highly reactive nature of
lithium metal and its increased surface area in powder form. However, as crystalline
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Figure 3. X-ray photoelectron Li 1s, P 2p, and S 2p spectra of the synthesized bulk-SEI

The analysis of these spectra revealed the successful synthesis of bulk-SEl. In the S 2p and P 2p
spectra, the evolution of Li,S and LisP (and related polyphosphides) is clearly evidenced,
respectively. In the Li 1s spectra, it is evident that lithium metal is absent and has been entirely
consumed. However, only minor residual amounts of LPSCI (P-O/PS,> doublets in the S 2p and P
2p spectra) may remain present, as confirmed by quantitative analysis (Figure S11).

impurities could not be identified by XRD measurements, we consider the impurity
fractions to be negligible. XPS quantification (Figure S11; Section E, supplemental
information) showed that the major impurities are lithium hydroxides resulting
from reactions with trace amounts of moisture and oxygen and that the peak at
55.4 eV (in Li 1s) is mainly dominated by the Li,S with smaller contributions of
Li,O. Both aspects are identified by comparing the quantification of the Li 1s with
the O 1s and S 2p spectra, respectively. Unfortunately, signals of LiCl and (oxygen-
ated) phosphorous species superimpose with those of lithium hydroxides.

The complete reduction of LPSCI to various decomposition products is evident in the
S 2p and P 2p spectra. In the S 2p spectrum, the distinct signal at 160.3 eV can be
assigned to Li;S. This finding matches the thermodynamic predictions. Thus, Li,S
is formed during the reduction of LPSCI by lithium metal (as also confirmed by
XRD). The prevalence of Li,S is consistent with the chemical reaction (Equation 1),
comprising the main volume fraction of the SEI (theoretically 71 vol % Li,S).

In contrast to our XRD results, the P 2p spectrum shows indeed reduced phosphorus
species in different lithiated (non-stoichiometric) states. While the signal of LizP ata
BE of 125.4 eV can be clearly identified, two other well-separated doublets (127.1
and 129.3 eV, respectively) are detected, indicating lithium polyphosphides with
slightly decreased lithium content (such as LiPs, LiP;, or Li,P with x < 3). As these
compounds are not detected in the XRD pattern, they are possibly in an amorphous
state. Quantification results in Figure S11 (Section E, supplemental information)
show that the total amount of phosphorous in the bulk-SEl is as expected. However,
the identification of multiple species explains the lower-than-expected atomic frac-
tion of LizP and the difficulties encountered in XRD analysis.

Depending on the XPS measurement conditions, it is common in SEI studies to
detect low intensities of LisP as well as contributions (at higher intensities) of various
phosphorous species (Li,P).'"*> Wenzel et al.® reported the high reactivity of LisP
with trace amounts of oxygen and moisture inside the XPS chamber (i.e., UHV con-
ditions), resulting in the consumption of freshly reduced LisP. This demonstrates that
observation of LisP in SEl studies is still difficult, even under UHV conditions, and
especially for XRD and other post mortem techniques.”® To verify these challenges
in the analysis of LizP, we synthesized samples of LizP (see supplemental experi-
mental procedures, supplemental information). Our XPS study (Figure S14; Section
F, supplemental information) shows large contributions from Li,P and only minor
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signals from LisP for the bulk-phase LisP reference sample, emphasizing the insta-
bility of LisP. Further, it has been reported that the availability and amount of lithium
present during the SE degradation reaction are understood to affect the fraction of
LisP.*> Hence, the identification of three reduced phosphorous species may be
attributed to regions with different lithium metal accessibilities in our synthesis reac-
tion. Nonetheless, we believe that during the cycling of SSBs, there may also be var-
iations in lithium availability influencing the growth of the SEI.

Similar to the S 2p spectrum (at 161.6 eV), the P 2p spectrum also shows signals of
residual PS,~ species at 132.6 eV, also overlapping with those of oxygenated phos-
phorous species (P-O). The latter species are also identified in measurements of
bulk-phase LizP (Figure S14; Section F, supplemental information), which are used
as reference to identify the BE of P-O (between 132 and 134 eV). PS,*~ signals
potentially indicate that LPSCl is not entirely consumed and minor residuals may
remain present in the obtained bulk-SEl material. Quantification results in Figure S11
(Section E, supplemental information), however, show that P-O contributes more
significantly to the shared peak with PS,3~, highlighting the relatively low amount
of residual LPSCI. This becomes evident by comparing the quantification of the S
2p spectra, which demonstrates the low contribution of PS,*>~ in P 2p as the atomic
percentage for PS,*~ in S 2p should be four times higher compared with P 2p. Since
we could also not identify any remaining LPSCl by XRD measurements, we consider
its residual quantity to be insignificant. Therefore, we assume that the properties of
the bulk-SEl remain unaffected, and any potential residual amount of precursor is
likely to be small and distributed within the bulk-SEI.

