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Abstract

Solid-state batteries (SSBs) are a potentially safe, next-generation energy storage tech-
nology. Commercial viability of SSBs relies on the development of solid electrolytes with
high ionic conductivity, high (electro)chemical stability, and good processability. A recent
innovative approach to modify materials, potentially resulting in improved properties, is the
“high-entropy” concept, characterized by AScont > 1.5R (where ASconf and R represent the
configurational entropy and ideal gas constant, respectively). However, the beneficial in-
fluence of a high configurational entropy on ion diffusion remains largely elusive given the
absence of systematic studies. Therefore, this doctoral dissertation aimed to apply the
high-entropy concept to solid electrolytes, in particular focusing on lithium argyrodites with
the goal to achieve superionic conduction (~10 mS cm™ at room temperature). The scien-
tific objective was to understand the relationship between configurational entropy and
charge-transport properties and to evaluate their potential as solid electrolytes for solid-
state batteries.

The first part of this thesis mainly focuses on altering configurational entropy via composi-
tion of lithium argyrodites by multiple cation and anion substitutions, with the general for-
mula Lis+x[M1aM2bM3cMad]Ssl (M = P, Si, Ge, and Sb) as well as Lis.sPS4.5ClxBri.s-x. Both
strategies enabled ionic conductivities of more than 10 mS cm™ at room temperature,
owing to increased configurational entropy, i.e., occupational disorder. Then, the second
part of this work presents a detailed electrochemical performance evaluation of high-en-
tropy lithium argyrodites and the commercially available lithium argyrodite LisPSsCIl. The
outcome shows that solely multi-anion substituted lithium argyrodites possess an en-
hanced electrochemical stability as compared to the reference solid electrolyte LisPSsCI
and thus lead to an increased solid-state battery performance, especially at high current
rates. In contrast, multi-cation substituted lithium argyrodite solid electrolytes suffer from
poor oxidative stability and thus might only be applicable as separator layer in all-solid-
state batteries. Altogether, our results indicate the possibility of improving ionic conductiv-
ity and electrochemical stability in ceramic ion conductors via entropy engineering, i.e.,
inducing complex substitution, overcoming compositional limitations for the design of ad-
vanced electrolytes and opening up new avenues in the field.



Zusammenfassung

Festkorperbatterien (SSBs) sind eine potenziell sichere Energiespeichertechnologie der
nachsten Generation. Die kommerzielle Realisierbarkeit von SSBs hangt von der Entwick-
lung fester Elektrolyte mit hoher lonenleitfahigkeit, hoher (elektro-)chemischer Stabilitat
und guter Verarbeitbarkeit ab. Ein neuer, innovativer Ansatz zur Modifizierung von Mate-
rialien, der moglicherweise zu verbesserten Eigenschaften flhrt, ist das ,Hochentropie-
Konzept®, das durch AScont > 1,5R (wobei AScont und R die Konfigurationsentropie und die
allgemeine Gaskonstante darstellen) gekennzeichnet ist. Der positive Einfluss einer hohen
Konfigurationsentropie auf die Li-lonen-Diffusion bleibt jedoch aufgrund des Fehlens sys-
tematischer Studien bisher weitgehend unklar. Daher zielt diese Doktorarbeit darauf ab,
die Anwendung des Hochentropie-Konzepts auf feste Elektrolyte zu erweitern, insbeson-
dere auf Lithium-Argyrodite, um sie von Lithium-lonen-Leitern zu Superionenleitern (~10
mS cm™! bei Raumtemperatur) umzuwandeln. Das Ziel war es, den Zusammenhang zwi-
schen Konfigurationsentropie und Ladungstransporteigenschaften zu verstehen und ihr
Potenzial als feste Elektrolyte flr Festkérperbatterien zu bewerten.

Der erste Teil dieser Arbeit konzentriert sich hauptsachlich auf die Veréanderung der Kon-
figurationsentropie mit der Zusammensetzung von Lithium-Argyroditen durch multiple Ka-
tionen- und Anionen-Substitutionen mit der allgemeinen Formel Lis+x[M1aM2oM3cMad]Ssl (M
= P, Si, Ge, and Sb) sowie Liss5PS45CIxBris-x. Beide Strategien ermoglichen es, die lo-
nenleitfahigkeit bei Raumtemperatur auf mehr als 10 mS cm™ zu steigern, was auf die
Erhohung des Li*-lonen-Gehaltes und/oder Defektdichte zurlickzufiihren ist. Der zweite
Teil dieser Arbeit prasentiert dann eine detaillierte elektrochemische Bewertung von hoch-
entropischen Lithium-Argyroditen mit einer lonenleitfahigkeit von ~10 mS cm™t und dem
kommerziell-erhaltlichen Argyrodit LisPSsCl. Die Ergebnisse zeigen, dass die alleinige
Verwendung dieser multisubstituierten Lithium-Argyrodite als Separator-Schicht die Zyk-
lenstabilitat verbessern kann. Insbesondere das multianionisch substituierte Lithium-Argy-
rodit kann sowohl als Katholyt als auch als Separator-Schicht verwendet werden, da es im
Vergleich zu multikationisch substituierten Lithium-Argyroditen und LisPSsCl eine bessere
elektrochemische Stabilitat mit dem Kathodenmaterial und eine bessere chemische Sta-
bilitat mit Li-Metall aufweist. Insgesamt weisen diese Ergebnisse auf die Moglichkeit hin,
die lonenleitfahigkeit in keramischen lonenleitern durch Entropie-Engineering zu verbes-
sern, kompositorische Einschrankungen fir das Design fortschrittlicher Elektrolyte zu
Uberwinden und neue Wege in diesem Bereich zu er6ffnen.
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1. Introduction

1. Introduction

Due to the high demand for electrochemical energy storage devices with increased energy
and power density, SSBs have recently emerged as a possible technology to fulfill such
demands.!*-%l Moreover, replacing LEs with SEs has the potential to prevent dendrite for-
mation and mitigate the safety risks of catastrophic fires associated with flammable organic
liquid electrolyte-based battery systems.l However, challenges related to the use of solid
electrolytes persist in several aspects, including ionic conductivity, electrochemical stabil-
ity, and chemomechanical stability with cathode and anode active materials.[2%8! In the
recent decade, the ionic conductivity of SEs has been pushed to 20 mS cm™, reaching
values comparable or even exceeding that of liquid electrolytes.[’] Prominent examples
include Li1oGeP2S12 (LGPS), with an ionic conductivity of ~10 mS cm™ at room tempera-
ture, as well as lithium argyrodites.[®12 However, in the development of superionic con-
ductors, there is still a long way to go. Firstly, is an ionic conductivity of 10 mS cm™ (at
room temperature) already high enough to compete with LEs? When considering the mi-
crostructure of electrodes, LEs are able to penetrate all open pore volume, and thus enable
a much lower tortuosity for Li-ions compared to SEs.[?613 Higher tortuosity results in lower
effective ionic conductivity of electrodes in SSBs, compared to LE-based cells. Moreover,
for future applications related to high energy density and high-power cells, thick electrodes
(over 100 um) and fast charging are essential. To achieve this, it has been shown that an
ionic conductivity of 210 mS cm™ is required for SEs.[>'4 Therefore, achieving an effective
ionic conductivity of 8-10 mS cm™ requires exploration of superionic conductors capable
of surpassing 10 mS cm™.

Recently, HEMs derived from HEAs with a configurational entropy AScont > 1.5R (where R
refers to the ideal gas constant) have emerged as promising candidates for enhancing
material properties.l!>16l This is attributed to the ability to tailor properties via the selection
of elemental constituents and their stoichiometry. The high-entropy concept has already
been applied to materials in the fields of energy and electronic applications, such as for
hydrogen evolution and storage, carbon dioxide conversion, oxygen catalysis, rechargea-
ble batteries and supercapacitors.['”l With more and more improved material properties
achieved by applying the high-entropy concept, we attempt to utilize this concept in the
field of lithium ion conductors with the goal to increase ionic conductivity of the commer-
cialized SE LisPSsCl to more than ~10 mS cm™ and evaluating electrochemical properties.

The focus of this doctoral project was the exploration of high-entropy lithium argyrodites
through solid-state reactions. The results of studies on the structural properties of the syn-
thesized materials and the Li-ion diffusion characteristics are reported in four publications
within this thesis (Publications I, II, Il and IV in the results section).l'8-2% |n particular,
Publication Il in the results section presents a systematic study on explaining how config-
urational entropy affects Li-ion diffusion.[?] The final study (Publication V) focused on
benchmarking various compositionally complex lithium argyrodite SEs in SSBs.[??
Therein, we have shown that complex anion-substituted high-entropy argyrodite SEs not
only outperform in terms of ionic conductivity but also exhibit superior electrochemical sta-
bility.
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Additionally, the appendix in chapter 6.1.1. (Publication V1) discusses the influence of sur-
face impurities on charge transport in high-entropy materials.[?3l Since the topic of this

initial investigation deviates somewhat from the main theme of this doctoral thesis, it has
not been included in the main text.
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2. Fundamentals

This chapter begins with an introduction into ion diffusion in inorganic lithium conductors.
It includes a description of the classical "hopping” mechanism, with a focus on the factors
that influence lithium diffusion and the requirements for ion conductors to be used as SEs.
The chapter then elucidates the concept of high-entropy materials, including the discus-
sion of the effect of entropy on material properties and perspectives on why configurational
entropy is able to enhance ion diffusion. Recent advancements in high-entropy lithium
conductors are also reviewed. The final section provides a brief introduction to lithium ar-
gyrodites, discussing their structural and charge-transport properties, and reviewing their
electrochemical performance as SEs in SSBs.

2.1. Inorganic lithium-ion conductor
2.1.1. lon diffusion mechanism

Inorganic crystals having mobile ions (such as Li* or 0%, etc.) whose ionic conductivities
lie between ~1077 and 10™* mS cm™ are usually defined as ion conductors, while those
achieving values higher than 1 mS cm™ are classified as superionic conductors.[?4

Fundamentally, at finite temperatures, atoms within a crystal usually oscillate around their
equilibrium positions. However, these oscillations typically lack the intensity required to
overcome the energy barrier for hopping to an adjacent empty site. For ion conductors, a
substantial displacement occurs, resulting in a successful diffusion event of the atoms.
Typically, an atom hops to an adjacent location (neighboring vacancy or an interstitial site),
when overcoming activation energy barriers based on the following defect-mediated ion
transport model (illustrated in Figure 1) based in defect formation as suggested by Frenkel
as well as by Schottky and Wagner.[25-27]

Q Q O CVace;nQ Q
O Qs ©
0 B 000

Figure 1: A schematic depiction of the different mechanisms of ion migration, including
vacancy (middle), direct interstitial (bottom left), interstitialcy (top left). Framework atoms
are represented by blue and yellow circles represent anions (large) and cations (small),
respectively. The large and small unfilled circles indicate existing vacancies for anions and

3



2. Fundamentals

cations. The light blue and light-yellow circles represent the vacancies generated by mo-
bile anions and cations, respectively. Replotted from M. Sotoudeh et al.[?8]

Typically, the activation energy barriers are considerably greater than the thermal energy
kgT. The frequencies of the ion hopping are typically smaller compared to the frequencies
of the lattice vibrations, characterized by the Debye frequency (102 to 1013 s71).129 Specif-
ically, four types of charge-carrier transport mechanisms®% are summarized based on the
defect-mediated ion transport model:

1) Transport by uncorrelated jump processes, e.g. in Y3*-doped CeOs.

2) Highly correlated mechanisms with the rapid transport of ions (multiple ions moving
together in a coordinated manner), e.g. in LisN and RbBiFa.

3) Liquid-like diffusion mechanisms in a highly disordered mobile sublattice, e.g. in
AQ2S.

4) Intermediate mechanisms combining both hopping and liquid-like characteristics,
e.g. in a-Agl.

The uncorrelated jump process describes ion transport in solids derived from liquids under
the limitation of dilute mobile ions with uncorrelated and independent hopping. The indi-
vidual ion hops with no correlation can be described by a random-walk model. The random
diffusion coefficient D, can be expressed by the Einstein—-Smoluchowski relation:

_(RE) _a%

D= = b ()

Where R, is the total displacement of a moving ion in m steps, t,, is the duration to com-
plete m steps of ion displacement, a is the hopping distance between two neighboring
sites or free path, w is the number of jumps per unit time to an adjacent site, and b is a
geometry factor of 2, 4, or 6 for one-, two-, or three-dimensional diffusion, respectively.[3132
w can be described in detail upon the canonical ensemble of statistical mechanics (con-
stant pressure) according to Vineyard’'s method:

GmioT = pmigr _ Tgmigr (2)
Gmigr Smigr Hmigr
w ="V exp(— kBT> =v0exp< ks )exp(— kT > (3)

with v, representing the attempt frequency, commonly referred to as the Debye frequency,
which signifies the oscillation frequency occurring near the equilibrium position along the
reaction pathway, G™8" the Gibbs free energy of atom migration, kg the Boltzmann con-
stant, T the absolute temperature, S™&" the entropy of migration, and H™8" the activation
enthalpy associated with migration.[33l

The ionic conductivity ¢ is expressed as the relation between mobility 4 and charge-carrier
density or the ion concentration ¢, and the charge of the mobile ions g (in the case of lith-
ium, q = €o):

o =cqu (4)



2. Fundamentals

The charge-carrier density c is related to the defect formation energy Hr™:

form form
€ = ¢y exp (— %) (5)
where ¢, is the maximum concentration of the mobile species. In most cases, the enthalpy
change dominates, and entropy term is often neglected. Recently, more and more inves-
tigations are focusing on the entropy contribution, which will be discussed in the perspec-

tives section below.

The mobility p can be correlated to the diffusion coefficient D, (macroscopic long-range
diffusion) by the Nernst-Einstein equation:

ukgT = qD, (6)
with ks being the Boltzmann constant and T the absolute temperature.[26:31]

The relationship between the long-range diffusion coefficient D, and random diffusion co-
efficient D, is described as following through tracer diffusion coefficient D*:

D*

f= D, (7)
D*
Hg = D_ (8)
D, = HiRDr = fiD; (9)

where f is the correlation factor corresponding to single-ion correlations, Hy is the Haven
ratio describing the strength of multi-ion correlations, and f; denotes the collective corre-
lation factor measuring the strength of distinct-ion correlation effects.[4

Combining equations (1-9), the correlation between ion conductivity and activation energy
can be described as below, when assuming the 3D isotropic motion and ignoring the con-
tribution of defect formation entropy:

1 cng? Smigr Hmigr Hform
ol =— I cq Vo exp( >exp <— >exp (— ) (10)

6 Hy kg kg kT kT
Specifically, equation (10) could be simplified with the definition of activation energy Ey to:
Ep = gmigr o pform (11)

Then, the ionic conductivity can be described as:

0 Ep >
= Lexp(——2& 12
=T eXp( kT (12)
1 f COqZ Smigr
o ZEH_R . a?v, exp T (13)

where g, is the so-called pre-exponential factor when ignoring Sr™.

5



2. Fundamentals

Typically, for ion conductors, a and v, strongly depend on the crystal structure. Moreover,
a low activation energy and a high concentration of charge carriers should improve ionic
conductivity according to equations (12, 13).

In addition to the aforementioned uncorrelated jump model, conceived from the spirit of
the Debye-Huckel-Onsager-Falkenhagen theory, a jump relaxation model incorporating
interactions between mobile ions (such as the Coulomb-cage effect) and between mobile
and immobile ions (such as periodic lattice potential) will be elucidated below.!3®!

In well-crystallized ion conductors, mobile ions experience repulsion from neighboring ions
during migration, tending to settle in the local potential minima within the Coulomb cage
formed by these ions, also referred to as ion cloud. The interplay between these local
Coulomb-cage-effect minima and the long-range periodic lattice potential dictates the
overall potential for ion diffusion. When one ion jumps from lattice site A to B, the local
potential minimum for each ion is perturbed due to the Coulomb-cage effect, while the
periodic lattice potential remains relatively unchanged. This deviation from equilibrium ne-
cessitates a structural relaxation process to restore equilibrium. Two competing relaxation
processes are conceivable: 1) many-particle route, where the ion's forward movement es-
tablishes a new local Coulomb-cage-effect minimum, resulting in a net ionic current; and
2) single-particle route, where the ion may return from B to A, nullifying the ionic current.
Figure 2 illustrates this comparison. Moving forward the mobile ion encounters an energy
barrier §g_,c(t), whereas moving backward, the barrier 6g_,(t) is typically much smaller
due to the overall energy landscape. Consequently, correlated ion transport processes
often exhibit a preference to backward hopping, explaining the correlation factors f < 1
and elucidating the challenge of establishing long-range ion migration. The initial jump
relaxation model has been afterwards optimized by assuming that the relaxation rates of
both single- and many-particle routes are proportionally related, decaying exponentially
over time.[®® This refined model has been proven high accuracy in elucidating ion-transport
mechanisms in glassy and disordered crystalline materials."-38 However, the Haven ratio,
which is currently assumed to be unity in these models, requires further development.
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Figure 2: Schematic representation of the jump relaxation model. The evolution of the
potential over time after a hop. Adapted from K. Funke et al.[3°!
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2. Fundamentals

In fast ion conductors, the ion diffusion mechanism often involves the simultaneous migra-
tion of multiple ions, contrasting the single ion hopping mechanism discussed in the un-
correlated jump process and jump relaxation model. This concerted mechanism, also
known as interstitialcy (the combination with interstitial and vacancy), considers the inter-
action among multiple mobile ions, where they migrate at the same time.[*? Like the jump
relaxation model, electrostatic repulsion between migrating and neighboring mobile ions
is taken into account. However, unlike the jump relaxation model, where Coulomb interac-
tion raises the energy barrier and impedes long-term diffusion, the concerted migration
barrier is lowered by Coulomb interaction among mobile ions. Mobile ions occupying high-
energy sites can migrate downhill towards low-energy occupied sites with a low energy
barrier, and the corresponding Coulomb interactions between two mobile ions will help
reduce the activation energy barrier for a mobile ion occupying a low-energy site to move
uphill towards another unoccupied high-energy site (see Figure 3).