In the CI 2p spectrum, the signal caused by LPSCI and LiCl exhibit similar BEs and
cannot be distinguished. Therefore, it is not possible to analyze the reduction of
LPSCI in the ClI 2p spectrum. However, the evolution of LiCl in the bulk-SEI by
decomposition of LPSCl is clearly observed by XRD analysis. Furthermore, the O
1s spectrum, although not presented here, substantiates the development of lithium
hydroxides and carbonates, Li,O, and oxygenated phosphorous species (P—O). We
emphasize that impurities such as Li,O do not compromise the validity of our syn-
thetic approach as Li,O can form due to trace amounts of oxygen and moisture dur-
ing storage, synthesis, or measurement.”” The O 1s, C 1s, and Cl 2p spectra are pre-
sented in Figure S12 (Section E, supplemental information). XP spectra (for reference
purposes) of pristine LPSCI are provided in Figure S15 (Section F, supplemental
information).

Observing the evolution of Li,S, LizP (and lithium polyphosphides), and LiCl by XPS
and XRD, the successful synthesis of bulk-SEl is demonstrated. Combined XRD, XPS,
and quantitative analysis provide assurance that the insignificant amounts of residual
precursor material should not interfere with the accurate description and modeling
of multiphase SEI properties in the synthesized bulk-SEI material. We note that,
alongside the heat treatment, mechanochemical reactions taking place in SSBs (un-
der stack pressure) may potentially lead to changes in the SEl composition. Since our
results show the presence of several phases, the local distribution of elements is
analyzed using EDX mapping.

The expanded SEM image of a single large bulk-SEl particle, along with EDX map-
ping for sulfur, phosphorous, and chlorine, is shown in Figure 4. It reveals a predom-
inant sulfur signal, which may indicate the distribution of Li,S. Considering the
non-uniformity in the predominant sulfur signal and by reviewing the combined
mapping, domains with distinct phases are found. This becomes obvious in regions
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Figure 4. SEM image and corresponding EDX element mappings of one bulk-SEI particle

SEM image (top) and EDX element mappings (bottom) were recorded at 8 kV for the elements
sulfur, phosphorous, and chloride. Areas with elevated concentrations of sulfur, phosphorous, and
chlorine are found, represented by the corresponding K, lines, which likely indicate the
distribution of Li,S, LizP, and LiCl, respectively.

where the sulfur signal is weak, and elevated concentrations of phosphorus and chlo-
rine are detected. The latter signals may indicate the presence and distribution of
LizP (or other phosphorous species) and LiCl, respectively. Below, we will discuss
the potential domain structure and the effect of non-uniform distribution of individ-
ual phases in multiphase SEls.

Upon reviewing the elemental quantification for these three elements, we note mass
ratios of 66 wt % for sulfur, 15 wt % for phosphorous, and 19 wt % for chlorine. The
deviations, especially in the chlorine signal, can be attributed to the LiCl impurity
phase in the starting LPSCI material, as identified by XRD refinement (refer to Fig-
ure S5). Reference measurements of pristine LPSC| determined a mass ratio of
68 wt % for sulfur, 14 wt % for phosphorous, and 18 wt % for chlorine (Figure S16;
Section G, supplemental information). Hence, the obtained quantification of the
bulk-SEl shows only minor shifts in the elemental ratio after synthesis. While the
mass ratio of sulfur decreased, the elemental concentrations of phosphorus and
chlorine increased slightly as well. However, this variation falls within the accuracy
of EDX measurements. At this point, we want to emphasize that these EDX results
solely reveal the elemental fractions, regardless of their binding state and chemical
environment.

Assuming for simplicity that sulfur, phosphorous, and chlorine are mainly bound in
SEl species, the mass ratios match well with the theoretical values of 71 wt % Li,S,
16 wt % LizP, and 13 wt % LiCl for the SEIl. For the sake of completeness, the
elemental distribution of oxygen (in total, 5 wt %) is shown in Figure S17
(Section G, supplemental information). Signals of oxygen are evenly distributed
across the particle surface at comparable low concentration. We assume that
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Figure 5. Determination of partial conductivities by dc polarization using selectively blocking cell
configurations

(A and B) The electron-blocking setup and respective lss.-V correlation (A) and the ion-blocking
Wagner-Hebb setup and respective Iss.-V correlation (B) are used to evaluate ., and g,
respectively. This is done by linearly fitting the data (red dashed lines) and using Equation 2. Each
steady-state current I is obtained by analyzing the initial I-V curves (inlays) at different applied
voltages for 12 h (at each voltage).