Multi-ion concerted migration

Single-ion migration

-
/ \

I \

pr—— |

\ /

\, 7

Energy barrierl

A 4
VN
! 1
\ /
\\_ ’

. % Migration path \ |
\} / N\ ¥ |
w y

Figure 3: Schematic depiction of single-ion migration (left) and the concerted migration of
multiple ions (right). Adapted from X. He et al.[*]

The mechanisms mentioned above are based on a general assumption: The anion frame-
work is relatively rigid and translationally immobile during ion migration. The duration of
the mobile ion's presence at the local potential minimum between two successive hops is
significantly shorter than the relaxation time of the motions of the anion lattice. Conse-
guently, the motion of both the anionic lattice and mobile ions is typically considered to be
uncoupled. Recent evidence suggests that the migration of mobile ions is strongly associ-
ated with the reorientation of the rotated polyanionic sublattice, described as the paddle-
wheel effect.[*142 Typically, the polyanions [ABy]™ are formed by covalent A-B bonds, such
as [S04]* and [PO4]*. Specifically, in some oxide ion conductors, anion migration (O~
ions) can also be linked with the rotation of polyanions between neighboring tetrahedral
environments, leading to the exchange of oxygen atoms.[*143 Similar behavior has been
observed in Li and Na-ion conductors.[*4-481 Although ion migration and anion reorientation
are generally observed to occur simultaneously, questions still persist regarding the causal
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relationship between them.!*"] Also, it still remains uncertain how to distinguish the anion
reorientation with the percolation mechanism.&-5%

Typically, the polarizability of anions also correlates with the ion mobility, especially affect-
ing the activation energy. Large polarizable ions tend to be 'softer’, allowing the mobile
species to 'squeeze’ through their electronic cloud more easily with lower activation en-
ergy. The Clausius-Mossaotti relation relates the polarizability « to the high-frequency die-
lectric constant ¢,, according to:

Eo— 1 _ 4t (14)
o +2 3V,

where V, is the unit-cell volume. Such correlation has been found by Wakamura be-
tween the activation energy and the high-frequency dielectric constant ¢,,, shown in Fig-
ure 4.152 The activation energy E, decreases as the high-frequency dielectric constant re-
duces.

RN
N
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g=1+1E,
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0
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Figure 4: Correlation between activation energy and high-frequency dielectric constant
£.. Adapted from J. Bachman et al.[>]

In recent years, there has been an increasing number of studies investigating the influence
of lattice dynamics on charge carrier transport associated with phonon-ion interactions.!>4-
571 Phonons, defined as the quantized vibrations of atoms in a solid with harmonic oscillator
frequencies and displacement vectors, represent the complex atomic motion and the total
kinetic energy of the system. E, is the thermal excitation energy for ion transport.l5”! Con-
sidering the thermal atomic vibrations during ion diffusion, E, should depend on the oscil-
lator frequency and phonon occupation.®8 Focusing on the Li-ion, it has been found that
in LISICON-type conductors the lower average vibrational frequency of lithium ions
weighted by the phonon DOS derived from DFT calculation is correlated to the lower en-
thalpy of migration and thus fast ion mobility. It is explained through a flat potential energy

8



2. Fundamentals

landscape, in which lithium ions can oscillate with larger amplitude. More recently, for ar-
gyrodite LisPSsCl, Ding et al. investigated the strong softening of the anharmonic Li-asso-
ciated low-energy phonons as a function of temperature.®8 The low-energy phonon modes
(< 10 meV) are important for facile ion conduction.

Thus, to enhance the ionic conductivity of ion conductors, several insights can be gained
from the review of theoretical models for ion diffusion. From a crystallographic perspective,
ion migration occurs locally through thermally activated jumps, which must be connected
via diffusion pathways to enable long-range diffusion. These pathways should consist of
connected channels (via polyhedral connection) with suitable bottleneck sizes, suggesting
that well-distributed mobile ions facilitate fast diffusion.!>%6% Specifically, face-sharing pol-
yhedra show broader diffusion pathways, and smaller coordination changes are preferred
for superionic conductors. Considering the anionic sublattice, it has been shown that fast
ion conductors often exhibit a body-centered cubic anionic substructure, allowing direct Li
jumping between neighboring tetrahedral sites, resulting in fast lithium diffusion./®!] Accord-
ing to the defect-mediated theory, another way to increase the ionic conductivity is tailoring
the charge-carrier density, namely, balancing concentration of vacancies and interstitials.
In addition to the above-mentioned statistic approach, the lattice dynamics referring to vi-
bration, as well as the rotation of the anion sublattice in case of lattices with polyanions or
polycations, also plays a significant role in ion diffusion, and higher polarizability anions
offer advantages to facilitating fast ion mobility.

It is important to note that the mechanism discussed above primarily addresses bulk
transport, while transport occurring along grain boundaries has not been covered. In pol-
ycrystalline solids, particularly metals, interdiffusion along grain boundaries, treated as a
correlated walk of atoms in a periodic quasi-2D system with multiple jump frequencies, is
often faster than in the bulk.[92-641 However, the opposite is observed for inorganic, well-
crystallized superionic conductors, where grain boundaries act as bottlenecks that nega-
tively affect ion transport.8® This ion-blocking effect at grain boundaries has been at-
tributed to grain mismatch, and the underlying mechanism is highly material-dependent.[66-
%] On the other hand, grain boundaries (or better summarized as higher-dimensional de-
fects) show positively contribute to ion transport in nanocrystalline or glassy conductors,
particularly in materials whose crystalline counterparts exhibit very poor ionic conductivity,
such as LiNbOs, Li2TiOs, y-LIAIO2, LiTaOs, and some lithium thiophosphates, where short-
range disorder can facilitate ion transport.[%®-73 Specifically, in thiophosphates, grain
boundaries can also lead to an increased degree of reorientation of PS43~ polyanions,
which could maintain bulk-like coordination even in low-crystallinity regions, thereby ena-
bling more facile diffusion.[®7.71.7¢1 |n this thesis, we primarily focus on bulk lithium transport.
The effect of grain boundaries will be briefly discussed for lithium argyrodites in the sec-
tions 2.3.1.

2.1.2. The state of art for solid electrolytes

This section introduces the fundamentals of SSBs, briefly reviewing the major families of
SEs and summarizing the key issues faced by these electrolytes in SSB development.

9



2. Fundamentals

In general, rechargeable LIBs consist of the anode (such as graphite, LiTisO12, etc.), CAM,
such as LiCoOz2, spinel-type LiMn204, olivine-type LiFePOas, etc., electrolyte, current col-
lectors, and separator. The anode, cathode, and separator are impregnated by the liquid
electrolyte, typically composed of a lithium conductive salt dissolved in organic carbonate-
based solvents.l””-7° During the charge and discharge process, Li-ions move between the
positive and negative electrodes driven by an electrochemical potential difference. During
charge, Li-ions are extracted from the CAM (in this study, the layered transition metal oxide
LiNio.s5C00.10Mno.0s02 or NCM851005) and migrate through the electrolyte, eventually in-
serting into the anode material. Meanwhile, an equal number of electrons are released
from the cathode to the anode through an external circuit to maintain charge balance.
Conversely, during discharge, the process occurs in the opposite direction. The redox re-
actions for the charging process are described by the following equations (for a specific
example):

Positive electrode: LiNig g5 C0g 1oMng 50, « Li;_,NiggsC0g10Mng 50, + xLit + xe™
Negative eletrode: LiyTigO, + xLi* + xe™ & Ligy, Tis01, (Withx < 3) (15)

SSBs, which use SEs in place of LEs and ideally Li metal as anode, can eliminate safety
concerns and provide higher energy as well as power densities, as shown in Figure 5.
Typically, SSBs consist of a thin layer of SE as separator, cathode and anode composites,
which are homogeneous mixtures of active material, SE, and electronically conductive ad-
ditives (e.g. carbon). To further improve the energy density, Li-metal anodes or other high
specific capacity materials, such as silicon, are required.®

Solid electrolyte as
Anode separator Cathode Composite

Current collector Current collector

Figure 5: Schematic illustration of the structure of SSBs. Adapted from J. Janek et al.[?!

SEs as components in SSBs have been intensively investigated, including a wide variety
of materials. A comparison of room-temperature ionic conductivities of different SE families
is depicted in Figure 6. Among the reported SEs, the sulfide-based ones show superior
ionic conductivities. While high ionic conductivity is the key property for SE materials, other
factors, such as wide electrochemical stability window, good chemical and electrochemical
compatibility with electrode active materials (cathode and anode), high thermal and
air/moisture stability, good mechanical properties, simple synthesis, easy integration, en-
vironmental friendliness, and low cost, do need to be considered for practical applications
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2. Fundamentals

of ion conductors in SSBs (for electric vehicles).l?*! Various inorganic SEs have been dis-
covered, including oxide-based SEs, sulfide-based SEs, lithium halides, etc.!8% The prop-
erties of these three types of SEs are summarized in Figure 7 and compared accordingly.
In particular, the structural and electrochemical properties of thiophosphate SEs will be
discussed in detail in section 2.3.
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Figure 6: Summary of the reported room-temperature ionic conductivities of different fam-
ilies of SEs. Adapted from J. Bachman et al.l!

Oxide-type lithium SEs often feature robust stability against moisture, high thermal stabil-
ity, and a wide electrochemical stability window, enabling them to be promising candidates,
especially in combination with high-voltage CAMs.[€% However, they face limitations due
to their relatively moderate ionic conductivity. The exploration of oxide-type lithium SEs
has been developed significantly since the pioneering works on NASICON and LATP in
the 1970’'s and 1990's.81821 The notable discoveries are the perovskite-type
Lis-xLaz23TiOz (LLTO) in 1993, exhibiting an ionic conductivity ranging from 1072 to 107!
mS cm™ at room temperature, and the garnet-type LizLasZr.012 (LLZO) in 2007, with a
conductivity of 7 x 107 mS cm™ (at 25 °C), later reaching 1 mS cm™ through partial sub-
stitution of Zr** with elements like AI¥*, Ga3®*, or Ta®" in 2013.183-8% However, despite the
large improvement in ionic conductivities, their high mechanical rigidity is still a challenge
for processing and integrating them into SSBs.[®8 Therefore sulfide-based SEs would be
much more favorable, as they are soft (i.e. low Young’s modulus) and can achieve very
high ionic conductivities. Starting from the glassy ion conductor Li2S-P2Ss-Lil (0.1 mS cm™
at room temperature) in 1981, in 2000, the thio-LiSICON Lis-xGe1-xPxS4 (0 < x < 1) family
has been reported with conductivities of up to 1 mS cm™1.[8788] |n 2011, a new SE, LGPS
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2. Fundamentals

was discovered as the first superionic conductor with 12 mS cm™, which is comparable to
that of liquid counterparts (typically around 10 mS cm™) and has further revitalized the
application of SSBs, which previously struggled due to lack of suitable lithium-ion conduc-
tors.[8l

a) on Reduction b) on Reduction C) on Reduction
selectivity stability selectivity stability selectivity stability
Electronic Oxidation Electronic Oxidation Electronic Oxidation
ASR stability ASR stability ASR stability
lonic . Chemical lonic - Chemical lonic . Chemical
ASR OXIde stability ASR SUIfIde stability ASR Ha“de stability

Device Thermal Device Thermal Device Thermal
integration stability integration stability integration stability

Processing Mechanical Processing Mechanical Processing Mechanical

cost properties cost properties cost properties
Figure 7: Radar plots of the key performance indicators of oxide-based SEs (a), sulfide-
based SEs (b), and lithium halides (c). Adapted from A. Manthiram et al.[8%

In 2008, the argyrodite-type SEs (LisPSsX, X = Cl, Br, I) were also developed in parallel
and exhibit the highest conductivities so far achieved, exceeding 10 mS cm™, also offering
excellent mechanical ductility.l11.8%:90 This allows for straightforward processing and liquid-
phase synthesis, facilitating scalability.®® Moreover, some sulfide SEs can also form a
guasi-stable SEI with Li metal and sustain relatively high current density Li stripping/plat-
ing. Unfortunately, their (electro)chemical stability window is very narrow (< 2.5 V vs.
Li*/Li), which is not compatible with common high-voltage CAMs, such as LiCoO2 and
LiNi1-x-yMnxCoyO2, and thus, protective layers need to be applied to the CAMs as well as
anodes to avoid severe (electro)chemical degradation.8%°1 Overall, owing to their high
ionic conductivity and quasi-stable SEI formation with Li metal, sulfide SEs remain suitable
as the separator layer in SSBs.

Finally, halide-based SEs have recently attracted great attention, as they are oxidatively
stable.?? From the 1930’s to 1970’s, lithium halides were considered as poor ion conduc-
tors (1074-1073 mS cm™1).[93.941 |n 2018, both LisYCls and LizYBres were discovered by Asano
and co-workers, exhibiting excellent room-temperature ionic conductivities of 0.51 and 1.7
mS cm™1, respectively.% Since then, the development of new metal-halide SEs, now gen-
erally with the formula LiaMXb (where M represents a metal cation, such as In, Zr, Y, or Sc,
and X a halide), has taken off. For instance, a mixed halide LisYBrsCls and LisGdCl:Br;
exhibited an exceptionally high conductivity of 7.6 and 11 mS cm™, respectively.[9:°7]
Li2In1/3Sc13Cla revealed an excellent stability with high-voltage CAMs.[®8] Notably, they dis-
play broader electrochemical stability windows (up to 6.71 V vs. Li*/Li), better chemical
stability toward the CAM, and also high ionic conductivity at room temperature and remark-
able deformability.[?%10% However, they still lack in stability toward moisture, anodes, such
as Li metal, and suffer from scarce metal constituents.[*%1 Thus, halide SEs are suited for
use at the cathode side rather than as separator layer.
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2. Fundamentals

In brief, the discussion above indicates that there is no single SE material capable of sim-
ultaneously achieving high ionic conductivity, good chemical and electrochemical compat-
ibility with both cathode and anode materials, mechanical compatibility, air/moisture re-
sistance, and ease of synthesis—all of which are essential for practical applications in
SSBs. This observation raises critical questions: Do we have a strategy for designing SEs
that meet all these requirements, or should we instead capitalize on the strengths of dif-
ferent SE materials? The former approach leads to the core topic of this thesis—applying
the high-entropy concept to lithium argyrodites, investigating the resulting properties and
potential applications in SSBs (discussed in section 2.2.).['8] The latter approach, which
involves hybrid or sandwich-like cell configuration designs, will be explored in the perspec-
tives section.[102-104]
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2. Fundamentals

2.2. High-entropy materials

In this section, the general definition and fundamental thermodynamics of the high-entropy
concept will be introduced. Then, this section provides a brief overview of how configura-
tional entropy affects material properties and its applications to energy materials. Ulti-
mately, we will focus on how the high-entropy concept is valuable specifically in the field
of SEs.

2.2.1. Configurational entropy and entropy stabilization

The concept of HEMs evolved from the work on HEAs that began in the early 2000’s.
Initially, HEMs were defined as crystalline, single-phase materials containing more than
five elements on a single crystallographic position,!19-1971 in which such disorder can be
expressed as configurational entropy AS s, With the criterion of being > 1.5R.

In statistical physics, the configurational entropy (S.onf) Of a solid material can be calcu-
lated from the Boltzmann’s formulation of entropy:

Sconf = kg InQ (16)

where the number of energetically equal microstate Q refers to the elements occupying
the same crystallographic site and kg represents Boltzmann constant and can be ex-
pressed as:

N!
4= [Tin;! (17)

with n; representing the particle number of type i and N the total number N = );; n;. There-
fore, the number of microstates Q here describes the possible distribution of a certain num-
ber of atoms from different elements over all sites that can be occupied. Combining equa-
tions (16) and (17) and then applying the Stirling’s approximation, the configurational en-
tropy representing the statistic ideal mixing in an arbitrary crystal can be calculated as
follows:

N! ( )
S =k ln[ ]- —R E x; In x; 18
conf B Hi i i i i

where R is the ideal gas constant and x; is the molar fraction of the i-th component. For
the individual components of a compound S.,,r = 0, then AS.,,¢ is described as for the
crystalline compound:[108l

AScons = —RZ xilnx; — 0 = —RZ x; In x; (19)
i i

Applied to general HEMs, equation (19) can be specified using the following equation:

n m
ASconf = —R (Z X In xi> + Z X]- In x]- (20)

i=1 cation—site j=1
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2. Fundamentals

where xi and x; represent the molar fractions in the cation and anion sites, respectively.

Generally, a material with configurational entropy AS..,s = 1.5R (1.5R is defined based on
empirical observations from HEAS) is considered as being a HEM.*8l However, the above-
mentioned definition does not automatically means entropy stabilization. Entropy stabili-
zation occurs (above a certain temperature) when both the formation enthalpy AH; and the
formation entropy AS; are positive, and when temperature and entropy are large enough
to make the Gibbs free energy AG; negative, described by the following equation:

AGs = AH; — TAS; (21)

Therefore, TAS; becomes crucial to compensate the enthalpy penalty, making AG¢ nega-
tive, thereby governing the phase stability of metastable materials.[109110]

The term ‘entropy stabilization’ was first raised in 1968 by Navrotsky and Kleppa when
investigating the formation of spinels and pseudobrookite in drop solution calorimetry.114
For both cases, the configurational entropy of disordered cation distributions overcomes
the positive enthalpy of formation. Here, interestingly, the AS.,,r = 1.5R is not the essential
for phase stabilization while lattice vibrations, electronic and magnetic orderings may also
contribute significantly.[109.110.112]

It is important to note that the initial state may represent a pre-existing single-phase solid
solution, which could consist of several components. However, the stability of the solid
solution primarily depends on the type of components and their interactions, rather than
on the number of constituents. The relationship between HEAs (in particular, high-entropy
oxides) defined through AS.,,s and entropy-stabilized oxides is illustrated in Figure 8.[113]
The former refers to any systems with AS ., > 1.5R, which is not necessarily entropy sta-
bilized; the later specifically refers to systems stabilized through entropy but are not nec-
essarily stabilized by configurational entropy.

Figure 8: The differences between general high-entropy oxides defined through A4S, ¢
and entropy-stabilized oxides. Adapted from R. J. Spurling et al.[113]

In this thesis, we use the configurational entropy to define the high-entropy lithium argy-
rodites, and the configurational entropy induced entropy stabilization will be discussed in
the perspectives section.
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2.2.2. Configurational entropy effect

Configurational entropy effects arising from an increased AScont, including so-called “cock-
tail effects”, stabilizing metastable crystal structures and (local) lattice distortions, will be
briefly discussed in the following sections.

Derived from nonideal mixing, the “cocktail effect” refers to the superior properties of mul-
ticomponent systems compared to the solely individual components, owing to complex
interactions induced by compositional complexity. Theoretically, it is attributed to the
change of the excess partial free energy AG; excess; Which represents the change of inter-
actions when tailoring the AScont[*1# Therefore, material properties could be engineered by
compositional or stoichiometrically changes.