(surface) contaminations, e.g., lithium hydroxide as identified by XPS, are the reason
for the observed oxygen signals due to reactions with trace amounts of oxygen and
moisture. However, this is not necessarily indicating or evidencing the presence (or
position) of residual lithium metal precursors since naturally formed SEI can also
consist of species containing oxygen.

Conduction properties

The conduction characteristics ultimately determine the nature and growth of SEls.
Therefore, a comprehensive investigation and quantification of both the partial ionic
(7ion) and electronic conductivity (ge) of SEls play pivotal roles in assessing SEI
growth and its long-term impact on battery performance.

We expect the SEl to be a mixed ion-electron conductor with low partial conductiv-
ities. Hence, conductivity measurements on pure bulk-SEl powder were performed
to investigate its partial ionic and electronic transport properties. Moreover, the
observed conductivity may also indicate the presence of residual precursor material,
as remains of lithium metal and LPSCI should increase oo and oo, respectively.
Since impedance measurements were found to be ineffective in deconvoluting the
partial conductivities, we used dc polarization. Specifically, dc Wagner-Hebb mea-
surements with one selectively blocking electrode are reported to effectively sepa-
rate (low) ionic and electronic conductivities at fixed redox potentials (i.e., controlled

lithium-ion activities).****

Unfortunately, for assessing oion, the corresponding Wagner-Hebb configuration
(with one electron-blocking and one reversible electrode) was unsuitable due to
the lack of stable conditions. Thus, two electron-blocking electrodes were utilized
(depicted in Figure 5A). gion is calculated by taking the slope from linear regression
for the steady-state current I of successive dc measurements under electron-
blocking conditions (see Figure 5A) according to Equation 2:

_ dhes |

g = av A (Equation 2)

with V being the applied voltage, | the pellet thickness, A the cell area, and i indi-

cating the respective charge carrier—for either ionic (ion) or electronic (el)
conduction.
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Figure 6. The partial ionic and electronic conductivities o; (i = ion and el, respectively) at 25°C of
LigPSsX (X = Cl, Br, and I; excluding substituted phases) and their typical SEI constituents

o; of the bulk-SEl and the initially used sulfide SE (LisPSsCl) in this work are depicted in dark blue.
For some materials, a range of values is reported by different authors. The values of LisPSsX (X = Cl,
Br, and 1),°3°8 Li,S,%7 " LisP,%? " LiCl,>°® LiBr,°®°” and Lil***” were taken from the reported data.
An asterisk, an apostrophe, a spade, and a cross indicate the values for thin film materials, data
estimated by extrapolation from higher temperatures, data including substituted phases, and data
recorded at 20°C, respectively.

We determined the room temperature (25°C) partial ionic conductivity to be oo, =
134 nS cm™" for the bulk-SEl of LPSCI. To put this value within a wider context, we
further compare reported conductivity values for various single-phase SEI constitu-
ents of lithium argyrodites LisPSsX (X = Cl, Br, I) (Figure 6, left). It is noteworthy that
neither the individual values for these SEI constituents (i.e., Li,S, LizP, and LiCl) nor
the value of the LPSCIl used align with 6,5, estimated in this study (represented in
dark blue, gion = 134 nS/cm). This proves a substantial underestimation of the
SEl's partial ionic conductivity compared with several previous studies (related to
various sulfide SEs) by at least one order of magnitude when simply assuming the
ionic conductivity of bulk-type, microcrystalline Li,S.*® As will be shown below,
this underestimation results in inaccurate approximations of the SEI layer thickness
(and potentially other properties). Nevertheless, this discrepancy is particularly rele-
vant given that Li,S constitutes the dominant volume fraction within the SEI, ac-
counting for 71 vol %. Consequently, other SEI constituents (i.e., LizP) must enable
a higher overall ionic conductivity, or the Li,S formed in the (bulk-)SEl has a higher
conductivity than bulk-Li,S, e.g., due to amorphous phase fractions, nanocrystalline
regions, or interface contributions. A more thorough examination of this observa-
tion, however, falls outside the scope of this study and requires further investigation.
Please note once more that the heat treatment during synthesis may lead to devia-
tions from the actual SEI at the Li|LPSCl interface, potentially affecting both the for-
mation of phases and the overall conductivity. It is our working hypothesis that we
come close to the true SEl with our approach, as confirmed below by the quantitative
SEl growth considerations.