As described in 2.2.1., the entropy stabilization occurs when the AH; is positive, which typ-
ically indicates metastability. Nevertheless, TAS; can compensate the enthalpy contribu-
tion, enabling the formation of a thermodynamically stable single-phase material through
entropy-driven mechanisms. Specifically, for HEMs, AS., ¢ iS considered to be the major
contributor to ASy. However, it is important to note that a high AS., s does not always guar-
antee the formation of single-phase HEMSs. In reality the AH¢, T, and most likely kinetics
also play important roles in determining the phase stability of HEMs.['14 More interestingly,
AS.ons @lso can strongly affect the non-configurational contribution of entropy, such as
electronic entropy AS.j., thereby achieving favorable phase stability. Electronic entropy
AS.je has always been ignored in individual components due to high delocalization and a
very small magnitude of ~1 J/mol at 1000 K (even several orders of magnitudes smaller
than AS,;,). Nevertheless, the excess of AS,. is a significant factor in driving the metal-to-
insulator transition in high-entropy materials (HEMs) and may contribute to stabilizing the
conductive phase.[10°]

Lattice distortions caused by large variations in ionic size, valence state, and electroneg-
ativity are one of the key characteristics of HEMs. In general, these distortions, particularly
at the local level, represent deviations of atom position from the ideal structure and are
proportional to the differences in ionic radii, with higher discrepancies yielding larger dis-
tortions. The distortion of the lattice directly affects the lattice energy AUjaiice @nd lattice
enthalpy AH),uice, described by the Born-Landé equation. These effects also reduce local
symmetry and enhance lattice dynamics, such as increased vibrations and rotations, which
in turn influence many properties of HEMs.!119 For example, the large lattice distortions
induced by compositional complexity can intensify lattice vibrations, leading to a broader
phonon spectrum and an increased AS;,. This can result in ultra-low thermal conductivity
or superfluid ion diffusion behavior. 15457.112]

These effects are often coexisting in HEMs and may therefore lead to unprecedented ma-
terial properties, promising for application in hydrogen evolution and storage, carbon diox-
ide conversion, oxygen catalysis, rechargeable batteries, and supercapacitors, among oth-
ers (see Figure 9).116.17]
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Figure 9: Schematic of high-entropy materials for applications in energy storage and con-
version. Adapted from Y. Ma et al.l*"]

In particular, in the field of rechargeable batteries, rock-salt type high-entropy oxides
(HEOSs) are the most widely explored class of HEMs and can potentially be utilized as
cathode, anode, and electrolyte.[*18] In particular, in 2016, Bérardan et al. reported HEOs
with a rock-salt structure, namely [Coo.2Mgo.2Cuo.2Nio.2ZNno.2]1-x-yGaxAyO (A = Li, Na, K).[117]
These materials exhibit high Li-ion (>1 mS cm™) and Na-ion conductivity (5x1073mS
cm™) at room temperature, which has been rationalized by the presence of a large number
of oxygen vacancies (charge defaults), providing more percolating channels for Li/Na-ions
and therefore an increased ionic conductivity. Additionally, an increased electronic con-
ductivity has been observed, and conflicting reports about charge transport in these ma-
terials have been published, suggesting the limitation of using these materials as SEs.
However, it is still believed that increasing the configurational entropy, i.e. compositional
complexity, is able to enhance ionic conductivity. More details will be provided in the fol-
lowing sections.

2.2.3. Benefits of applying the high-entropy concept to solid electrolytes

According to the ion-diffusion mechanism in inorganic conductors (discussed in section
2.1.), to enhance ionic conductivity, a proper crystal structure or substructure should be
chosen to enable 3D lithium diffusion pathways with low energy barriers and an increased
concentration of mobile ions.[53 A comparison between different parameters (such as
atomic weight, melting point, polarizability, boiling point, ionic radius, and spherical volume
calculated from ionic radii) as well as compositional complexity with ionic conductivity de-
rived from machine learning is depicted in Figure 10.[*9 Among the parameters, Smix (same
description as AS.,,r mentioned in this thesis) showed a more pronounced correlation with
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lithium conductivity and indicates that the high-entropy concept could be utilized in design-
ing advanced superionic conductors due to its ability to simultaneously tailor potentially
beneficial parameters (as mentioned in Figure 10 and discussed in section 2.1.1.) owing
to cocktail effects. In addition to the potential for enhancing ionic conductivity, the high-
entropy concept is also likely to contribute to improved electrochemical stability, making it
a promising approach for the practical application of superionic conductors as SEs in
SSBs.

Spherical volume
calculated from ionic radius [ii0E

lonic radius i3
Melting point ol
Polarizability
Boiling point
Atomic weight

Compositional
complexity metric (Syix)

1 1 ]
0.1 0.2 0.3
Coefficient of correlation to lithium ion conductivity

Figure 10: Correlation coefficient between ionic conductivity and compositional complexity
for 250 reported oxide lithium-ion conductors. Adapted from Y. Li et al.[1%

The potential benefits are explained in detail as follows:

(1) Preference to form highly symmetric structures: High-entropy materials tend to crystal-
lize in high-symmetry structures, such as cubic crystal structures.[*18119 Typically, ions
prefer a specific elongation, rotation, or distortion in their local environments, leading to
the specific segregation or clustering. Therefore, this leads to breaking of the general struc-
tural symmetry.[*20 For HEMSs, these preferences for certain ions may be in contradiction
with the preferences of the other ions, then reflecting no net preference. It results in high
symmetry structures for HEMs. Interestingly, most ion conductors are also found to adopt
highly symmetric structures. Such crystal structures can lead to well-distributed mobile
ions, therefore, allowing for 3D diffusion pathways and therefore facilitating fast ion diffu-
sion.[53

(2) Lower energy barrier (E,): It is widely believed that increasing configurational entropy
(AS.ons) Will significant lower the energy barrier for ion diffusion owing to introduction of
large lattice distortions.[*8] This will intensify lattice dynamics and as described in 2.1.1,
lattice dynamics can promote fast ion diffusion through phonon-ion interactions or the pad-
dle-wheel effect.53571 Moreover, increasing AS..,s might potentially lower the defect for-
mation energy (H™), thereby further lowering the activation energy E, (details shown as
Equation 11).

18



2. Fundamentals

(3) High defect concentration: HEMs achieved through substitution with iso- or aliovalent
elements are associated with the capability of manipulation defect densities. In HEA re-
search, the vacancy concentration could be increased ten times higher compared to pure
metals (based on DFT calculations).l*?!l Similar results have been observed in HEOs,
showing that both cation- and oxygen-vacancy formation energies decrease, due to the
large lattice distortion in HEOs.[*?2 Therefore, tailoring the composition of HEMs makes it
a valuable strategy to balance the concentration of charge carrier and vacancies, poten-
tially leading to enhanced ionic conductivity.

(4) Short-range reordering and sublattice redistribution: Complex atomic interaction
caused by a large variety in ionic sized and valence stated for individual elements could
lead to short-range reordering and sublattice redistribution, establishing new diffusion
pathways and therefore possibly facilitating ion migration.[122]

(5) Tuning the (electro)chemical properties: Typically, (electro)chemical stability is related
to the chemical composition of SE materials.*®) Given the vast chemical design space of
HEMs, through compositional design, the (electro)chemical stability of high-entropy SEs
could potentially be improved.[6.124

Based on the above-mentioned (assumed) advantages, high-entropy solid state electro-
lytes have been firstly published in 2016 from Bérardan et al. for oxide materials with a
rock-salt type structure, [Coo.2Mgo.2Cuo.2Nio.2Zno.2]1-x-yGaxAyO (A = Li, Na, K). The im-
proved ionic conductivity has been rationalized through a larger number of generated ox-
ygen vacancies, providing more percolating channels for Li-ions.['1”l In 2017, Deng et al.
reported the polyanionic substitution effect on ion transport in LISICON-like LisSiO4 mate-
rials (e.g., LisSiO4, Li3.75Si0.75P0.2504, Lis.25Si0.75Al0.2504, LisAlo.33Si0.33P0.3304, and
LiaAl13SiveGewsP1304) and demonstrated the coexistence of various XOa polyanions
[(Si04)*, (POa4)3-, and (AlO4)*>] leads to lower lithium-ion transport barriers.[? This has
been further verified through molecular dynamic simulations and has been described as
‘superfluid’ ion diffusion phenomenon.[126-12% |n 2022, the first systematic investigation into
the influence of high entropy on ion transport, specifically in LIi-NASICON), Na-NASICON,
and Li-garnet structures, has been reported by Zeng et al.['3% It has been found that a high
entropy leads to orders-of-magnitude higher ionic conductivity and also transformed a non-
ion conductor into an ion-conductor when increasing the compositional complexity (see
Figure 11a). The overlapping distribution of site energies for the alkali ions, due to local
distortions caused by entropy, led to a better percolation for the ions, accompanied by a
low activation energy (depicted in Figure 11b). Chen et al. has recently reported that com-
positional complexity leads to a rearrangement of the local structure, investigated through
neutron total scattering and pair distribution function analysis (Figure 11c) for
LisLasZrosHfo.sTaosNbosO12. It has been shown that the pentavalent ions (e.g. Ta®* and
Nb>*) are only surrounded by tetravalent ions, such as Hf** and Zr**, as the first-nearest
octahedron, and the second-nearest octahedron is occupied by another pentavalent
ion.'231 However, there was no significant improvement in ionic conductivity for
LisLasZro.sHfo.sTao.sNbo.sO12 (~0.33 mS cm™), compared with LissLasZr1sTaos012 (~0.24
mS cm™). Thus, it is still an open question if it is possible to increase ionic conductivity of
lithium garnets by applying the high-entropy concept.
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Figure 11: (a) lonic conductivities of high-entropy conductors and their single-metal coun-
terparts. (b) Schematic illustrating how local distortions create overlapping site energy dis-
tributions. (c) Neutron total scattering data for LisLasZro.sHfosTaosNbosO12 (blue, labeled
as ME-LLZO) and LissLasZr15TaosO12 (red, labeled as Ta-LLZO), along with a crystallo-
graphic representation of ME-LLZO to show its local clustering supercell. (d) XRD patterns
of LizLasM2012 (M = Zr, Hf, Sn, Sc, Ta, or Nb) with increasing dopants in the Zr site. (e)
Calculated formation enthalpy between the cubic and tetragonal phases of LizLasM2012.
() Contour plots of in situ temperature-dependent XRD measurements conducted on

LizLaszZro.4aHf0.4Sn0.4Sco.4Tao.4012.

(g) Schematic showing the crystal

structure of

Lig.54[Si0.6Ge€0.4]1.74P1.44S11.1Bro.300.6 (LSIPSBrO). Arrhenius plots for LSIPSBrO and LGPS
are shown in (h). (i) Design of HE layered halide SE guided by the ionic potential method.
()) CV curves of cells. Figures adapted from Y. Zeng et al. for (a, b), Y. Chen et al. for (c),
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S.K. Jung et al. for (d-f), Y. Li et al. for (g, h), Q. Wang et al. for (i), and Z. Song et al. for
(j)_[10,123,124,130—132]

In addition to ionic conductivity, the entropy-driven phase stability has been investigated
by Jung et al. in 2022 by introducing various dopants on the Zr site in the general compo-
sition LizLasM2012 (M =2Zr, Hf, Sn, Sc, Ta or Nb).['31 As displayed in Figure 11d, pure
cubic phases could be stabilized with the number of dopants on the Zr site equal or above
3. The entropy-driven cubic phase stabilization was verified comparing formation en-
thalpies of the cubic and tetragonal phase through DFT calculations. As depicted in Figure
11le, interestingly, the tetragonal phase is always more stable than the cubic one for all
compositions, indicating the cubic phase stabilization in lithium garnets with complex dop-
ing is entropy-driven. According to the temperature-dependent XRD measurement (see
Figure 11f), despite the fact that the high-entropy strategy could lower the cubic phase
formation temperature during annealing, the expected cubic-to-tetragonal transition does
not occur during cooling, possibly due to sluggish kinetics. But still, the significant improve-
ment in ionic conductivity has not been achieved by applying the high-entropy concept to
lithium garnets. In contrast to the garnet structure, ionic conductivity has been improved
by an order of magnitude in the Li-perovskite structure (0.2 mS cm™ at room temperature)
when applying the high-entropy concept.[*33 Then, in 2023, a very high ionic conductivity
has been achieved (~30 mS cm™) at room temperature for lithium thiophosphate LGPS-
type materials with the composition Lig54[Sio.6Geo0.4]1.74P1.44S11.1Bro.3006 (LSIPSBrO)
through tailoring the anionic sublattice (Figure 11g, h).[1% However, the mechanism of
configurational entropy boosting ionic conductivity has not been discussed. Another diffi-
culty for high-entropy materials is the compositional design strategy. Recently, Q. Wang
et al. have reported a guideline to synthesize cubic close-packed (ccp) stacking type high-
entropy lithium halides based on the ionic potential, with general formula Liz+mMe1+nXs,
where Me represents one or multiple metal elements and X stands for one or multiple
halogen elements (Figure 11i).[*32 Using these principles, Li2glno.2Sco.2Ybo.2L.Uo.2Zro0.2Cle
has been designed and synthesized. However, the ionic conductivity still did not signifi-
cantly improve, compared to its counterpart LisInCls. Despite that, high-entropy halides
have been found to be electrochemically more stable than low-entropy halides (Figure
11j), enabling high current and long-term cycling performance of SSBs.[124]

In general, the research on high-entropy ion conductors is just at its starting point. Regard-
ing materials, until now, only lithium thiophosphates have been reported, exhibiting very
high ionic conductivities (detailed information given in Table S1 in 6.1). Thus, to verify the
high-entropy’s effect, at least, more high-entropy ion conductors are needed to be ex-
plored. In this thesis, we focus on lithium argyrodites to investigate if the high-entropy con-
cept could boost their ionic conductivities. The general structure and electrochemical prop-
erties of lithium argyrodites will be shortly discussed in the following section.
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2.3. Lithium argyrodites used as solid electrolytes for all-solid-state batteries

Various Li-ion conducting materials, including oxides and sulfides, have been extensively
researched. Lithium argyrodites, a notable family of lithium-conducting sulfides, have at-
tracted significant interest due to their high conductivities and straightforward synthesis.
This section will first introduce the relationship between structure and charge transport in
lithium argyrodites. Subsequently, their electrochemical properties and the challenges for
their application as SEs in SSBs will be summarized.

2.3.1. Structure—charge transport relationships

Lithium argyrodites, a prominent group of lithium-conducting sulfides, are characterized by
the general formula Liz+x-,M"VxMV1Che-yXy (MV = Si, Ge, Sn; MV = P, Sb; Ch = O, S, Se;
X =Cl, Br, I, BH4; 0 £ x < 1; 0 < y < 2).47.8.134 gpecifically, lithium argyrodites with the
formula LisPSsX (X = ClI, Br, I, referred to as LPSX) have attracted considerable interest in
the past years.®9 The parent lithium argyrodite Li7PSs crystallizes in an orthorhombic
structure (a-Cu7PSes type, Pna21) at room temperature and shows a low ionic conductivity
(1.6x1073 mS cm™).[13] At elevated temperature (483 K), it undergoes a phase transition
to cubic symmetry (F43m), exhibiting high ionic conductivity (3x1072 mS cm™1). This cubic
structure can be stabilized at room temperature by replacement of one S2~ with X~ (X = Cl,
Br, 1) in Li7PSs, resulting in LisPSsX (shown in Figure 12a-c).®% The face-centered cubic
(fcc) lattice (space group F43m) consists of X~ anions at the 4a Wyckoff position. The
octahedral vacancies are occupied by P>* on the Wyckoff site 4b. S~ are located on two
crystallographic positions. Four S?~ anions on 16e form the [PS4]°" tetrahedra. The residual
“free”, non-bonded S?- anions are located on the Wyckoff site 4d (tetrahedral interstices
of the fcc structure). The free sulfur anions and the halogen anions can exchange with
each other, causing anion site disorder X~ (4a)/S?-(4d) (referring to site inversion), which
influences the lithium transport of the LPSX materials (illustrated in Figure 12a).1136.137]
The anion site-inversion also affects the [PS4]®~ tetrahedra, causing a small rotation of
neighboring tetrahedra, thus breaking the local symmetry from cubic to monoclinic (space
group Cm) within a range of 5 A.[138]

Typically, lithium ions occupy four types of crystallographic positions within the cubic lith-
ium argyrodites: T5(48h), T5a(24g), T2(48h), and T4(16e), as shown in Figure 12d.[1
T3(4c), which shares four corners with [PS4]®" tetrahedra, has also been detected in fully
ordered (no site-inversion) cubic lithium argyrodite Lis+xP1-xSixOsCl, exhibiting the high-
symmetry space group P213.1%9 Based on DFT calculations, three different jumps have
been identified to contribute to long-range 3D lithium diffusion, namely 48h(T5)—48h(T5)
doublet jumps (through the nominal 24g(T5a) transition site), intra-cage jumps between
two adjacent 48h(T5) tetrahedra within the same cage, and inter-cage jumps between two
48h(T5) positions from different cages, depicted in Figure 12e, .10 Lithium argyrodites
in which the Li* ions only occupy the 48h(T5) and 24g(T5a) Wyckoff sites usually exhibit
poor transport properties due to long intercage jump distances, as shown in Figure
12e.%1 Nevertheless, these long intercage distances could be significantly shortened via
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two routes. Increasing the X~ (4a)/S?-(4d) site inversion (disorder) and introducing addi-
tional intermediate Li positions.[12.137.142-145] The former leads to changes in the average
anionic charge and elemental distribution on the 4d site, surrounded by cage-like Li-ions
(T5 and T5a sites). The occupancy and charge of the 4d site significantly affects the sur-
rounding lithium distribution, which can be expressed as rmean, the average distance of the
surrounding lithium to the center of the cage (4d), depicted in Figure 13.[137.146] Higher
degree of disorder results in a larger rmean, shorter Li-Li jump distance and thus higher ionic
conductivity. Moreover, higher site disorder corresponds to lower average anionic charge
density on 4d, weakening the bonding environment for the lithium within the cage, facili-
tating ion diffusion. Additional occupancy of T2(48h) sites establishes connections be-
tween T5 sites within the same Li cage (shown in Figure 12f), enabling fast intra-cage
motion via T5—T2-T5 pathways, which serve as an intermediate position bridging two T5
sites from different cages, enabling fast intercage jumping via T5-T2-T2-T5 pathways
with much shorter distances compared to isolated T5-T5 jumping.[**3l Moreover, extra oc-
cupancy of the T4 site further promotes long-range diffusion by connecting different Li
cages through T5-T4-T5 pathways, as depicted in Figure 12g.