ge was determined by dc Wagner-Hebb measurements with one ion-blocking and
one reversible electrode (depicted in Figure 5B) and calculated (using Equation 2)
to be oo = 0.3 nS cm™ at room temperature for the bulk-SEl of LPSCI. In Figure 6
(right), this value is compared with reported conductivity values for some single-
phase SEI constituents of lithium argyrodites LisPSsX (X = Cl, Br, 1). While it agrees
well with the value of the LPSCI used, it may not indicate an increased dendrite risk
with respect to its comparable g,. Further, it clearly deviates from the reported elec-
tronic conductivity of bulk-Li,S (~0.1 pS cm™") by a factor of three orders of magni-
tude.®’ This latter value is commonly used for the approximation of the conduction
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properties of SEls. The origin of this value for Li,S remains unspecified by the authors.
Comparing the value for (crystalline) Li3P, it appears again that each SEI constituent
may contribute to the overall o of the bulk-SEl. Please note that the values for g,
and o of crystalline LizP serve as a preliminary approximation, although they may
differ from those in the amorphous state or in other Li,P compounds. Unfortunately,
to the best of our knowledge, reliable values for g, especially for LiCl but also for LiBr
and Lil, have not been reported in literature. Thus, we like to emphasize that the lack
of reliable information on o of corresponding binary lithium compounds hinders
further analysis and calls for additional experimental studies.

These measurements and results represent the first experimental data being re-
ported for the oo, and o, of SEl-type materials. The values obtained in this study
can serve as valuable parameters for assessing further SEI properties by simulation
and modeling.

SEl growth kinetics and implications for SSBs

Consequently, we intend to assess the partial conductivities of ionic and electronic
charge carriers in the SEI with regard to their implication on SSB performance and
lifetime. When comparing the ionic conductivity of lithium argyrodites LigPSsX
(X = Cl, Br, 1) (shown left in Figure 6), it becomes evident that the SEI conductivity
exhibits a significantly lower conductivity than the lithium argyrodites. Notably,
the difference becomes especially pronounced (several orders of magnitude)
when compared with lithium argyrodites with high ionic conductivity (as utilized in
this study, represented in dark blue).

In order to compute various properties and assess potential implications, we consider
published data for SEl resistances extracted from impedance measurements. Riegger
et al.?’ documented area-specific ionic resistances of up to 80 Q cm? for multiphase
SEl layers of degraded LPSCI (in contact to passivated lithium foil). Using this value, as
well as gion from our study, and assuming self-limited growth, we estimate a SEI layer
thickness of up to d ~ 110 nm. This thickness estimation is plausible, considering that
the partial ionic conductivity within nanoscale multiphase layers may locally increase.
Consequently, this would mark a further increase in SEl layer thickness.

Wengzel et al.*® estimated a SE| layer thickness of only a few nm by the analysis of
impedance measurements. However, the authors based their assumptions on the
SEl's partial ionic conductivity on the properties of bulk-Li,S, which substantially un-
derestimates the SEl's partial ionic conductivity, as discussed above. Thus, the esti-
mates of SEI layer thickness by Wenzel et al. are too low by at least one order of
magnitude.

However, for a comprehensive analysis of SEI growth, it is essential to take kinetic
considerations into account. The diffusion-controlled growth of the SEI can be
approximated and described by a Wagner-type diffusion model if the growing layer
is approximated as a dense and fully covering interphase. Adapting this model leads
to Equation 3, with a square-root of time behavior for the consumption of SE

material:"’

d = \/ 2 MSEI'UeI'aion.MEi_\/E

F2:psgi'X  Oei+0ion _
(Equation 3)

2
5\/—’\/’59'%'#%'\/% = kvt

F2- psgi - x
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with d, F, psgi, X, Msg1, Gions el 100, t, and k being the SE| layer thickness, the Faraday
constant, the mean density of the SEI, the stoichiometric factor (moles of the lithium
metal required for the stoichiometric decomposition reaction—in our case 8), the
mean molar mass of the SEl, the mean ionic and electronic conductivity of the SEI,
the chemical potential of pure lithium metal (u°; = 8.35 kJ mol™), the reaction
time, and the parabolic rate constant, respectively. This equation was derived by
approximating the gradient of the chemical potential by u,/d, as described else-
where.?® Additionally, it is important to highlight that Equation 3 is applicable under
conditions of one-dimensional transport, purely chemical potential gradient-driven
flux, and boundaries with constant chemical potentials.”®

Further, Equation 3 can be transferred to Equation 4 by substituting d with osg; = d/
Rsgi and assuming asg = dion > g, With asg) being the mean SEI conductivity and
Rsgi being the area-specific ionic resistance of the SEI:

1 2 Mg 0u-0,
RSEI - \/ SEI"Oel Jonv“%.\/%

OSE| F? *Psgrt X Oel+Tion

(Equation 4)

Tion F2 *Pser - X

1 2
z~\/MSE.~ae.-ﬂe~f - KVA

Hence, a new parabolic rate constant k' is derived, describing the temporal evolution
of resistance due to SEI growth. Consequently, the SEI growth can be anticipated to
extrapolate the SEI layer thickness and the corresponding SEI resistance over
extended periods (i.e., up to the typical battery lifetime of 10 years). Taking Equations
3 and 4 as well as the findings from our study on gio, and g of the bulk-SEl, the para-
bolic rate constants were calculated to be k=0.43 nm s7%° and K = 320 mQ cm? s %
for LPSCI. After 1 day, the SEl layer thickness is approximated to be d = 126 nm with a
resistance of Rsg; = 95 Q cm?. These values increase from 334 nm and 250 Q cm? to
7.6 um and 5.7 kQ cm? over a period of 1 week and 10 years, respectively. This agrees
well with recent findings on SE| layer thickness by Aktekin et al.”® and Otto et al.?? of
~315 and ~305 nm for 1 week (from electrochemical titration and ToF-SIMS studies),
respectively. Therefore, the values obtained for o;, and o in this study validate pre-
vious findings on the SEI dimensions.

The very good agreement between our current results and the SEI growth kinetics
determined using a completely different electrochemical approach (i.e., coulometric
titration time analysis, CTTA, in anode-free cells) demonstrates the viability of our
bulk-SEl synthesis approach. Figure S18 (Section H, supplemental information) com-
pares the temporal evolution of SEl growth predicted from bulk-SEl properties using
the Wagner-type diffusion model (dsg; vs. t or t°) with the SEI growth quantitatively
observed in CTTA experiments.”? In this comparison, Equation 3 and the parabolic
rate constant (k = 0.43 nm s~ °-°) obtained in our study were used. Conversely, CTTA
results can also be used to calculate kand o, from the slope of the linear fit in dsg vs.
t%° and Equation 3, yielding values of 0.46 nm s % and 0.34 nS cm ™", respectively.
These numbers closely match the values determined for the bulk-SEl in this study
(k=0.43nm s %% and g = 0.3 nS cm™"). This agreement with the naturally formed
SEl in a real cell, along with the characterization results of the synthesized bulk-SEl,
provides strong evidence for: (1) a minimal to negligible impact of the elevated re-
action temperature used; (2) unaltered bulk-SEI properties by potentially present
precursor material traces (in respect to various properties)—or that the cell-level
SEl also contains the same unreacted or unknown minor phases; (3) an effective
simulation of multiphase SEI properties via bulk-SEl synthesis; and (4) an accurate
modeling of transport parameters derived from those properties to predict SEI
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Figure 7. Modeling of the SEI (ionic) resistance as a function of time and the parabolic rate
constant k' as a function of a;,, and o,

(A) The SEI (ionic) resistance is calculated as a function of time for different combinations of i, and
ael, including the results of this work. The corresponding k' values are denoted on each profile. As a
demonstration, we varied both partial conductivities by 2 orders of magnitude. A potential
threshold for an optimized SEl resistance at 10 Q cm? is marked (in gray), requiring k' to be less than

0.44 mQ cm? s %° for a lifetime of 10 years (indicated in green).

(B)The contour map of the parabolic rate constant k' is calculated for values up to 5 mQ cm? s 70>,

The threshold value of 0.44 mQ cm? s % indicates a SEI (ionic) resistance of ~10 Q cm? and lower
over a period of 10 years.

growth and kinetics in SSB cells. Additionally, the combination of both approaches
validates the application of the Wagner-type diffusion model for the detailed anal-
ysis and description of SEI growth.

Hence, the good agreement between two entirely different approaches is a signifi-
cant validation for the effectiveness of our synthetic SEl approach. Our experimental
results on the partial conductivities enable kinetic considerations and calculations in
estimating SEl growth using Wagner-type diffusion models. Consequently, we antic-
ipate that our data will establish crucial parameters and encourage further en-
deavors in future simulations and modulations of SEI growth. In particular, we
want to emphasize that our findings can serve as the basis for designing SEs that
combine both high ionic conductivity and stable yet minimized SE| formation. This
is discussed in the next section.

Randau et al." emphasized that the cell impedance of operational SSBs should not
exceed a value of 40 Q cm? but rather should be even lower to meet the typical re-
sistances of LIBs. As a potential threshold for SEl resistance, we consider 10 Q cm? to
be a reasonable value to ensure the sufficient kinetic performance of SSBs. There-
fore, we calculated the resistance increase of the SEI for up to 10 years (according
to Equation 4) for different partial conductivities (vion and o)) and resulting K’ values
(see Figure 7A).

Starting from the partial conductivities obtained in this study, it is demonstrated
that reducing g and increasing oo, leads to a decrease in the parabolic rate con-
stant and, consequently, a decrease in resistance (and thickness) over time.
Combining both reduces k' further (as seen in the green line). While a value of
32 mQ cm? s7%° for K is insufficient to significantly reduce the SEI resistance, a

-0.5

reduction to less than 5 mQ cm? s seems suitable for several weeks to months.