2

Site- d/sorder
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Figure 12: Unit cell of the LisPSsX (X = ClI, Br, 1) cubic polymorph. In the ordered configu-
ration: (a-c) X~ anions form a face-centered cubic structure, S?~ ions occupy half of the
tetrahedral voids, PS4~ units reside in the octahedral interstices (b), and Li* ions create
cage-like structures around the free sulfide positions (c). (d) There are five different types
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of tetrahedral voids for potential lithium-ion occupations, each with distinct Wyckoff posi-
tions. (e, f) lllustration of three different diffusion pathways: Doublet jumping (e), inter-cage
jumping (f), and intra-cage jumping. Adapted from L. Zhou et al.l®l
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Figure 13: The relationship between ionic conductivity and anion disorder (Br/S?7) is
linked to the average distance of lithium distribution from the center of the cage (rmean).
Adapted from L. Zhou et al.[*1.94

Based on these mechanisms, specific strategies for improving the ionic conductivity of
lithium argyrodites can be elucidated, and the ionic conductivity of different lithium argy-
rodites has been summarized in Table S2 in 6.1. Strong site inversion plays a crucial role
in enabling high ionic conductivity. For instance, in LisPSsX (X = ClI, Br, I), significant
X~(4a)/S?(4d) site inversion is observed for LPSCI (62.6%) and LPSBr (16.5%), whereas
LPSI (0%) exhibits minor disorder due to the larger ionic radius of I, hindering exchange
with S2.[136.1371 Moreover, this inversion can be significantly increased by aliovalent sub-
stitution on the phosphorus site, such as in Lis+xP1-xGexSsl, resulting in improved ionic
conductivity (=<5 mS cm™).12145 Additionally, the ionic conductivity can be enhanced in
aliovalent-substituted lithium argyrodites with the formula Lis+xMxSb1-xSsl (M = Si, Ge, Sn),
owing to the generation of additional interstitial Li sites, leading to a low activation energy
barrier and superionic conductivity through activated, concerted ion migration.[* Further-
more, direct modification of site inversion can be achieved by replacing the free S27(4d) in
LPSCI with CI7, resulting in halogen-rich Lis sPSa4.5Cl1.5 showing very high ionic conductivity
at room temperature, attributed to high vacancy density through anion sublattice engineer-
ing.[®®% Moreover, the X(4a)/S?(4d) site inversion can be engineered through different
temperature profiles, such as varying the cooling rate and post-annealing treatments,
thereby influencing the charge-transport properties, e.g. in LPSBr and
Lis.5sPSa.5Cl1.5.[142146.1471 External pressure does not affect the site inversion, but instead
increases internal strain, which in turn enhances Li* conductivity.[148l
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As discussed in section 2.1.1., similar to other well-crystallized ionic conductors, the grain
boundaries in lithium argyrodites with high ionic conductivity, such as LPSCI and LPSBr,
are not favorable for Li* transport. It has been found that glassy or nanocrystalline LPSCI
and LPSBr consistently exhibit lower ionic conductivity compared to their well-crystallized
counterparts.l149.150 Specifically, for LPSBr, the relationship between microstructure (site
inversion), macrostructure (grain boundaries), and transport properties has been investi-
gated by Sadowski and Albe.[*>1 Unlike bulk diffusion, low site inversion tends to deterio-
rate Li* transport, although it enhances grain-boundary transport.[51 Alternatively, for LPSI,
the introduction of high-dimensional defects through high-energy ball milling has been
demonstrated to have potential to boost ion dynamics, leading to a 3-fold increase in ionic
conductivities.[6%71.141] |t has been revealed that higher-dimensional defects not only facil-
itate ion diffusion at times but, more importantly, mitigate capacity fading in SSBs and
prevent Li dendrite formation, which is typically caused by (chemo)mechanical degradation.
This will be discussed in section 2.3.2,[150.152-154]

In addition to crystal structure and defect chemistry, the recent years have shown the in-
fluence of dynamic lattice properties on ion diffusion in lithium argyrodites, including lattice
softness and phonon-ion coupling.*58 The difference between static and dynamic effects
is illustrated in Figure 14. Typically, the static effect only considers the mobility of the Li*
ion, with the assumption that the anion framework is relatively rigid and translationally im-
mobile during ion migration, while this is taken into account by the dynamic effect. The
studies on LisPSsX (X = Cl, Br, 1) have proven that while softer bonds (such as those in Br-
based lithium argyrodites) lower the activation barrier, the decreased prefactor simultane-
ously reduces the ionic conductivity.'3¢] A similar behavior has been observed in
LisPSs-xSexl.1%° Also, regarding the paddle-wheel effect in lithium argyrodites, there is
ongoing debate about the existence of PS4 unit rotation and whether such rotation could
facilitate lithium diffusion.4547]

Intra-cage jump o Inter-cage jump

=)

softening ~

a)

Nms”

static effect dynamic effect
Figure 14: a) Schematic of the diffusion pathways and the influence of wider bottlenecks.

b) Schematic illustrating the effect of lattice softening on ionic jumps. Figures (a, b)
adapted from R. Schlem et al.[15®]
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2.3.2. Electrochemical and (chemo)mechanical properties in lithium argyrodites enabling
all-solid-state batteries

The lithium argyrodite LPSCI is one of the most promising SEs for use in SSBs. Since the
crystal structure and the lithium conductivity of LPSX argyrodites have already been pre-
sented in subsection 2.3.2, the electrochemical and (chemo)mechanical properties of
CAM|SE and SE|Li, in particular for LPSCI, are briefly discussed below.

Like all sulfide SEs, LPSCI has a narrow electrochemical stability window (between 2.0
and 2.6 V vs. Li*/Li according to theoretical calculations), meaning that it will electrochem-
ically decompose beyond these potentials. Specifically, LPSCI starts to decompose to LiCl
and LisPS4 above 2.5 V vs. Li*/Li, further degrading to P2Sx and Sx upon 3 V vs. Li*/Li (see
Figure 15a).[5¢ The oxidation process can be simplified by the following reactions:

LigPSsCl = LiCl + Li3PS, + S + 2Li* + 2e~ (22)
LizPS, - 0.5P,Ss + 1.5S + 3Li* + 3e™ (23)
a . b) 2- -
) 0.8}— 1st Cycle 1 1 ) gl o WWL'GPSSCI + NCM
O b L L ' Li,PS<Cl
E °~4_’ LS /L,P  Reduce §
£ o] ok £ | LS, +LiCl +5, 50,/ bo,
‘g 0.0} EP +
'LD- 0.2+ [ § Msx
S o4 o S, PaS, + S |
0 6: 4 4 - Electrochemical Chemical
’ 4 decomposition decomposition

o 1 y

2 3
Voltage vs Li/Li"

Figure 15: a) Cyclic voltammograms for the initial two cycles of LisPSsCl. (b) Schematic
illustration of the electrochemical and chemical decomposition processes of LisPSsCI dur-
ing oxidation. Figures adapted from D. S. Tan et al and L. Zhou et al.[91.156]

When mixing LPSCI with CAMs as well as conductive additives to form the cathode com-
posite, the electrochemical degradation (oxidation) takes place at all contact interfaces of
the SE with electronically conductive materials, including carbon, current collectors (CC),
and the CAM itself.[*57-15°1 The low ionic conductivity of the generated products, e.g. Li2S
or LiCl, leads to increasing interfacial resistance, which is detrimental to the cycling stability
of SSBs, as depicted in Figure 15b.116% The direct contact between LPSCI and CAMs can
also lead to the chemical decomposition of the SE, forming a CEI consisting of SOx and/or
POx species and causing continuous capacity fade (Figure 15b).[161 As the CAM is the
only source of oxygen, the oxygenation of the SE mainly occurs at the SE|CAM interface,
and the reduced CAM (specifically the transition metal cations in the CAM) form rocksalt-
like phases at the surface. Therefore, the application of a protective surface coating to the
CAM is essential to mitigate the electrochemical and chemical decomposition of LPSCI.[162]
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LPSCI reduces to sulfur and phosphorus species, like Li2S and LizP 63 at approxi-
mately 1.08 V vs. Li*/Li, as shown in Figure 16a, according to:

LigPSsCl + 8Li* + 8¢~ — LiCl + LiP + 5Li,S (24)

This reaction has been later investigated by Wagemaker et al. They mention that the de-
composition process occurs through an intermediate phase Li11PSsCl, rather than directly
to the products.[*®4 In addition, argyrodites can also react with lithium metal chemically,
forming LisP, Li2S, and LiCl as follows (Figure 16a):

LigPS<Cl + 8Li — LiCl + LisP + 5Li,S (25)

As the products are predominantly ionically conductive, as confirmed by time-resolved EIS
measurements, the resulting interfacial resistance increases during the first few hours of
contact before stabilization, indicating the formation of a quasi-stable SEI (Figure 16b).1163]
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Figure 16: a) Schematic illustration of electrochemical and chemical decomposition for
LisPSsCI during reduction. b) SEI resistance increase for LisPSsCl, LisPSsBr, and LisPSsl
after contact with Li metal. Figures adapted from L. Zhou et al. and S. Wenzel et al.[?1.164

In addition to the electrochemical properties, the (chemo)mechanical attributes are also
critical for SSBs, due to the rigidity of solid-solid contacts. Typically, during charge, a
volume shrinkage of Ni-rich NCM can lead to contact loss at the SE|CAM interface, nega-
tively affecting the ionic and electronic percolation pathways and further resulting in poor
electrochemical reversibility and severe capacity fading.[152165]

In summary, lithium argyrodites appear promising due to their high ionic conductivity, po-
tential for cost-efficient production, and compatibility with Li metal and most CAMs when
appropriate protection strategies are applied. However, several open questions and chal-
lenges still need to be addressed and will be discussed in the next section:

1) Can the high-entropy concept improve the ionic conductivity of lithium argyrodites
beyond 10 mS cm~! and further unlock compositional limitations? How does con-
figurational entropy affect lithium diffusion, and is it necessary to apply the high-
entropy strategy to lithium argyrodites?
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2) How do compositional variations affect the thermodynamic and kinetic stabilities of
lithium argyrodites, and how do these factors impact on the long-term cycling sta-
bility?
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3. Results

Based on the scope of this thesis, which focuses on the exploration and application of
high-entropy lithium argyrodites as SEs for SSBs, the results will be presented in the fol-
lowing. Starting from the exploration of new materials (the possible combination shown in
Figure 17), we applied three approaches:

1) both anion and cation substitutions were combined (i.e. ASconf,cation and ASconf,anion) tO
achieve ASconf> 1.5R to initially verify the synthetic possibility of high-entropy lithium argy-
rodite (see Publication I).

2) engineering the tetrahedral environment through complex cation substitution at the 4b
site primarily increasing AScont,cation (Se€e Publications Il and I11).

3) tailoring anion site inversion via halogen substitution at the 4d and 4a sites leading to
an increase in AScont.anion (See Publication 1V).

Lithium argyrodites Lig, AB-X
F-43m space group

A (4b) = Si**, Ge**, Sn*, P5*, Sb3*... [AB,] tetrahedra
«— B (16e) = 0%, S, Se?, Te”
IO X (4d) =CI, Br, I B-/X" site inversion (i.e.,

© B (4a)= 07, 57, Se?, Te?- mixing)

o Li* (T1—16e; T2 — 48h; T3 — 4c; T4 — 16e; T5 — 48h; T5a — 24q)

o

Figure 17: Schematic showing crystal structure of lithium argyrodites with the general for-
mula Lis+xABsX and possible elemental selections for the relevant crystallographic posi-
tions.

The final study (Publication V) focuses on benchmarking various compositionally complex
lithium argyrodites as SEs in SSBs. It was found that complex anion-substituted high-en-
tropy argyrodite SEs exhibit superior electrochemical stability compared to cation-substi-
tuted samples. Additionally, the appendix in Chapter 6.1.1. (Publication VI) discusses the
impact of surface impurities on the charge transport properties of high-entropy materials.
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3.1. Publication I: High-Entropy Polyanionic Lithium Superionic Conductors

Publication | explores high-entropy lithium argyrodites by modifying the compositions de-
rived from LisPSsX (X=Cl, Br, 1) through multiple anion and cation substitutions. These
high-entropy lithium argyrodites (LisPSs[Clo.33Bro.33l0.33], LisP[S2.5Se25][Clo.33Bro.33lo.33], and
Lie.s|Geo.5Po.5][S2.5S€e2.5][Clo.33Bro.3slo.33]) were synthesized by solid-state reaction, involv-
ing high-energy milling followed by annealing at temperatures of 2 400 °C in vacuum-
sealed quartz ampules. The long-range and local structure was examined using comple-
mentary SXRD and neutron scattering techniques in combination with 3'P MAS NMR spec-
troscopy revealing an unequal distribution of elements over the respective crystallographic
sites. The ion transport was characterized using EIS and ‘Li PFG NMR spectroscopy,
demonstrating that the compositional disorder marginally affects the room-temperature
ionic conductivity (~1 mS cm™) but instead lowers the activation energy for conduction to
0.22 eV.

Figure 18: Table of Contents (TOC) of Publication I. Adapted from reference [18].

The experiments were planned and designed by the first author, F. Strauss. F. Strauss
developed the synthesis method and analyzed the NPD data. The second author, J. Lin,
supported the synthesis and conducted electrochemical experiments and data evaluation.
The NPD experiments were carried out at the Spallation Neutron Source (SNS), Oak Ridge
National Laboratory (ORNL), and SXRD, as well as total scattering results, were obtained
at beamline P02.1, PETRA Ill, DESY (Hamburg, Germany), with support from Baran. V.
M. Duffiet provided support for synchrotron XRD analysis. K. Wang performed the (S)TEM
investigation. T. Zinkevich conducted the ‘Li PFG-NMR measurements, and analyzed the
data together with F. Strauss and J. Lin. S. Indris conducted the MAS NMR spectroscopy
experiments and analyzed the data together with discussions involving F. Strauss and J.
Lin. A.-L. Hansen analyzed the total scattering XRD. The manuscript was written by F.
Strauss and edited by all co-authors.

Reprinted with permission from F. Strauss, J. Lin, M. Duffiet, K. Wang, T. Zinkevich, A. L. Hansen, S. Indris, T. Brezesinski, ACS Mater. Lett. 2022, 4,
418-423. Copyright © 2022 American Chemical Society.
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ABSTRACT: High-entropy ceramics are attracting large interest because of their
unique materials properties. Nevertheless, the effect of entropy on the lithium
transport remains largely elusive. Here, we report, for the first time, about medium-
and high-entropy polyanionic lithium superionic conductors crystallizing in the F—
43m space group and adopting the so-called argyrodite structure. The
LigPS;[Cly33Bro 33l033), LigP[Sy.58€, s][Cly33Brosslo3], and Ligs[GeosPos][S, sSe, s]-
[Cly33Bros3lp33] materials were structurally characterized using complementary
synchrotron and neutron scattering techniques in combination with *'P magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. We show that, in
contrast to other high-entropy ceramics, an unequal distribution of elements over the
respective crystallographic sites occurs in these materials. Using electrochemical
impedance spectroscopy (EIS) and ’Li pulsed field gradient (PFG) NMR
spectroscopy, we demonstrate that introducing entropy (compositional disorder)
marginally affects the room-temperature ionic conductivity (~107> S cm™) but instead lowers the activation energy for
conduction to 0.22 eV. Our results emphasize the possibility of increasing entropy in polyanionic materials, thereby opening
up compositional space for the search of Li-ion conductors with unprecedented properties.

n recent years, high-entropy materials (HEMs) have lithium thiophosphates represent one of the most promising
Iattracted significant research interest because of their often classes of materials because of high ionic conductivity and

unexpected and tailorable properties. The high-entropy favorable mechanical properties, ensuring intimate contact
concept is based on the idea of increasing configurational with the other battery components.'”~*’ Examples are the so-
entropy, AS,,q in a specific structure type by introducing called argyrodites with the general formula LigPS;X (X = Cl,
various elements on a single crystallographic site. Through Br, 1),,having [PS,]*" tetrahedra along with uncoordinated X~
possible manifold interactions between the incorporated and $°" anions and offering a structural framework for facile
elements, new materials properties arise, or (in some cases) lithium  diffusion.”"”* Argyrodite SEs have been heavily
a certain crystal structure can be entropically stabilized.'™* investigated in the past, and indeed high ionic conductivity
Originally, the HEM concept emerged from high-entropy at room temperature has been achieved by subsltity;ti_q? on the
alloys (HEAs)™ and has been extended to high-entropy phosphorus, chalcogenide, and halide sites. ™" Thus,

ceramics (HECs). Both HEAs and HECs can adopt different materials crystallizing in the ar.gyrodite structure type seem
crystal structures (e.g.,, rocksalt, perovskite, spinel, etc.), and C*‘Rable Of accommodating Various elerf]ents simultaneously.
configurational entrop?' is usually introduced via cation mixing Thls_ p0§511?ly allows for “h‘e""‘s a high ASs and may
(in ionic materials).*~® However, the high-entropy concept has provide insights on how configurational entropy alters the Li-

: W " < . ion transport properties. Note that increased lithium and
not yet been applied to polyanionic materials, despite their S e d
widespread use as electrode materials and ion conductors. An proton conduction in high-entropy rocksalt axides has been

26,27
important feature of polyanionic-based materials is that they reported; howeyes; the ieffect that: A5, T con fhie
may offer a rigid three-dimensional framework, allowing for

fast ion diffusion through interstitial space.'’~'* In principle, all Received: December 23, 2021 WATERAS. 1)
ceramic oxide- and sulfide-based Li-ion conductors that are Accepted: January 21, 2022

currently receiving interest, due to their potential for Published: January 25, 2022

implementation as solid electrolytes (SEs) in solid-state

batteries (SSBs), possess covalently bonded polyanions as

building units, such as [PO,]*~ or [PS,]*~."*"'® Among them,

© 2022 American Chemical Society https://doi.org/10.1021/acsmaterialslett.1c00817
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Figure 1. Structural characterization of the high-entropy lithium argyrodites. (a—c) SXRD and (d—f) NPD patterns and corresponding
Rietveld refinement plots. The observed, calculated, and difference profiles are shown as colored circles, black lines, and beige lines,
respectively. Vertical tick marks indicate the expected Bragg positions. (g) Corresponding PDF curves and (h) 3'P MAS NMR spectroscopy

results.

charge transport remains unclear, and entropy was introduced
by cation mixing only. In contrast, in the present work, we
aimed at achieving high entropy primarily via anion mixing in
the covalent/ionic host lattice of the argyrodite structure.