However, to meet the long-term criteria of 10 Q cm? over 10 years, further reduction
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of K to ~0.44 mQ cm? s™ is crucial—or finding a mechanism to stop the diffusion-
controlled SEI formation at all. To complete the picture: with an upper limit of 0.44
mQ cm? s> for K, this corresponds to a growth rate of k < 0.25 pm s > and a SEI
layer thickness of d < 4.4 nm after 10 years.

Hence, our experimental findings and computations underscore the need for SEI
optimization to decrease its impedance and growth rate to stabilize the Li|SE inter-
face (i.e., by reducing the mean o or improving the mean oo, of SEls). However,
suitable values for k' can be achieved through various combinations of ai,, and
oel. Therefore, we plotted the relationship between k' and 0., as well as ¢, consid-
ering values up to 5 mQ cm?s™%3in Figure 7B. The findings from Figure 7A served as

a threshold value (K < 0.44 mQ cm? s7%°, white profile).

In line with Equation 4, k" exhibits a reciprocal relationship with gion, whereas it fol-
. Therefore, enhancing gion

lows a square-root relationship with g¢i: Rsgi ~ i,

is a more effective strategy for optimizing the Li|SE interface. However, considering

feasibility, we assume that improving ., of the SEl up to 1074 Sem™

is unlikely,
given the typical values for g5, in common SEs (~1073 S em™"). As a result, it be-
comes crucial to optimize both gi,, and o, of the SEI to facilitate the long-term
viability of SSBs for practical applications. We like to highlight the critical role of
LisP for the SEI growth and resistance, as it appears to be a true mixed conductor.
Its volume fraction is below the typical limit for 3D percolation, but it will increase
the mean ionic conductivity of the SEI and thus reduce Rsg. Unfortunately, it will
also increase the mean electronic conductivity of the SEI and thus increase the
growth rate of the SEL. It is worth noting that Na3P is the critical SEI component in
the analog case of SEl formation in sodium thiophosphates like Na3PS,. As demon-
strated by Wenzel et al.,”" Na3PS, degrades rapidly by reaction with sodium metal,
as the volume fraction of Na3P in the SEl is even higher than in the case of LizPSsCl,
and as NasP has a higher electronic conductivity than LizP.

The question whether SEI layers in SSBs exhibit self-limiting growth remains contro-
versial, given that the growth rate (i.e., k) of the SEl is determined by g (with respect
to Equation 3: Rsgi ~ ¢%°). The value of ¢, determined in this study cannot be dis-
regarded and raises doubts about the self-limited growth mode during SEI evolu-
tion. In a recent theoretical study on Li,POyN,, Li et al.”? emphasized the critical
importance of low electronic conductivity in preventing SEI formation, achieving
interface stabilization.?® This would consequently lead to a thin SEl layer and minimal
interphase resistance. Please note that Li,PO,N, shows the lowest reported values
for g in literature for a SE (107'%-107"2 S em™").”*~"® Our findings strongly suggest
that o of the multiphase SEl investigated in our study will be too high to effectively
impede ongoing SEI growth in lithium thiophosphate-based SSBs, as long as no
reasonable countermeasure is being taken. However, it is important to note that
the electronic insulating properties of multiphase SEls are not thoroughly explored
or comprehensively understood yet, making additional assessments speculative. We
also need to stress that our knowledge on the role of the SEl in thiophosphate elec-
trolytes is limited. Cells in academic labs will usually not be studied longer than a few
weeks. The resistance growth due to SEI formation may not be critical within the
period of time, and thus, is probably underrated.

Upon assessing the potential consequences for SSBs by the multiphase SEI's con-
duction properties evaluated here, further aspects require consideration. The sepa-
ration of individual phases within the multiphase bulk-SEl observed in EDX measure-
ments may suggest the presence of advantageous conduction pathways on the
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nanoscale, potentially leading to percolation phenomena along interfaces. Indepen-
dent on the actual microstructure (i.e., domains or layers), advantageous conduction
pathways within SEI layers may have detrimental effects on the long-term perfor-
mance of SSBs. On the one hand, beneficial ionic pathways (i.e., by LisP) may sup-
port the conduction of lithium ions, effectively bypassing regions with lower ionic
conductivity (i.e., Li,S and LiCl). Resulting in inhomogeneous Li|SEI|SE interface con-
ditions, this would hinder a homogeneously distributed lithium-ion flux during bat-
tery cycling due to increased constriction phenomena,’® and disturb the formation
of uniform metal stripping and plating morphologies. On the other hand, the exis-
tence of favorable electronic pathways by individual phases will strongly influence
the SEI growth, leading to inhomogeneous and ongoing SEI formation, eventually
causing cell failure. Hence, our EDX studies underscore the essential need for
comprehensive investigations into the microstructure of composite (multiphase)
SEl layers in future research.

We like to emphasize the importance of implementing effective measures—during
the design of SEs—to stabilize and suppress interphase evolution for the above con-
sequences. The inherent characteristics of multiphase SEI layers require optimiza-
tion, especially with regard to o, and o, to effectively minimize implications for
SSBs. The ionic impedance and layer thickness of SEls currently prevent the devel-
opment of long-term operational SSBs with lithium metal, once unmodified sulfide
SEs are used. Hence, controlling the interface and interphase properties can ulti-
mately lead to the realization of SSBs through the integration of LMAs, positioning
SSBs as viable competitors to LIBs. One possible approach involves examining and
enhancing fully reduced SEs that are thermodynamically stable at low operating po-
tentials, aiming to eliminate degradation.””’® If (inorganic) modifications of sulfide
SEs are found to be inadequate, introducing artificial interlayers (e.g., polymer-
based ones) with moderate to high ionic conductivity and electronic insulating char-
acteristics could potentially facilitate the stabilization of the Li|SE interface. We
would like to note that Guo et al.”® provide a more in-depth discussion of challenges
of various engineering approaches at the Li|SE interface.

Conclusions

In this study, we present a novel and well transferable approach to simulate the
degradation of various sulfide SEs, aiming to gain a deeper understanding of the
properties of multiphase SEls. Through a bulk-type solid-state reaction between
the SE and micron-sized lithium particles, we obtain a composite of binary lithium
phases that we suggest as a reasonable model for the SEI in SSB cells with LMAs.
The formation of a bulk-SEl comprising Li,S, LisP, and LiCl from the model electro-
lyte LigPSsCl and lithium metal powder has been proven. Subsequent conductivity
measurements resulted in both partial ionic and electronic conductivity directly
from the bulk-SEI material. The results reveal a significant underestimation in prior
reports, particularly in case of the ionic conductivity by at least one order of magni-
tude. On the one hand, the electronic conductivity of the SEI controls its temporal
evolution and its thickness as function of time. On the other hand, the ionic conduc-
tivity governs the resistance of the SEl, influencing both the performance and life-
time of SSBs. We hope that our experimental data (i.e., gio, and o)) will establish
crucial benchmark parameters for upcoming simulations and further experimental
evaluations. Our findings and computational results underscore the need to opti-
mize the Li|SE interface and both partial conductivities, while motivating for further
exploration and innovation to achieve lithium thiophosphate-based SSBs with high
energy and power density.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Jirgen Janek (juergen.janek@pc.jlug.de).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
All data associated with the study are included as supplemental data with this article.

Synthesis and cell assembly were carried out in an argon-filled glovebox (LabMaster-
PRO, MBraun, Garching, Germany), with p(O,)/p and p(H,O)/p < 1 ppm. Electro-
chemical measurements were carried out in sealed cell casings at 25°C using a
VMP 300 potentiostat (BioLogic, Seyssinet-Pariset, France).

Preparation of materials

The lithium metal powder utilized in this study was synthesized by (droplet) emul-
sion, similar to the method described in elsewhere.”” To this end, tetradecane (anhy-
drous, 99+ %, Sigma-Aldrich, Germany) as inert medium was gradually heated to
270°C in a custom-built stainless-steel reactor using a hotplate. The temperature
was then maintained for 5 min to ensure thermal equilibration. Subsequently, 0.7-
1 g of small lithium chunks, obtained by cutting lithium metal rods (99.8%, abcr, Ger-
many), were added to the reactor. To achieve complete melting of lithium metal, the
reactor was heated for additional 10 min. To create a lithium metal droplet emulsion,
the tetradecane and lithium melt were stirred at 26,000 rpm for 5 min using an X710
stirrer equipped with a 10G tool (ystral, Germany). Once the stirring stopped, the
mixture was slowly cooled down to ambient temperature, causing the lithium drop-
lets to solidify into lithium metal particles. Subsequently, the inert liquid was
removed via filtration, and the lithium metal powder was rinsed three times with hex-
ane (anhydrous, 95%, Sigma-Aldrich, Germany). Lastly, the powder was dried at
room temperature under argon to eliminate any remaining traces of tetradecane
and hexane.

To synthesize bulk material (bulk-SEl) corresponding to the composition of the SEI,
lithium argyrodite LixPSsCl (LPSCI) as SE (POSCO JK Solid Solution, Yangsan, South
Korea) was mixed with a stochiometric amount of freshly prepared lithium metal
powder based on the chemical reaction (Equation 1). Through grinding by hand in
an agate mortar, a homogeneous mixture was achieved after 10 min, accompanied
by a noticeable darkening of color. The mixture was then subjected to heating at
250°C for several hours under dynamic vacuum in an MB-VOH-600 oven (MBraun,
Garching, Germany). This additional heat treatment is used to complete the reaction
between reactants. The resulting powder exhibited a reddish-brown color and was
once more hand-ground to achieve a finer texture.