After a synthetic survey of possible elements on the P, S, and
X sites in LigPS{X (with equimolar stoichiometry), we were
able to successfully synthesize polyanionic (and cationic)
materials, namely LisPS;[Cly;;Bry;;1053] (HEARL), LigP-
[S258e25][Clo33Brossloss] (HEAR2), and Ligs[GegsPos]-
[S,5Se,s][Clys3Brosslos;] (HEAR3). First, the halide site,
followed by the chalcogenide site, and finally the phosphorus
site were substituted to successively alter (increase) the
configurational entropy. Assuming equal distribution over the
available crystallographic sites, AS,,, values of 1.24R, 2.28R,
and 2.98R were calculated for HEAR1, HEAR2, and HEAR3,
respectively (see the Supporting Information for details and
Table S1). Materials for which AS.q > 1.5 are usually
considered high-entropy materials, originated from initial
studies on HEAs, thus rendering HEAR2 and HEAR3
HEMs.”® All materials were synthesized by classical solid-
state chemistry with a high-energy milling step prior to
annealing at temperatures of 9 > 400 °C in vacuum-sealed
quartz ampules (see the Supporting Information for details).
Initially, the elemental distribution on the nanometer level was
probed using scanning transmission electron microscopy
(STEM) combined with energy dispersive X-ray spectroscopy
(EDS). As shown exemplarily for HEAR3 (see Figure S1), the
as-synthesized material consists of micrometer-sized particles,
and all elements are uniformly distributed. To reveal the
detailed crystal structure, synchrotron X-ray diffraction
(SXRD) and time-of-flight neutron powder diffraction
(NPD) measurements were conducted on the samples. As is
evident from Figure la—f, the SXRD and NPD patterns can be
indexed within the F—43m space group. The a lattice
parameter increased linearly from about 10.0 A for HEARI
to 10.35 A for HEAR3 (see Figure S2), thereby confirming the
successful incorporation of Se and Ge.

419

Next, synchrotron X-ray total-scattering data were collected,
and pair distribution function (PDF) analysis was conducted.
The PDF curves (Figure 1g) show identical local structural
features for the different materials. Three contributions can be
attributed to the atomic distances around the (polyanionic)
tetrahedral environment, [PS,]*~, [PS,Se,]*”, and
[GegsPysS,Se,]> 7, as indicated in the inset. In particular, d,
is assigned to the Ge/P—S/Se covalent bond within the
tetrahedra and was found to increase from around 2.05 A for
HEARI to 2.29 A for HEAR3. A similar trend was observed for
d, (S/Se—S/Se) and dy (S/Se—S/Se), in agreement with the
increase in the a lattice parameter in the order of HEARI <
HEAR2 < HEAR3. Note that d, refers to the S/Se—S/Se
distance within the tetrahedra, whereas d; denotes the distance
to the next-neighboring tetrahedra. The increase in local
interatomic distances is consistent with the substitution of S
and P with larger Se and Ge, respectively.

To further probe the phosphorus local environment, 3'P
MAS NMR spectra were collected on the samples (Figure 1h).
A narrow signal with some substructure was observed for
HEARI, indicating low local structural disorder. In contrast,
four to five broad signals with different intensities were clearly
visible for HEAR2 and HEAR3. This suggests a significant
increase in local disorder compared to HEARI. The chemical
shift of the peaks can be explained by the different
[PS,_.Se,]>” tetrahedra with x = 0—4. The substructure of
the peak at +94 ppm for HEARI, as well as at —30 ppm for
HEAR2, is caused by the different arrangements of neighbors
around these tetrahedra. Binominal fitting of the intensities
allowed for quantitatively determining the overall number of x
in [PS,_.Se.]*"*"** Naturally, for HEARI, x = 0, as only
[PS,]*" units are present. However, for HEAR2 and HEAR3, x
was calculated to equal 1.6 and 0.9, respectively, translating to
[PS,,Se,¢]*~ and [GeysPosS;1Sep0)*

In addition, Raman spectroscopy measurements were
conducted on the samples. The respective spectra display
bands indicative of the polyanions, [PS,_,Se,]*” and
[GeS,_.Se,]*” with x = 0—4 (see Figure $3).”**° For
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Figure 2. (a) Schematic view of the crystal structure of the high-entropy lithium argyrodites. The different Wyckoff positions and elements
are indicated. (b—d) Normalized occupancies of the different crystallographic sites, with the color referring to the elements displayed in the

legend.

HEARI, bands arising from the [PS,]*” vibrations were clearly
visible and centered around 416 and 575 cm™. These bands
can be assigned to symmetric and asymmetric stretching
vibrations of the [PS,]*~ tetrahedra, respectively.””*" For
HEAR?2, additional bands, due to the presence of different
[PS,_.Se.]>” species, were present. However, in the case of
HEARS3, the identification of single bands correlated with the
[PS,_.Se.]*” and [GeS,_.Se,]*" tetrahedra is difficult because
of strong overlapping. Nevertheless, as a starting point, the
local structural information from *'P MAS NMR spectroscopy
was considered in the refinements.

HEARI, HEAR2, and HEAR3 adopt the so-called argyrodite
structure (Figure 2a), where anions form a face centered cubic
sublattice (Wyckoff positions 4a and 4d) with chalcogenide
anions in half of the tetrahedral voids (Wyckoff position 16¢)
and polyanionic tetrahedra on the octahedral sites (central
atom on Wyckoff position 4b). The atoms located on the
Wyckoff positions 4a (halide) and 4d (chalcogenide) are
known to distribute over both crystallographic sites, which is
usually referred to as halide/chalcogenide site inversion.
Moreover, the mobile cations (Li) are distributed around the
4d site, forming Frank-Kasper-polyhedra with two different
Wyckoff positions (48h and 24g).>"** Thus, for the high-
entropy argyrodite materials described in this work, the
possible site inversion leads to large complexity. Through a
combination of diffraction pattern simulation and subsequent
Rietveld refinement, the detailed crystal structure could be
determined (see the Supporting Information for details). For
the least complex material, HEAR1 (Figure 2b), the structure
contains [PS,]*” polyanions along with a rather equal
occupation of the S (25%), Cl (21%), Br (21%), and I
(33%) on the 4a site. We also noticed some halide/
chalcogenide mixing, since on the 4d site, 13% Br and 13%
Cl were found (apart from 74% S). This kind of site inversion
(C1/Brand S) is often observed in lithium argyrodites, whereas
I typically does not tend to share occupancy with S because of
the large difference in ionic radii.”"** For HEAR2 (Figure 2c),
additionally, half of the S was substituted with Se. In agreement
with the results from the P MAS NMR spectroscopy
measurements, we found 60% S and 40% Se on the 16e site,
forming [PS,,Se,4]>” tetrahedra. The 4a site contained
virtually equal amounts of I (35%), Br (33%), and Se (32%).
In contrast, Cl (28%) was solely present on the 4d site along
with Se (58%) and S (14%). In contrast to HEARI, Cl is
pushed to the 4d site, with both I and Br remaining on the 4a
site. Such elemental mixing on the 4a and 4d Wyckoff
positions is most likely the result of mismatch and/or
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similarities in ionic radii. For HEAR3, a comparable
distribution over the different crystallographic sites as for
HEAR2 was observed (Figure 2d). The most noticeable
difference is that [GeyPsS,sSe;,]>*" tetrahedra were
present, meaning 70% S and 30% Se on the 16e site, in fair
agreement with the S/Se ratio determined by *'P MAS NMR
spectroscopy. On the 4a and 4d sites, 38% 1/34% Br/28% Se
and 33% Cl/67% Se, respectively, were found. Taken together,
the refinement of the partial atomic occupancies is in
accordance with the targeted stoichiometries, except for
HEAR3, where a slight deviation from the original S/Se
ratio, Ligs[GegsPos][S2sSe2,][Clo33Brossloss], was observed.
This might also be the reason for the presence of clear impurity
reflections in the SXRD and NPD patterns (Figure Icf).

In conclusion, substituting S with Se does not significantly
increase the halide/chalcogenide site disorder. However, in
this case, selective Cl/Se mixing on the 4d Wyckoff position
occurs (Figure 2¢,d), with the I and Br remaining on the halide
4a site. We hypothesize that the unequal mixing over the 4a
and 4d sites, as seen for HEAR2 and HEAR3, is a result of
minimizing the lattice distortion by keeping the difference in
ionic radii <12% (for a specific crystallographic position). As
known for argyrodites, altering the anion (and cation)
sublattice causes a change in the Li substructure. Usually, Li
can be distributed over two different Wyckoff positions, 48h
and 24g. Rietveld refinement analysis of the NPD data showed
that Li is mainly located on the 48h site (HEARI, 93%), the
fraction of which increased further for HEAR2 (95%) and
HEAR3 (100%), see Figure S4a. Moreover, the Li*—Li* jump
distances remained virtually unaltered upon changing the
anion and cation sublattices (see Figure S4b).

After having examined the crystal structure, the Li-ion
conductivity of the as-prepared materials was probed using
EIS. EIS measurements were conducted at different temper-
atures on sintered pellets with deposited gold electrodes. All
samples showed a partial semicircle and a capacitive tail,
indicating primarily ionic conductivity (see Figure SS). From
the measured resistance, the conductivity was determined
(Figure 3a). At 25 °C, values of 0.7, 1.3, and 1.1 mS cm™" were
calculated for HEAR1, HEAR2, and HEAR3, respectively. The
evolution of conductivity with temperature follows an
Arrhenius-type behavior with very similar activation energies
of 0.29 for HEARI and 0.31 eV for both HEAR2 and HEAR3.
Consequently, no significant changes in conductivity and
activation energy for conduction were observed with increasing
compositional disorder. However, because EIS measurements
probe the overall sample conductivity (pellet specimen), the
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Figure 3. (a) Arrhenius fitting of the ionic conductivity in the
temperature range from 15 to 65 °C. (b) Temperature-dependent
diffusion coefficient from ’Li PFG NMR spectroscopy. (c)
Summary plot of the ionic conductivities at 25 °C and
corresponding activation energies determined from EIS and "Li
PFG NMR spectroscopy measurements.

results can be assumed to be affected by grain-boundary effects
or crystalline/amorphous impurities.”"”** For this reason, "Li
PFG NMR spectroscopy measurements were conducted on
the materials at different temperatures and at a diffusion time
of 100 ms. In so doing, the lithium-diffusion coefficient, Dy;,
can be determined (Figure 3b), from which the Li-ion
conductivity is derived via the Nernst—Einstein equation. For
HEARI, HEAR2, and HEAR3, D,; at 25 °C was found to be
0.99:107'2, 1.13-107"3, and 0.74-1072 m? s7/, respectively, in
the range usually observed for superionic conductors.””**
From these values, ionic conductivities of 1.7, 1.8, and 1.2 mS
cm™’, respectively, were calculated.

The change in Dy; also follows an Arrhenius-type behavior,
and the activation energies for conduction for HEAR1 (0.28
eV) and HEAR2 (0.30 eV) are very similar to those
determined from the EIS measurements. However, for

a1

HEAR3, a lower activation energy was calculated compared
to EIS (022 vs 0.31 eV). An overview of the ionic
conductivities and activation energies for the different
materials is given in Figure 3c. As is evident, there are two
main discrepancies between the EIS and ’Li PFG NMR
spectroscopy measurements. First, for HEARI, the conductiv-
ity determined by "Li PFG NMR spectroscopy is more than
twice that from EIS. This is probably due to the presence of
crystalline/amorphous side phases, as 'Li PFG NMR spec-
troscopy probes the bulk material, whereas EIS measures the
overall sample conductivity. Second, although the conductivity
of HEAR3 from EIS and ’Li PFG NMR spectroscopy is
similar, the activation energy for conduction is different. We
hypothesize that this difference is also related to the presence
of (unknown) impurities, having a more pronounced effect on

Taken together, the results indicate that the room-temper-
ature Li-ion conductivity and activation energy (from "Li PFG
NMR spectroscopy) are almost identical for the purely
polyanionic high-entropy argyrodite materials, HEAR1 and
HEAR2. However, upon additional cation substitution
(HEAR3), both the ionic conductivity and activation energy
decreased, leading to the lowest value reported for argyrodite-
type Li-ion conductors (0.22 eV).'®** The activation energy
was found to be linearly correlated with the pre-exponential
factor of the diffusivity, D, known as the Meyer-Neldel rule
(see Figure S6).* 37 This suggests softening of the lattice with
increasing configurational entropy,”*”” which negatively affects
the bulk ion transport in the case of HEAR3. Moreover, XRD
and NPD revealed similar structural features for all three
materials, i.e., a comparable halide/chalcogenide site inversion,
ranging from 26 to 33%, and minor changes in the Li
substructure.

In summary, we have reported about the successful synthesis
of multielement substituted lithium argyrodites with a high
AS s This was mainly achieved through anion mixing.
Although nominally equal amounts of elemental constituents
were used, nonuniform mixing over the respective crystallo-
graphic sites was observed, unlike for many other HEMs. Thus,
the real AS, g, values can be assumed to be smaller than the
calculated ones (see Table S1). The Li-ion conductivity
(~10% S am™) was not strongly affected by increasing
compositional disorder (configurational entropy). However,
low activation energies for conduction (<0.31 eV) were found.
The former is most likely due to close structural similarities
between the investigated samples. Nevertheless, increasing the
number of elements alters both the configurational entropy
and the vibrational entropy (lattice softening), which may have
synergistic or antagonistic effects on charge transport.-"”'w
Distinguishing between these two entropy contributions (and
ultimately from structural effects) remains challenging.

Overall, we believe that our study triggers further research
into high-entropy ion conductors, potentially allowing for
tailoring the electrical and (electro)chemical properties. This is
a clear advantage considering the large compositional design
space available for exploration.
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3. Results

3.2. Publication II: A High-Entropy Multicationic Substituted Lithium Argyrodite Su-
perionic Solid Electrolytes

Publication Il presents the study of a novel high-entropy lithium argyrodite
(Lis.5[Po.25Si0.25Ge0.25Sbho.25]Ssl) through multication substitution on the tetrahedral site
(Wyckoff position 4d), exhibiting high ionic conductivity (> 10 mS cm* at 25 °C) and a low
activation energy (0.20 eV). The synthetic exploration associated with the influence of sur-
face impurities on charge transport will be discussed in the Appendix (Publication VI). The
general and local structure was examined using NPD in combination with 3P MAS NMR
spectroscopy, revealing high S>/I- anion site disorder (up to ~11%) and lithium redistribu-
tion leading to shortened Li-Li intercage jump distances, which facilitates long-range ion
diffusion. Finally, the Lie.5[Po.25Si0.25Ge0.25Sbho.25]SsI SE was also tested in high-loading
SSB cells with a Ni-rich layered oxide cathode. Through ex situ XPS analysis, it was found
that the strong interfacial side reactions during cycling were attributed to changes in chem-
ical environment for specific elements (e.g. Si and Sb).

(o] > 10 mS/cm

ion, r.t.

Y
[GeS.]" [SbS,

[SiS]" [PS.J”
Li*o ? 0

Gy PRy

@ o GY»

Figure 19: Table of Contents (TOC) of Publication II. Adapted from reference [19].

The experiments were planned and designed by the first author J. Lin under the supervi-
sion of J. Janek, T. Brezesinski and F. Strauss. The first author developed, optimized the
synthesis method for Lie.s[Po.25Si0.25Ge€0.25Sbo.25]Ssl and conducted electrochemical exper-
iments (EIS and GCPL) as well as data analysis. The NPD experiments were carried out
at Institute Laue-Langevin (ILL) for beamtime allocation (D2B) under proposal number (5-
21-1164) with assistance from C. Ritter. G. Cherkashinin conducted the XPS experiments,
analyzed the data and interpreted the results together with J. Lin and F. Strauss. M.
Schafer carried out the ‘Li PFG-NMR measurements and analyzed the data together with
J. Lin. G. Melinte performed the (S)TEM investigation. S. Indris conducted the MAS NMR
spectroscopy experiments. The first draft was written by J. Lin and further polished by F.
Strauss. The final paper was then edited by all co-authors.

Reprinted with permission from J. Lin, G. Cherkashinin, M. Schéfer, G. Melinte, S. Indris, A. Kondrakov, J. Janek, T. Brezesinski, F. Strauss, ACS Mater.
Lett. 2022, 4, 2187-2194. Copyright © 2021 American Chemical Society.
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A High-Entropy Multicationic Substituted
Lithium Argyrodite Superionic Solid
Electrolyte
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Jiirgen Janek, Torsten Brezesinski,* and Florian Strauss™
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ABSTRACT: Bulk-type solid-state batteries (SSBs) constitute a
promising next-generation technology for electrochemical energy
storage. However, in order for SSBs to become competitive with Z W
mature battery technologies, (electro)chemically stable, superionic [GeS]* [SbS.J
solid electrolytes are much needed. Multicomponent or high-entropy P QA

lithium argyrodites have recently attracted attention for their

O,...> 10 mS/cm

74

7

favorable material characteristics. In the present work, we report [Sis]”  [PSJ”

on increasing the configurational entropy of the Lis. P, M,S;I solid I

electrolyte system and examine how this affects the structure- sl Y €

conductivity/stability relationships. Using electrochemical impe- OO% OO%

dance spectroscopy and Li pulsed field gradient nuclear magnetic G e G»

resonance (NMR) spectroscopy, multicationic substitution is E,=0.20 eV

demonstrated to result in a very low activation energy for Li

diffusion of ~0.2 eV and a high room-temperature ionic conductivity

of ~13 mS cm ™! (for Lig [Py ,5Siy,5Geo5Sbg 25]S5I). The transport properties are rationalized from a structural perspective by
means of complementary neutron powder diffraction and magic-angle spinning NMR spectroscopy measurements. The
Lig 5[P025Si025Ge025Sbo.25]SsI solid electrolyte was also tested in high-loading SSB cells with a Ni-rich layered oxide cathode
and found by X-ray photoelectron spectroscopy to suffer from interfacial side reactions during cycling. Overall, the results of
this study indicate that optimization of conductivity is equally important to optimization of stability, and compositionally
complex lithium argyrodites represent a new playground for a rational design of (potentially advanced) superionic solid
electrolytes.