The morphology of the synthesized bulk-SEl was investigated by means of SEM us-
ing a field emission GeminiSEM 560 (Carl Zeiss Microscopy, Oberkochen, Germany).
For sample transfer, a transfer module system EM VCT500 (Leica, Wetzlar, Germany)
was used to prevent the exposure of samples to moisture and atmosphere. SEM im-
ages were taken using a secondary electron detector. Complementary EDX was per-
formed using a ULTIM MAX EDX detector with 170 mm? SSD sensor (Oxford Instru-
ments NanoAnalysis, High Wycombe, UK). The electron acceleration voltage during
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spectra acquisition was set to 8 kV, images are acquired with a resolution of 512
pixels (100 us pixel dwell time). Measurements of several different particles were
conducted. The software AZtec 4.3 (Oxford Instruments NanoAnalysis, High Wy-
combe, UK) was used for automatic identification and quantification of the elements
sulfur, phosphorous, chlorine, and oxygen.

Characterization

XRD and XPS were employed for structural and detailed chemical analysis, respec-
tively. The powder XRD pattern was obtained using an Empyrean 2 diffractometer
(Malvern Panalytical Ltd, Malvern, UK) configured in 6-6 geometry and equipped
with a sample spinner. A monochromatic Cu-K, X-ray beam with a wavelength of
154 pm was used. The measurements were conducted at an operating voltage of
40 kV and 40 mA, with a step size of 0.026° and a duration of 200 s per step. To pre-
vent contamination during measurement, a polyimide foil was used to seal the sam-
ple under argon atmosphere. Rietveld refinements were carried out utilizing TOPAS
Academic v6.0 software®® in combination with coding program jEdit.*’

XPS measurements were conducted with a Versaprobe 4 (ULVAC-PHI, Inc., Chanhas-
sen, USA). A monochromatized Al K, X-ray source was employed (beam diameter of
200 pum, X-ray power of 50 W), while the pressure in the XPS chamber was in the
range of 107" to 107° Pa and the sample surface was charge neutralized by slow elec-
trons and argon ions during measurements. XPS depth profiling was performed by
Ar* sputtering with a grid size of 2 X 2 mm? with an initial sputtering step of 0.5 kV for
1 min, followed by a step of 1 kV for 1 min, and five sputtering steps of 2 kV for 1 min
each. Using a transfer shuttle, cross contaminations with atmosphere were avoided.
Data analysis was carried out with the CasaXPS software (Casa Software, Devon, UK).

Cell assembly and electrochemical testing

For measurements of the partial ionic conductivity, an electron-blocking symmetric cell
configuration was used. 80 mg of bulk-SEl were compacted by hand in a polyether-
ether-ketone casing using stainless-steel pistons. 80 mg of sulfide SE (LPSCI) were homo-
geneously distributed on each side of the bulk-SEI. By applying a uniaxial pressure of 380
MPa for 3 min at room temperature, the layered materials were densified, resulting in a
pellet thickness of ~520 pm for the bulk-SEl. Finally, indium foil (100 pm thickness,
9 mm diameter, 99.999%, ChemPUR, Germany) and lithium foil (100 um thickness,
6 mm diameter, 99.9%, China Energy Lithium, China) were placed on both sides of the
stack to serve as lithium reservoir. Lithium diffuses into the indium metal and forms an
In/(InLi), phase field with a stable potential of 0.62 V vs. Li*/Li.%?

For the measurement of the partial electronic conductivity using Wagner-Hebb dc
polarization,**** a one-sided ion-blocking cell configuration was utilized. 80 mg
of bulk-SEI were directly compressed at 380 MPa for 3 min at room temperature.
While one side of the pellet was equipped with a reversible In/(InLi), electrode,
the employed stainless-steel piston served as an ion-blocking electrode on the other
side. The ion-blocking electrode (steel) and the reversible electrode (In/(InLi),)

served as working electrode and counter electrode, respectively.

Consecutively, while applying a pressure of 40 MPa to the cell stack, the different
partial charge carrier conductivities were evaluated through dc polarization at
different applied potentials. The potential range was 20-300 mV and 1.0-1.5 V for
the electron- and ion-blocking cell, respectively. The current response was continu-
ously monitored for 12 h at each potential step to determine the respective conduc-
tivity from the steady-state current Is.. After a waiting period of at least 6 h, we
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consider the system to be in a steady state if the current response has remained sta-
ble within 3% over 1 h (or longer).
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