16—19

Lithium—ion batteries (LIBs) are one of the most of improvement is generally attributed to changes in the Li

advanced energy-storage technologies at this time."” sublattice, with occupation of “additional” sites and/or
The application of solid electrolytes (SEs) instead of increased S?7/X” site inversion, such as in the case of
conventional liquid electrolytes can potentially lead to Lig 6Si0Sbo4SsI (~15 and 24 mS cm™ for cold-pressed and
- . . . 3—6 . i =
significant leaps in cell energy density.””~ Among the different sintered pellets, respectively) and Lig¢Po4GeoSsI (~6 and 18
classes of inorganic SEs, lithium thiophosphates are considered mS cm™' for cold-pressed and sintered pellets, respec-

most promising. This is due in part to their high ionic tively).!620-2
conductivity (6o, . > 1 mS cm™) and favorable mechanical
properties, ensuring intimate contact between the key
components in solid-state batteries (SSBs).” '’ Especially
lithium argyrodites with the general formula Li;PS;X (X = Cl,
Br, I) are attracting much interest as potential high-

* Recently, it has been shown that multianionic
substituted lithium argyrodites do not possess increased ionic
conductivity, although the activation energy for conduction
strongly decreased.”” Multielement (equimolar) substitution,

performance SEs (with 6., ., ~ 2 mS cm™' for Received:  July 22, 2022
LigPS;Cl)."'~"* These materials consist of [PS]*~ structural A"ce_P‘ed= October 4, 2022
units and free X~ and S*~ ions, offering a framework for fast Published:: Qetobex;6, 2022

lithium diffusion.'”'> The ionic conductivity of lithium
argyrodites has been increased by about an order of magnitude
via substitution (primarily) on the phosphorus site. This kind

© 2022 American Chemical Society https//doi.org/10.1021/acsmaterialslett.2c00667
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Figure 1. (a—e) Structural characterization of Ligs[Py,sSig,sGep,5Sby,5]SsI. NPD patterns collected at (a) T = 298 K and (b) 10 K and
corresponding Rietveld refinement plots. The observed, calculated, and difference profiles are shown as gray circles, cyan lines, and blue
lines, respectively. Vertical tick marks denote the expected Bragg reflections. (c) Crystal structure with the different elements and Wyckoff
positions indicated in the legend. (d) *'P and (e) *’Si MAS NMR spectra. (f) HAADF STEM image and corresponding EDS maps.

specifically having more than five elements sharing a single
crystallographic site, refers to so-called high-entropy materials
(HEMs) with AS, g, > 1.SR** Note that AS..n5¢ Tepresents
the configurational entropy and can be calculated as detailed in
the Supporting Information. In recent years, the concept of
HEMs has been extended from high-entropy alloys to different
oxide-, carbide-, and sulfide-based materials.”> "> HEMs often
show new or improved properties over their low-entropy
counterparts and have been applied in various fields, for
example, as thermoelectric materials or battery electrodes.** ™’
As mentioned above, high configurational entropy in lithium
argyrodites, with a AS_,s; of up to 2.98R, could so far only be
achieved through predominantly anionic mixing.*> Multi-
cationic substitution for increasing the configurational entropy
and how this affects the structure—property relationships
related to charge transport and electrochemical stability has
not yet been explored. In the present work, we report on the
synthesis and characterization of a multicationic substituted
lithium argyrodite SE.

After screening a variety of cation species for substituting
phosphorus in LiPS;I (in an equimolar manner), we
successfully synthesized Ligs[Pg25Sio25Geo25Sbg2s]SsI by
high-energy milling and postannealing at 500 °C in a
vacuum-sealed quartz ampule (see Supporting Information
for details on the preparation and Table S1 for other
compositions targeted in the synthesis). Assuming equal
distribution of elements over the different crystallographic
sites, AS 5, Was calculated to be 2.77R, rendering it a high-
entropy material. The respective X-ray diffraction (XRD)
pattern showed reflections that could be assigned to a cubic
argyrodite structure (Figure S1). The chemical composition
was probed using inductively coupled plasma-optical emission
spectroscopy (ICP-OES, see Table S2) and found to agree well
with the target stoichiometry.

2188

Neutron powder diffraction (NPD) was conducted on the
sample at T = 298 and 10 K to gain more insight into the
crystal structure. The room-temperature NPD pattern and
corresponding Rietveld refinement profile are shown in Figure
la. The pattern was indexed in the F43m space group, with
lattice parameter a = 10.297 14(9) A, resulting in a cell volume
of V'=1091.816(2) A3. More detailed structural information is
provided in Table S3. For minimizing atomic thermal
displacement, NPD was also performed at T = 10 K. As
shown in Figure 1b, a similar pattern to that obtained at 298 K
was observed. In line with expectations, a Rietveld analysis
revealed a smaller lattice parameter (10.249 32(5) A) and cell
volume (1076.677(10) A3); see Table S4 for details.
Interestingly, unlike LigPSiI, the multicationic substituted
argyrodite did not show a polymorphic phase transition at
low temperatures.”” The calculated crystal structure of
Lig s[P25Sig25Geo25Sboos]SsI is depicted in Figure lc. Both
the $*~ and I ions form a face-centered cubic sublattice
(Wyckoff positions 4a and 4d). In addition, the S*~ ions are
situated in half of the tetrahedral voids (Wyckoff position 16¢)
around the octahedral sites (central atom on Wyckoff position
4b), forming the polyanionic [Py ,sSig,5GegasSboasSs]*™
tetrahedra (constituting a combination of [PS,]*~, [SiS,]*,
[GeS,]*, and [SbS,]*).

To further corroborate the local tetrahedral environment of
P and Si, *'P and *Si magic-angle spinning (MAS) nuclear
magnetic resonance (NMR) spectroscopy measurements were
carried out. A distinct peak centered at 91.2 ppm was observed
in the *P MAS NMR spectrum (Figure 1d), indicative of
[PS,]*~ and consistent with the *'P chemical shift reported for
other lithium thiophosphates.””***! Compared to LisPS], the
3'P signal was shifted by ~5 ppm,"* which is probably a result
of the unique chemical environment. Regarding the *’Si signal,
a sharp peak appeared at a chemical shift of 11.5 ppm (Figure
le), in agreement with the study on LGPS-like Li,SiPS; (with

https://doi.org/10.1021/acsmaterialslett.2c00667
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[SiS;]* units) by Lotsch and co-workers.”” Note that the
sharp *'P and *Si MAS NMR signals suggest a relatively low
degree of next-neighbor disorder, which was not the case for
other types of multicomponent lithium argyrodites.'*** In
particular, the atoms located on 4a (halide) and 4d (sulfide)
are known to distribute over both crystallographic sites. For
Lig s[Pg25Sip»5Geo25Sbg5]SsI, we observed a S*7/I7 site
inversion of 11%, which is relatively high considering the
mismatch in ionic radii. Taking into account both the equal
distribution of elements on the 4b site (tetrahedral environ-
ment) and the aforementioned site inversion (Wyckoff
positions 4a and 4d), AS 5 was calculated to be 2.03R,
rendering Lig s[Py25Sig25Geg2sSboas]Ssl a true high-entropy
material.

Apart from the disorder, detailed information about the Li
sublattice was obtained from a Rietveld analysis of the NPD
data. The mobile Li atoms are known to form Frank-Kasper
polyhedra in the argyrodite structure. They are usually
distributed around the 4d site over two Wyckoff positions,
namely, 48h and 24g."* For Ligs[Pg15Sio25GensSboas]Ssl, 38
and 62% were found on 24g and 48h, respectively, at room
temperature (Figure S2). The Li occupancy remained virtually
unaltered upon decreasing the temperature to T = 10 K. Such a
large fraction of Li located on the intermediate/transition 24g
site caused strong Coulomb repulsion between the two
neighboring 48 sites,”' eventually resulting in an enlarged
48h-48h doublet jump distance of 1.39 A, compared to 1.25 A
for LigPSI (Table SS). This in turn led to decreased intercage
jump distances of 3.24 A, favoring facile long-range lithium
diffusion.

The particle morphology and elemental distribution were
probed using high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF STEM) and energy-
dispersive X-ray spectroscopy (EDS). The average primary
particle size was found to be larger than 1 ym (Figure 1f), and
the EDS maps indicated uniform distribution on the sub-
micrometer level (i.e., accumulation/segregation of individual
elements can be ruled out).

To gain information about the oxidation state of the
different elements, X-ray photoelectron spectroscopy (XPS)
measurements were conducted on the
Lig 5[ Pg,5Sig25Geo25Sby25]SsI sample. For the Sb 3d core-
level region, only the 3ds,, component is shown in Figure 2a,
due to large spin—orbit splitting (~9.3 eV). The Sb 3ds,
spectrum was superimposed by the O 1s signal at a binding
energy of E,;, & 532.5 eV. The asymmetry of the Sb 3d;),
component to low E,, indicated two oxidation states, 529.5 eV
for Sb* and 530.4 eV for Sb*>*, confirming the Sb—S chemical
environment in the surface region.””™* The O 1s peak was
asymmetric to high E,, suggesting the presence of at least two
chemical states, at 532.0 and 532.9 eV (Figure 2a). These
states can probably be attributed to oxygenated Si, Sb, P, and/
or Ge. However, clear assignment is challenging. It should be
noted that the formation of Sb—O species, due to oxygen
contamination, cannot be fully ruled out. For example, the Sb
3ds), peak of Sb,O; is expected to appear at Ey;, > 531 eV.*
Fitting of the Sb 3d;/, region also revealed two oxidation
states, at Ey;, = 538.9 (Sb**) and 539.8 eV (Sb**) (Figure S3).
Overall, we attribute the Sb** contribution to Sb in [SbS,]*,
while the Sb** presumably stems from not fully oxidized
surface impurities, despite using excess sulfur in the synthesis.
The S 2p detail spectrum is shown in Figure 2b. The E,;, of
161.6 eV assumes the presence of sulfide species, in agreement
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Figure 2. High-resolution (a) Sb 3d;/, and O Is, (b) S 2p, (c) P 2p,
(d) Si 2p, (e) I 4d, and (f) Sb 4d and Ge 3d photoelectron spectra
collected from Lig [Py ,sSi,5Geg25Sby15]SsI. Black circles and
lines represent the experimental data and curve-fitting results,

respectively.

with available literature reports on lithium thiophos-
phates.**™** Figure 2c displays the P 2p core-level region.
Only a single component was detected at E,;, = 132.4 eV,
which can be assigned to the [PS,]*~ units.**™* The binding
energy was slightly higher compared with related thiophos-
phate SEs (~131.9 eV). We assume that the shift in E,, results
either from the different chemical environment (compositional
disorder) or the formation of partially oxygenated P species.
Figure 2d shows the Si 2p detail spectrum. The main feature at
Ey, = 101.1 eV can be assigned to [SiS,]*", as observed for
lithium thiosilicates.*”" This finding agrees with the structural
characterization results. The binding energy of the minor Si 2p
component (E,;, = 103.3 eV) was slightly higher than that of
free SiS,.*”*" It probably stems from SiO, impurities,”"** since
lithium thiophosphate surfaces are known to be very reactive
toward oxygen-containing species. The I 4d region (~2.0 eV
spin—orbit splitting) indicated the presence of two chemical
states, at 49.3 and 49.9 eV, associated with the I” species
(Figure 2e). The I 3d;,, data in Figure S4 corroborate this
result.>>* We hypothesize that the two chemical states result
from the different crystallographic sites, with different local
chemical environments, occupied by I” (Wyckoff positions 4a
and 4d, with ~89 and 11% I", respectively). The Ge 3d and Sb
4d regions are shown in Figure 2f. The Sb 4d peaks (~1.3 eV
spin—orbit splitting) were situated at slightly higher E,;, from
the Ge 3d photoemission. Their shape (ie., two chemical
states with E;,, = 33.3 and 34.3 eV due to Sb** and Sb**,
respectively, with Sb—S environment) supports the discussion
above on the Sb 3d;/, spectrum.*”** The Ge 3d spectrum
revealed a single component at Ey, = 30.9 eV. The latter
binding energy refers to [GeS,]*~ (30.8—30.9 eV)**** and is
much lower than that expected for GeO, (32.4—32.5 eV).>*’
Thus, the presence of oxygenated Ge is rather unlikely.

The XPS and structural analysis results collectively provide
evidence that the bulk material adopts an argyrodite-type
structure. However, we found slight deviations in chemical
composition and the state of selected elements in the surface
region. Especially antimony seems to exist in mixed oxidation
states, and the presence of oxygenated species (most
pronounced for SiO,) was observed, despite the material

https://doi.org/10.1021/acsmaterialslett.2c00667
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processing under inert atmosphere conditions. Nevertheless,
some undesirable side reactions with trace water/oxygen and/
or precursor impurities throughout handling/data collection
cannot be ruled out. The results obtained from quantitative
XPS analysis are shown in Table S6. Considering the typical
error, they agree reasonably well with the theoretical
composition.

After characterization of the bulk/surface structure, the Li-
ion dynamics were probed using both "Li pulsed field gradient
(PFG) NMR spectroscopy and electrochemical impedance
spectroscopy (EIS). 'Li PEG NMR spectroscopy was used to
determine the diffusion coefficient D;; in the temperature
range of 30—70 °C and the activation energy E, for Li
diffusion (Figure S5). Dy; was found to be 7.09 X 107> m* s~
at 9 = 30 °C, similar to other thiophosphate superionic
conductors with a high Li diffusivity.”*"*" The Arrhenius plot
of diffusivity versus T~" is shown in Figure 3a, with E, = (0.20
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Figure 3. (a) Arrhenius plot of D;; vs T™'. (b) Ionic conductivity
determined from EIS and "Li PFG NMR spectroscopy using the
Nernst—Einstein equation. The room-temperature conductivities
and activation energies are indicated.

+ 0.01) eV determined from the slope. The electrical
conductivity was measured by EIS on sintered pellets using
ion-blocking indium electrodes. The Nyquist plots of the
electrochemical impedance in the temperature range of 15—65
°C only showed a capacitive tail, suggesting high ion mobility
(Figure S6). A room-temperature conductivity of 13.2 mS
cm™" was calculated from the data. As shown in Figure 3b, the
temperature dependence of the conductivity followed an
Arrhenius-type behavior, with a similar activation energy E, =
(0.19 + 0.01) eV to that determined by ’Li PEG NMR
spectroscopy. In addition, the ionic conductivity was calculated
from the Dy; using the Nernst—Einstein equation (Figure 3b).
It was found to be slightly lower than that from the EIS
measurements (for a given temperature). However, the
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activation energies were virtually identical. We believe that
the differences in conductivity are due to the presence of trace
impurities (segregated at the grain boundaries); see previous
section on XPS. The electronic conductivity was determined
by DC polarization experiments to be 1.52 X 1077 S cm™ at
room temperature (Figure S7), which is 2—3 orders of
magnitude higher compared to related Li-ion conduc-
tors.”*"*> We hypothesize that this is due, in part, to the
presence of Sb-based surface impurities showing mixed
oxidation states.

Overall, the multicationic substituted
Lig s[Po25Sig»5Gey25Sboas]SsI was found to exhibit a very
high ionic conductivity, with an activation energy for
conduction that is among the lowest reported to date for
lithium argyrodites (Table S7),'“**** rendering it a promising
material for bulk-type SSB applications.

The electrochemical behavior of Lig s[Pg5Siy5Geg55bg2s]-
SsI as superionic SE was tested in pellet-stack SSBs with
LiNbOj;-coated NCM851005 (LiNi,Co,Mn,0,, NCM; here,
with 85% Ni content) and LTO (Li,TisO,,) as cathode and
anode, respectively (see Supporting Information for details on
the electrode preparation and cell assembly). The charge/
discharge cycling was performed between 1.35 and 2.75 V
versus Li,TisO,,/Li;TisO,, (approximately 2.9—4.3 V vs Li*/
Li) at a rate of C/2 and 25 °C (Figure 4). First-cycle specific
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Figure 4. (a) Initial (solid line) and Sth-cycle (dashed line) voltage
profiles of an SSB cell at C/2 rate and 25 °C. (b) Capacity
retention and Coulomb efficiency over 200 cycles.

charge and discharge capacities of 204 mA h g™' (~23 mA h
cm™) and 151 mA h g7' (~1.7 mA h cm™) were achieved,
corresponding to a Coulomb efficiency of 74% (Figure 4a). In
the fifth cycle, the SSB cell delivered a specific discharge
capacity of 148 mA h g™', and the Coulomb efficiency
increased to 98.4%. Because of the high ionic conductivity of
Lig s[Py25Sig25Geo2sSboas]SsI, the cell was also subjected to
rate performance testing from C/2 to 2C. As can be seen from
Figure 4b, it was capable of delivering specific discharge
capacities of ~118 and 72 mA h g ™" at 1C and 2C, respectively.
On further cycling at C/2, the reversible capacity decayed to
~100 mA h g™' (~1.1 mA h cm™?) after 200 cycles, while the
Coulomb efficiency stabilized close to 100%. Although a
surface-protected cathode active material (CAM) was
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employed in the present work, especially the first-cycle
efficiency was relatively low, indicating that detrimental side
reactions (ie., (electro)chemical SE decomposition) occurred
at the CAMISE and carbon blackISE interfaces. In addition, the
fairly linear capacity fading upon long-term cycling points
toward continuous SE degradation, meaning the formation of
stable interfaces and interphases in this kind of battery system
seems unlikely.

Ex situ XPS measurements were conducted on the cathode
after cycling to learn more about the SE decomposition. The
asymmetry of the Sb 3d;,, component (Figure Sa) again
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Figure 5. High-resolution (a) Sb 3d;,, and O 1s, (b) S 2p, (c) P 2p,
(d) Si 2p, (e) I 4d, and (f) Sb 4d and Ge 3d photoelectron spectra
of Ligs[Py15Sig25Gep25Sby,s]SsI after SSB cycling (200 cycles at
C/2 rate and 25 °C). Black circles and lines present the
experimental data and curve-fitting results, respectively.

indicated two oxidation states, 530.1 eV for Sb** and 530.8 eV
for Sb%*. The latter E,,, values are similar to those observed for
the pristine material (Figure 2a), but with the major difference
that the intensity of the Sb*>* component was strongly
increased, suggesting Sb** reduction during electrochemical
cycling. The shape of the O 1s core-level region also changed
significantly (increase in intensity of the high binding-energy
features at 531.9 and 532.9 eV as well as appearance of a new
component at 533.7 eV), due to the formation of oxygenated
species (Figure Sa). This is also reflected in the increased
amount of surface oxygen, as determined by quantitative XPS
(Table S6). The S 2p spectrum indicated that the sulfur is
strongly involved in the degradation of the SE (Figure Sb).
Apart from the component at E;;, = 161.6 eV observed for the
pristine material (Figure 2b), two new intense features
appeared at E,;, = 162.2 and 163.5 eV. These components
can be attributed to oxidized sulfur species (polysulfides),
which usually have a broad binding-energy range depending on
the chain length, gradually approaching the E,;, of elemental
sulfur (163.5 eV).**®® The SSB cycling further led to the
appearance of an additional peak at E;, = 134.0 eV in the P 2p
detail spectrum (Figure Sc), not present in Figure 2c. This
component can be assigned to PO, species (metal phosphates
and/or metaphosphates),’**** the formation of which is
commonly observed in thiophosphate-based SSBs upon
cycling. The Si 2p spectrum showed an intense peak at
103.3 eV with some minor asymmetry to low E,;, indicating
another chemical state at Ey;,, = 1015 eV (Figure 5d). Both

components were also detected prior to cycling (Figure 2d),
the difference being that the higher binding-energy peak
increased strongly in intensity.”">* It is known that Ni-rich
NCM CAMs release lattice oxygen during charge because of
structural instabilities (including electrochemical oxidation of
surface carbonates). The evolved oxygen can undergo follow-
up reactions with thiophosphate SEs, thus being responsible, at
least to some degree, for the formation of oxygenated
decomposition products.”~* Note that the NCM851005
CAM was the only oxygen source in the cathode. However,
chemical reactions with the protective surface coating cannot
be ruled out. Figure Se shows the I 4d core-level region of the
SE after cycling. No major differences to the spectrum shown
in Figure 2e were found. The variation in peak intensities (see
also I 3d;, data in Figure S4) might be due to slight changes in
local structural disorder. The Sb 4d and Ge 3d regions are
shown in Figure 5f. The Ge 3d detail spectrum showed a single
peak, but it is ~1 eV higher in binding energy than for the
pristine material (31.8 vs 30.9 eV). This is indicative of the
presence of partially oxygenated Ge species (the E,, lies
between that of materials with [GeS,]* structural units and
GeO,). Similar to the pristine SE, the Sb 4d spectrum revealed
the presence of Sb>* and Sb%*, with E,;, = 33.9 and 35.1 eV,
respectively (Figure Sf). The shift toward higher binding
energies was accompanied by an increase in intensity of the
Sb** component because of Sb>* reduction upon SSB
operation (note that the Sb 3d data in Figure Sa show the
same trend).

The XPS results clearly demonstrate that the
Ligs[Po25sSig25Gey25Sbos]SsI SE in the composite cathode
underwent adverse side reactions during cycling. Except for
both phosphorus and iodine, all other elemental constituents
were involved in the reactions. Especially silicon, sulfur, and
antimony seem to be highly susceptible to oxygenation,
oxidation, and reduction, respectively. We note that the
(electro)chemical reduction of Sb™ to Sb®* might be
correlated with the oxidation of $*7, leading to some kind of
internal (irreversible) redox process, as also observed for other
lithium thiophosphates.””””

In summary, we have successfully synthesized a composi-
tionally complex lithium argyrodite SE by partially substituting
phosphorus with other elements in an equimolar manner. The
material showed a high ionic conductivity at room temperature
(~13 mS cm™), along with very low activation energy for
conduction (~0.2 V), similar to the best-performing lithium
argyrodites reported so far (Table S7). The properties arise
from distinct structural features induced by the multicationic
substitution. High $*>7/I" site inversion was achieved (11%,
among the highest values reported in the literature for
Lig,,P,_M.S;I materials),"”*' which has been shown to
energetically facilitate interca%e jumps and to be beneficial to
long-range lithium diffusion.””*"* In addition, multicationic
substitution led to a redistribution of Li over the respective 24g
and 48h sites. Specifically, the 24g site occupancy was much
increased, thereby decreasing the intercage jump distances. A
low activation energy seems to be one of the key features of
high-entropy Li-ion conductors.”””' Taken together, the
unique charge-transport characteristics of
Ligs[Py25Sig25GegrsSbg5]SsI result from a combination of
favorable (local) structural changes to the Li sublattice and
lattice softening because of the presence of various different
elements. The material was also tested as a potential SE for use
in bulk-type SSBs with a Ni-rich NCM cathode and LTO
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anode. However, it was found to be prone to (electro)chemical
degradation, even though the CAM employed was protected
by a coating of LiNbO;. The latter prevents direct contact with
the SE and usually helps to mitigate interfacial stability
problems.

The results of this study might pave the way for designing
advanced SEs that not only exhibit a high ionic conductivity
but are also (electro)chemically stable (essential for practical
applications). In particular, we have shown that complex
substitution in superionic lithium argyrodites leads to a low
activation energy for Li diffusion and further identified specific
elemental constituents that negatively affect battery perform-
ance. Considering the large compositional space available,
multicationic substituted lithium argyrodites can be seen as
providing a starting point for tailoring the key properties (by
opening up a new playground with infinite possibilities).
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3. Results

3.3. Publication 1ll: Tuning Lithium-lon Mobility in Argyrodite Solid Electrolytes via
Entropy Engineering

Publication 11, a follow-up to Publication Il (3.2.), further explores complex substituted lith-
ium argyrodites (Table 1) through  varying the  stoichiometry  of
Lis.5[Po.25Si0.25Ge0.25Sho.25]Ssl (details see Publication 1), achieving the highest bulk ionic
conductivity around 18 mS cm™ for Lis.es[Po.167Si0.5Ge0.167Sbo.167]Ssl. Using powder diffrac-
tion techniques (NPD and SXRD), °Li MAS-NMR and charge transport characterization
(EIS and “Li PFG-NMR), the research revealed no apparent correlation between structural
parameters and Li-ion transport properties. Instead, the study found that increasing the Li
content (to 6.5 mol per unit cell) is associated with higher ionic conductivity (~10 mS cm™),
while an increase in AScont results in a lower activation energy (~0.20 eV). Moreover, com-
pared with reported lithium argyrodites, an elevated configurational entropy demonstrates
the capability of enhancing Li-ion mobility.
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entropy
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Figure 20: Table of Contents (TOC) of Publication Ill. Adapted from reference [21].

The experiments were planned and designed by the first author, J. Lin, under the supervi-
sion of J. Janek, T. Brezesinski and F. Strauss. The NPD measurements were primarily
conducted at the Swiss spallation neutron source (SINQ), Paul Scherrer Institute (PSI)
with the proposal number 20051234. Additionally, one NPD measurement was carried out
at PEARL neutron source, Delft University of Technology, with the assistance from A.
Gautam. J. Lin analyzed the NPD results. The SXRD measurements were performed at
beamline P02.1, PETRA Ill, DESY with the assistance from V. Baran and the data analysis
was conducted by J. Lin. J. Lin carried out the EIS experiments and analyzed the data. M.
Schaller conducted the ’Li PFG-NMR measurements and analyzed the data together with
J. Lin. S. Indris carried out the MAS NMR spectroscopy experiments. The first draft was
written by J. Lin. The final paper was then edited by all co-authors.

Reprinted with permission from J. Lin, M. Schaller, S. Indris, V. Baran, A. Gautam, J. Janek, A. Kondrakov, T. Brezesinski, F. Strauss, Angew. Chemie -
Int. Ed. 2024, 63, €202404874. Copyright © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH.
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Solid-state Electrolytes

Tuning Ion Mobility in Lithium Argyrodite Solid Electrolytes via
Entropy Engineering

Jing Lin, Mareen Schaller, Sylvio Indris, Volodymyr Baran, Ajay Gautam, Jiirgen Janek,
Aleksandr Kondrakov, Torsten Brezesinski,* and Florian Strauss*

Abstract: The development of improved solid electro-
lytes (SEs) plays a crucial role in the advancement of
bulk-type solid-state battery (SSB) technologies. In
recent years, multicomponent or high-entropy SEs are
gaining increased attention for their advantageous
charge-transport and (electro)chemical properties. How-
ever, a comprehensive understanding of how configura-
tional entropy affects ionic conductivity is largely
lacking. Herein we investigate a series of multication-
substituted lithium argyrodites with the general formula
Lis, [M1,M2,M3 . M4,]S;I, with M being P, Si, Ge, and
Sb. Structure-property relationships related to ion mobi-
lity are probed using a combination of diffraction
techniques, solid-state nuclear magnetic resonance spec-
troscopy, and charge-transport measurements. We
present, to the best of our knowledge, the first exper-
imental evidence of a direct correlation between occupa-
tional disorder in the cationic host lattice and lithium
transport. By controlling the configurational entropy
through compositional design, high bulk ionic conductiv-
ities up to 18 mScm ™' at room temperature are achieved
for optimized lithium argyrodites. Our results indicate
the possibility of improving ionic conductivity in ceramic
ion conductors via entropy engineering, overcoming
compositional limitations for the design of advanced
electrolytes and opening up new avenues in the field.

Introduction

With the growing demand for mature electrochemical
energy-storage devices, solid-state batteries (SSBs) have
emerged as a promising technology due to their high
(practical) energy and powder densities and improved
safety. Ion conductors with superionic conductivity, good
(electro)chemical stability, and easy processability are key
enablers for such technology."?! Currently, different materi-
al classes such as sulfides, halides, hydrides, and oxides are
under investigation, with each of them having advantages
and disadvantages.””) Among them, lithium thiophosphates,
including Li,;GeP,S;;, Li,S—P,S; glasses, and argyrodite
LisPSsX (X=Cl, Br, I), have attracted considerable attention
owing to high room-temperature ionic conductivities, which
are comparable to those of liquid electrolytes, along with
mechanical softness.”*I

Lithium argyrodites are built up from [PS,]*" tetrahedral
units, free X~ and S ions forming a cubic crystal skeleton,
and Li" being located on different partially occupied
crystallographic sites, thereby offering a framework for fast
ion diffusion.”*! Starting from the initially reported, poorly
conducting lithium argyrodite Li;PS;I, the conductivity could
be significantly improved via substitution on the phosphorus
site. For example, high ionic conductivities have been
reported for LigsP,,Ge,¢SsI (5.4 mSem ™', cold-pressed state)
or Lig;Sip;SbysSsI (12.6 mSem™', cold-pressed state) and
rationalized by facilitated lithium diffusion enabled by
increased S*/I" site inversion and/or occupation of addi-
tional lithium positions and therefore shortened Li—Li inter-
cage jump distances.”* Achieving high ionic conductivity in
argyrodites depends on various parameters such as balanc-
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ing the density of charge carriers and vacancies, altering the
polyhedral volume, and introducing site disorder.”! These
factors can broaden the lithium diffusion pathways and
shorten the jump distances between the cages, thus pos-
itively affecting ion diffusion.”'!! All of these parameters
can be tailored in a given (argyrodite) crystal structure via
iso- or aliovalent substitution in the host lattice.[*'?!

Deviating from this rather classical strategy, multiele-
ment-substituted (high-entropy) solid electrolytes (SEs)
have recently attracted much attention. Such materials are
capable of overcoming compositional limitations, which in
turn may help to accelerate the development of advanced
SEs.”l Aside from that, high-entropy SEs allow for the
possibility of a flattened energy landscape for ion transport
through strong (local) lattice distortions."*'¥) The term
“high entropy” commonly refers to materials with a
configurational entropy of AS,,,.>1.5R, with R representing
the gas constant, which can be calculated from shared
occupancies over similar crystallographic sites.'*”) In gen-
eral, systematic control over AS,, through compositional
variations, i.e. entropy engineering, has rarely been
achieved. Furthermore, the solubility of dopants/substituents
in materials can potentially be increased to such an extent
that the optimum charge-carrier concentration is achieved
and/or improved properties emerge.

With regards to compositionally complex SEs, only a few
materials have been reported up until now, including garnet,
perovskite, Na Superlonic CONductor (NASICON), halide,
argyrodite, and Li,,GeP,S,, (LGPS)-type samples.['!045]
For high-entropy LGPS-type
(Ligsy[Sig6Gegs]i 74P 45811:1B103006) and lithium argyrodite
materials (e.g. Li; 5[P25Sig-5Sby-5Gey 55 ]SsI and
LissPS, sCl, sBr,-), high ionic conductivities (>10 mScm ™' at
room temperature) could be realized in practice.!>'%2'%] To
unlock the potential of high-entropy ion conductors for SSB
application, a detailed understanding of the role of config-
urational entropy on charge transport, as well as on the
(electro)chemical and mechanical properties is required.
However, direct correlation between the degree of disorder
and the ionic conductivity remains elusive because of the
challenge in separating configurational entropy from other
effects. Nevertheless, Li et al. have recently reported on the
relationship between compositional disorder in the anion
sublattice and ionic conductivity of LisPS,Cl Br, . solid
solutions.”®! However, the effect of occupational disorder
(configurational entropy) induced by multicationic substitu-
tion in lithium argyrodites has not been investigated yet.

In the present work, we attempt to disentangle the effect
of configurational entropy on ion mobility in Lig, -
[M1,M2,M3 M4,]S;I (M=P, Si, Ge, and Sb) from other
structural parameters. A series of samples were successfully
synthesized and their crystal structure examined through
synchrotron X-ray diffraction (SXRD), neutron powder
diffraction (NPD), and *'P, *Si, and °Li magic-angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy
measurements. The charge-transport properties were probed
using complementary electrochemical impedance spectro-
scopy (EIS) and 'Li pulsed-field gradient (PFG) NMR
spectroscopy. It is shown that structural (occupational)
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Research Article

3. Results

e
Chemie

disorder strongly increases the Li-ion conductivity and
lowers the energy barrier for diffusion.

Results and Discussion

A series of multication-substituted lithium argyrodites were
prepared by high-energy ball milling and post-annealing at
500°C in vacuum-sealed quartz ampules (see Supporting
Information for details). The respective samples are referred
to as Py, Pys, Sigs, EQ, Geys, Sbys, and Sb,;s hereafter
(Table 1). Other compositions, which have been syntheti-
cally explored but did not yield single-phase materials are
reported elsewhere.” Structural characterization using
laboratory XRD revealed reflections consistent with the
cubic argyrodite structure, and the patterns showed a
gradual shift in the position of the reflections (Figure S1,
Supporting Information). The chemical composition of the
samples was studied by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), confirming the targeted
stoichiometries (Table S1, Supporting Information).

To examine the crystal structure, SXRD and NPD
measurements were conducted on the different materials.
The room-temperature SXRD and NPD patterns for
Lig 66[Po.1675105G€01675b0.167)SsI (Sips), as well as the corre-
sponding Rietveld refinement profiles are shown in Fig-
ure la and b, respectively. The patterns can be indexed in
the F-43m space group, with lattice parameter a=
10.28599(1) A and 10.2867(3) A and cell volume V=
1088.274(2) A* and 1088.51(9) A®, respectively. Structural
parameters from refinements for all samples are given in
Tables S2-S14 (Supporting Information). Notably, the lat-
tice parameters derived from SXRD and NPD are in
excellent agreement with one another (Figure S2, Support-
ing Information). As expected, the observed increase in
lattice parameter upon substituting Si**, Ge**, and Sb>* for
P°* is consistent with variations in ionic radii and stoichio-
metries, thus confirming successful  multicationic
substitution.””) The calculated crystal structure for Sijs is
shown in Figure lc. Both the S* and 1" ions form a face-
centered cubic sublattice (Wyckoff position 4a). Addition-
ally, the S* and I ions also occupy half of the tetrahedral
voids (Wyckoff position 4d). The rest of the S*~ ions resides
on the Wyckoff position 16e¢ around the octahedral sites
(central atom on Wyckoff position4b), forming
[Po.167S105Geo 167Sb0 1678 > tetrahedra, which can be consid-

Table 1: The multication-substituted argyrodite SEs prepared and
characterized in this work.

Label Nominal composition

Pos Lis 17[Po.sSi0 083G 0,083 Sbo 0a3]Ss!
POS LiG.J}[Po.SSi0|57Ge0 157Sb0157]SSI
Sios Lig 6[Po.167Si0.5G€0.1675b0.167]Ss

Equimolar (EQ) Lig s[Po25Sbo2sSio 2sGeg 5] Ss!

Geys Lig ¢¢[P0167S10.167G€05Sbo 167!
Sbos Lis 33[Po167Si0.167G€01675boss]Ss!
Sbo s Lig17[Po.0s3Sio 063G €0.0835ba.75]Ss!

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Structural characterization of the multication-substituted argyrodite SEs. (a) SXRD and (b) NPD patterns of Lig[Po167Si0sGeg1675b0167]Ss!
(Sigs) with corresponding Rietveld refinement profiles. Black circles are the experimental data, orange (SXRD) and blue (NPD) lines the calculated
patterns, and gray lines represent the difference profiles. Vertical tick marks denote the position of expected Bragg reflections [black (argyrodite),
light gray (Lil), yellow (Li,S)]. (c) Schematic illustration of the crystal structure for Siys with Wyckoff positions and elemental constituents indicated
in the legend to the left. (d) Anion site inversion determined by Rietveld analysis of SXRD (orange) and NPD (blue) data. (e) Normalized Li
occupancies. (f,g) Schematic illustrations of two neighboring Li cages. The data for EQ in (d) and (e) was taken from the literature."?" If error bars

are not visible, the standard deviation is smaller than the data symbol.

ered as a combination of [PS,]*", [SiS,]*". [GeS,]*". and
[SbS,J*". In the argyrodite structure, S*~ (4d) and I~ (4a) are
known to mix over the respective Wyckoff positions,
referring to anion site inversion (through aliovalent sub-
stitution on the phosphorus site).*>l Rietveld analysis of the
SXRD and NPD data allowed for quantification of the
degree of site inversion, as shown in Figure 1d. The differ-

Angew. Chem. Int. Ed. 2024, 63, 202404874 (3 of 9)

ences between the site inversion determined by SXRD and
NPD lie in the standard deviation range, except for
Lig s[Py25Si5,5Gey55Sby 55]SsI (EQ). Note that site inversion
also depends upon the Li substructure (surrounding the 4d
Wyckoff position) and the tetrahedral environment,*] and
therefore the large discrepancy seen for EQ could be a
result of its intrinsic complexity.
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Rietveld analysis of NPD data further offered insights
into the structural arrangement of the Li sublattice. Fig-
ure le depicts the normalized Li occupancies over the
different crystallographic sites. As can be seen, lithium
predominantly occupies type (T) 5 (48h) and 5a (24g)
Wyckoff sites in all samples. However, in the case of P s,
Pys. Siys, Geys, and Sbys, a fraction of type 2 (48h) Wyckoff
sites was also occupied. Moreover, for the primarily
aliovalent substituted lithium argyrodites, such as Si,s and
Ge,s, additional occupancy was found for type4 (16e)
Wyckoff sites, with relatively low occupation values of about
(2+£0.1) %, see Figure le. It is worth noting that for EQ,
only two Li positions were identified. This could be
associated with the highly distorted tetrahedral environ-
ment, where both type 2 and 4 may be considered
metastable and thus difficult to detect. In turn, this also
leads to the challenge of precisely determining anion
disorder, as the Li sublattice and site inversion are closely
related, which helps explain the deviation in S*/I" between
SXRD and NPD, with similar observations made for
LissPysGeysSsL?! To illustrate the diffusion pathways, the
Li substructure is shown in Figures 1f,g, and S3 (Supporting
Information). Three different jumps were identified for the
materials contributing to long-range 3D lithium diffusion,
namely 48/(T5)-48h(TS) doublet jumps [through the nomi-
nal 24g(T5a) transition site], intracage jumps between two
adjacent 48h(T5) tetrahedra, and intercage jumps between
48h(T5) positions. Lithium argyrodites in which the Li" ions
only occupy the 48h(T5) and 24g(T5a) Wyckoff sites usually
have poor transport properties, due to long intercage jump
distances.**>*" In a previous study, we have demonstrated
that EQ possesses a shortened intercage jump distance,
thereby facilitating ion mobility."™! This jump distance is also
shorter compared to Sb,;s, thus rationalizing the fast
diffusion kinetics for EQ. With T2(48h) being occupied
(Figure le), connections between TS5 sites within the same Li
cage are established, leading to fast intracage motion via T5-
T2-T5 pathways (blue lines in Figure 1f,g). More impor-
tantly, T2 serves as an “intermediate” position bridging two
TS5 sites from different cages, enabling intercage jumping via
T5-T2-T2-T5 pathways with much shortened distances (red
lines in Figure 1f,g). Typically, the T5-T2 and T2-T2
distances are much shorter than that of isolated T5-T5
jumping. Additionally occupied T4 sites further promote
long-range diffusion (low energy barrier) by connecting
different Li cages through T5-T4-T5 pathways. The Li-Li
jump distances for the different samples are given in
Table S15 (Supporting Information).

In summary, multicationic substitution in lithium argyr-
odites strongly affects the Li sublattice and favors ion
diffusion through shortened Li—Li jump distances, in some
cases by occupation of additional crystallographic sites.
However, it should be noted that the appearance of addi-
tionally occupied sites (T2 and T4) is presumably also
connected, at least to some degree, to the overall Li content.

To investigate the local environment surrounding
phosphorus and silicon, *P and *Si MAS NMR spectro-
scopy measurements were performed (Figure2ab). All
samples exhibit a distinct *'P peak between 90 and 96 ppm
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Figure 2. (a) *'P and (b) *Si MAS NMR spectra collected from the
multication-substituted argyrodite SEs. The data for EQ was taken from
the literature.!*2!

characteristic of the [PS,]*” tetrahedral environment. This is
consistent with previous observations on other lithium
thiophosphate SEs.'#132!233132 The 3P intensity decreased
from P;;s to Sby;s. with the peak gradually shifting from
94.05 to 91.3 ppm (Figure S4, Supporting Information). In
the case of P,;;, the spectrum also revealed several
contributions indicated by shoulder peaks at higher ppm
values. Multiple contributions in the *'P spectrum are often
associated with the S*/X site inversion (X=Cl-, Br, I") in
lithium argyrodites.>'***! However, considering the low
degree of S*/I" (1.19 % from SXRD and 0.5% from NPD),
the latter can be ruled out for Py,s. This suggests that it is
potentially determined by other structural distortions, which
strongly depend on the local arrangement of neighboring
tetrahedral species (i.e. [SiS,]*", [GeS,]'", and [SbS,]*"). The
¥'Si spectra also showed a single contribution at ~11 ppm for
all samples, with no obvious trend in peak shift with varying
composition. However, both the appearance of a single peak
and the chemical shift confirm the [SiS;]*” tetrahedral
environment and corroborate the absence of impurity
phases.“’u'j}'“]

Additionally, °Li MAS NMR spectra were recorded,
revealing a narrow peak located around 1.2 ppm, which is
indicative of fast Li motion (FigureS5, Supporting
Information).'>*'#3!  Qverall, similar spectra with no
apparent signs of impurity contributions were obtained for
the multication-substituted SEs, confirming the robustness
of the argyrodite lattice.

After characterizing the long-range and local structural
features of the samples, the charge-transport properties
were examined via EIS and 'Li PFG NMR spectroscopy.
EIS measurements were conducted on sintered pellets in the
temperature range of 15-65°C (Figure S6, Supporting In-
formation). Fitting of the spectra revealed room-temper-
ature ionic  conductivities ranging from (0.043+
0.004) mScm™! for Py;5 to (14.05+1.019) mScm ™' for Ges.
The fitting results are given in Table S16 (Supporting
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Information), indicating that for EQ, Siys, and Geys, ionic
conductivities above 12 mScm ™' can be achieved. For Sb,s
and P,s, ionic conductivities of (4.88+0.673) mScm™' and
(1.91+0.016) mScm ™' were determined. The phosphorus-
rich (P,s) and antimony-rich (Sb,,s) materials showed low
ionic conductivities of (0.043+0.004) mScm™! and (0.760+
0.071) mScm™'. Corresponding activation energies (E,)
were calculated from Arrhenius fitting of the temperature-
dependent conductivity (Figure 3a), with the values ranging
from (0.19+£0.006) eV for EQ (lowest E,) to (0.37+
0.002) eV for P, ;s (highest E,). As evident, lower activation
energies were found for the highly conducting samples.

To characterize the transport properties in more detail,
"Li PFG NMR spectroscopy measurements were performed
in the temperature range of 30-70°C. For EQ, P, Sbys,
and Sb,;s, the spectra depicting echo intensity against
gradient strength could be described with a one-component
fit. In contrast, for Ps, Sij5, and Ge,s, two contributions
were observed (apparent from plotting the natural logarithm
of echo intensity against squared gradient strength). The
experimental data were fitted with two contributions given
by the Kirger equation for slowly exchanging phases (see
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Supporting Information for details).*** In Figure S7 (Sup-
porting Information), the echo intensity vs. gradient strength
and the natural logarithm of echo intensity vs. squared
gradient strength are exemplarily shown for Sby ;s and Si, 5 to
highlight the existence of a second diffusion component.
Specifically, logarithmic plotting yields a straight line for a
single diffusive motion while exhibiting a curvature if more
than one component is present. This has been reported
repeatedly for other lithium thiophosphates and is usually
attributed to the presence of a secondary (amorphous)
phase, which is unlikely here, though.”’*” Regardless, the
diffusion coefficient (Dy;) was determined to range from
(9.80+0.59)-10 ¥ m?s™! for Pys to (1.08+0.01)-10 """ m?s™!
for Si,s (major contribution). We note that for Pys, Siys, and
Ge,s, the Dy; of the minor contribution was on the order of
1072 m’s™.

Arrhenius fitting of the temperature-dependent lithium
diffusion coefficients is shown in Figure 3b for all samples.
This allowed determining the E,, which was found to vary
from (0.16£0.003) eV for Sbys to (0.37+0.014) eV for P s,
in good agreement with the EIS results. As mentioned
above, in the case of Pys, Siys, and Geys, a second
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Figure 3. Charge-transport properties of the multication-substituted argyrodite SEs. Arrhenius plots of (a) temperature-dependent conductivities
from EIS and (b) lithium diffusion coefficients determined by ’Li PFG NMR spectroscopy. (c) Comparison of room-temperature ionic conductivities
(gray) and activation energies (purple) from EIS (circles) and ’Li PFG NMR spectroscopy (squares). (d) Relationship between refined Li content
per formula unit and ionic conductivity and activation energy from EIS. The data for EQ was taken from the literature.’ If no error bars are

visible, the standard deviation is smaller than the symbol.
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contribution had to be taken into account during fitting of
the 'Li PFG NMR data. Their activation energies are given
in Table S16 (Supporting Information). Using the Nernst-
Einstein equation, the ionic conductivities were calculated
from the D;;. Both the activation energies and ionic
conductivities determined by EIS and Li PFG NMR
spectroscopy are shown in Figure 3c. As can be seen. they
follow a similar trend for the different samples. In the case
of Pys, Sips. EQ. Geys, and Sbys, room-temperature ionic
conductivities above 1 mScm™' were found. Notably, the
ionic conductivity was above 10 mScm ™' for Siys, Gegs, and
EQ (Table S16, Supporting Information), with the highest
bulk conductivity of 17.94mScm™' from 'Li PFG NMR
spectroscopy for Siys. Interestingly, the best-conducting
samples did not show the lowest E,. For Si; s, Ge,s, and EQ,
activation energies of (0.20+0.002) eV, (0.25+0.018) eV,
and (0.20£0.002) eV, respectively, were determined. As
discussed previously, in the case of Pys, Sijs, and Geys, a
second (minor) contribution had to be included to accu-
rately describe the data. Their activation energies and ionic
conductivities were lower than those of the major contribu-
tions.

Long-range lithium diffusion in argyrodites depends on
the intercage jumps and, in particular, on the jump distance
and frequency.”) The Li substructure can be altered by
occupying additional T2 and T4 positions, eventually leading
to faster T5-T2-T2-T5 and T5-T4-T5 intercage jumps
compared to T5-T5 (Figure 1f,g). This in turn may positively
impact the D;; and further give rise to two different
diffusion components, as seen in the 'Li PFG NMR data.
However, some minor contribution from impurity phases
cannot be fully excluded, although no signs were found in
the diffraction experiments and from the MAS NMR
spectroscopy measurements. Nevertheless, EIS and 'Li PFG
NMR spectroscopy revealed very high ionic conductivities
for some of the samples, particularly for Siys, Geys, and EQ,
despite having very different cationic compositions. In the
present study, alio- and isovalent substitutions on the
phosphorus site were performed successfully, thus the Li
content varied to some degree. To assess a possible
correlation between Li concentration and charge-transport
properties, Figure 3d illustrates the room-temperature ionic
conductivity and activation energy as a function of Li
content in the multication-substituted argyrodite SEs. At
first glance, increased Li content leads to increased ionic
conductivity and decreased activation energy. This strategy
of “Li-stuffed” ion conductors has been practiced for a long
time in the field of garnet-type SEs, but is scarcely discussed
for lithium argyrodites.”*!! As a matter of fact, it is important
to note that the trend of increasing conductivity with
increasing Li concentration is valid for most, if not all, highly
conducting argyrodite-type solid solutions (e.g. Lis.
P, .GeSiI and Lis. Sb, SiS).*! Higher Li contents
typically lead to the appearance of hitherto unoccupied Li
sites, accompanied by a decrease in activation energy. A
similar trend is apparent for the samples employed here. In
particular, the ionic conductivity strongly increased with
increasing Li content, from 6.17 mol (P,;; and Sb,;5) to
6.33 mol (P,s and Sbys) per formula unit. As can be seen
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from Figure 3d, the ionic conductivity increased further
upon increasing the Li content to 6.5 mol (EQ) and then
leveled off at 6.66 mol (Siy,s and Ge,s). The activation
energy decreased from 0.37 to ~0.20 eV with increasing Li
content (up to 6.33 mol) and remained fairly constant for
the other samples. However, the ionic conductivity differed
significantly among them. Usually, low activation energies
and increased ionic conductivity are associated with in-
creased S /X site inversion and occupation of additional
(“intermediate™) Li positions in argyrodite SEs. However,
this kind of correlation is not valid for the multication-
substituted lithium argyrodites discussed here. Nevertheless,
it should be noted that the electronic conductivity deter-
mined by DC polarization measurements was found to be
two to three orders of magnitude higher compared to that of
other lithium thiophosphates reported in the literature
(Table S17, Supporting Information).!">**!

Taken together, the above analysis did not yield a clear
correlation between the structural characteristics and the
charge-transport properties. In particular, the observation of
very low activation energies (except for P,;; and Sby;s)
suggests that occupational disorder (configurational entro-
py) plays a non-negligible role in these materials. In the
present series of lithium argyrodites with the general
formula Lis. MSsI (M=P, Si, Ge, and Sb), the configura-
tional entropy AS,,,; can be deconvoluted into two contribu-
tions (Equations 1 and 2). The first involves AS_, ciions 1-€-
cation mixing (Wyckoff position4b), and the second
AS ot anions 1-€. anion mixing (Wyckoff positions 4a and 4d),
according to:

ASconf — ASconLcalion * Asconf.anion (1)

and

Ascon[ =-R

Som)-(Emm) @

with x; and x, representing the molar fraction of the cation
and anion species occupying the 4b site and the 4a and 4d
sites, respectively. R and N are the universal gas constant
and the number of anions/cations, respectively. In general,
the more equally the different species are distributed over
the available sites, the higher AS_, is, as schematically
shown in Figure 4a for the cationic substituents. Overall, this
means that the AS, ;..i0n contribution is greatest when the
[PS.]*, [SiS.]*, [GeS,]*", and [SbS,]* tetrahedral units are
equally distributed across the unit cell, leading to severe
(local) structural distortions. Figure 4b shows the calculated
AS,,; for the cation and anion disorder in the different
samples. Interestingly, EQ having the highest cation disor-
der also exhibited the highest anion disorder, leading to
AS_.s=—2.08R. Since there was no apparent connection
between the typical structural characteristics of lithium
argyrodites and the transport properties, configurational
entropy is assumed to play a prominent role. The correlation
between AS,,,; and activation energy and ionic conductivity
from both EIS and "Li PFG NMR spectroscopy is depicted
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in the unit cell showing that a more equal distribution leads to increased configurational entropy. (b) Configurational entropy contributions from
cation and anion disorder. Correlation between configurational entropy and (c) activation energy and (d) ionic conductivity determined by EIS and

’Li PFG NMR spectroscopy.

in Figure 4c and d, respectively, with the medium- and high-
entropy regions being highlighted. As evident from the data,
the activation energy decreases with increasing AS,,;, while
the ionic conductivity increases. An increased AS,,,; comes
along with an increased vibrational entropy (AS,;,), which
affects the lattice dynamics and distortion. Although it is
challenging to unravel the effects of both contributions on
mobility, one can assume that AS;, positively affects the ion
migration via phonon-mediated transport, ultimately leading
to a lower energy barrier for diffusion.*" In addition, the
local structural distortions expressed by AS,, lead to atomic
displacement disorder, fostering overlapping Li-site energies
(broadening) and facilitating long-range diffusion.”” Tt
should also be noted that aliovalent substitution probably
leads to localized defect formation in the Li sublattice, which
however has not been considered yet.

In general, ionic conductivity (Equation 3) can be ex-
pressed as the product of ion mobility (1), charge (g), and
charge-carrier density () according to:*]
o = nqu. 3)

Because lithium is considered the only mobile charge
carrier in the present series of samples, the conductivity

Angew. Chem. Int. Ed. 2024, 63, 202404874 (7 of 9)

solely depends upon the ion mobility and charge-carrier
density. Although we have shown that there is a connection
between the Li content per formula unit and the conductiv-
ity (Figure 3d), no such correlation is apparent with charge-
carrier density. The ion mobility can be obtained from the
diffusion coefficient (Equation 4), with g being the charge,
and kg and T representing the Boltzmann constant and
temperature, respectively.

_qDy
P=T

“4)

In general, the diffusion coefficient is a measure of how
quickly species (ions) move through the material due to
random thermal motion and quantifies the rate at which
they are diffusing. The correlation of ionic conductivity with
occupational disorder derived from the cation sublattice
demonstrates that increasing compositional complexity pro-
motes the Li* mobility (Figure S8, Supporting Information).
A comparison of lithium mobilities and densities for differ-
ent argyrodites and LGPS is presented in Figure 5, and
individual values are given in Table S18 (Supporting
Information).”) Interestingly, the multication-substituted
argyrodite SEs exhibit Li* mobilities of 4 >10"cm?’V~'s™',
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one order of magnitude higher compared to other, more
common highly conducting lithium argyrodites. Even the
materials having a relatively low ionic conductivity such as
Pys [(1.91+£0.016) mSem™'] showed high ion mobilities
(1.09-10°cm’V~'s7"),  similar to that of LGPS
(227-10%ecm’V~'s!, ~7mScm™' at room temperature).*
These results further emphasize that configurational entropy
has a beneficial effect on lithium diffusivity.

Conclusions

In summary, we have investigated a series of multication-
substituted lithium argyrodites with the general formula Lig,
J[IM1,M2,M3 M4,]S;I. All samples were subjected to thor-
ough analysis of the crystal structure and charge-transport
properties using a combination of powder diffraction
techniques, *'P, ’Si, and °Li MAS NMR spectroscopy, EIS,
and complementary 'Li PFG NMR spectroscopy. We
demonstrate that increasing configurational entropy, in-
duced primarily by introducing cation disorder, correlates
with decreasing activation energy and increasing ionic
conductivity. This translates into room-temperature ionic
conductivities above 10 mScm ™' for some of the materials,
with  the highest of 17.9mScm ' obtained for
Lig 66| Po167S10.5G€0.167Sb0.167]Ss1. Tailoring the configurational
entropy by altering the composition, we present—to the best
of our knowledge—the f[irst experimental evidence of a
direct correlation between occupational disorder in the
cationic host latticec and ion mobility. Overall, the data point
toward the possibility of enhancing conductivity in ceramic
ion conductors via entropy engineering, potentially also
allowing to improve the (electro)chemical stability and
mechanical properties.
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3. Results

3.4. Publication IV: High-Entropy Lithium Argyrodite Solid Electrolytes Enabling
Stable All-Solid-State Batteries

Publication IV discusses the investigation of new high-entropy lithium argyrodites
Lis sPS45CIxBrisx with a fixed Li content. In these materials, a very high ionic conductivity
was achieved for Lis sPS4.5Clo.sBro.7 (~<9 mS cm™ from EIS and ~22 mS cm™ from ’Li PFG-
NMR, AScont = 1.98R) by tuning the anion disorder between sulfur, chlorine and bromine,
distributed over two crystallographic sites (4a and 4d). Through NPD combined with 3'P
MAS NMR spectroscopy, the occupancy of S27/CI-/Br- on the anion sublattice was quanti-
tatively analyzed. The Li distribution and jump distances, characterized via NPD, show
virtually no differences in these materials, indicating the limitation of classical structure-
property explanations. Lis sPS4.5Clo.sBro.7 displays the maximum AScont based on the calcu-
lation, which also exhibits the highest ionic conductivity, suggesting a direct correlation
between AScont and lithium transport properties. Moreover, LissPS4.5Clo.sBro.7 was used as
the solid electrolyte in SSB cells with single-crystal LiNio.oC00.06Mno.0402 (S-NCM90) as a
CAM, showing nearly no capacity decay after 700 cycles.

[Li,PS..CLBr,,.,

A

lonic conductivity

disorder

Configurational entropy

Figure 21: Table of Contents (TOC) of Publication IV. Adapted from reference [20].

Publication IV has a shared first authorship between S. Li and J. Lin. Since the synthesis
and electrochemical tests (EIS and GCPL) were carried out by S. Li and S. Wang, J. Lin
and F. Strauss were responsible for structural characterization and explaining the struc-
ture-property relationships. J. Lin conducted the XRD experiments and analyzed data. The
NPD measurements were carried out at the Spallation Neutron Source (SNS), Oak Ridge
National Laboratory (ORNL) and at the Swiss spallation neutron source (SINQ), Paul
Scherrer Institute (PSI) with the proposal number 20051234. The NPD results were mainly
analyzed by F. Strauss and further checked by J. Lin. M. Schafer conducted the PFG-
NMR measurements and analyzed the data together with J. Lin. S. Indris carried out the
MAS NMR spectroscopy experiments and analyzed the data. The interpretation was dis-
cussed together with J. Lin and F. Strauss. The first draft was mainly written by F. Strauss.
J. Lin supported evaluation of the data and writing of the publication. The final paper was
then edited by all co-authors.

Reprinted with permission from S. Li, J. Lin, M. Schaller, S. Indris, X. Zhang, T. Brezesinski, C. W. Nan, S. Wang, F. Strauss, Angew. Chemie - Int. Ed.
2023, 62, €202314155. Copyright © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH.
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High-Entropy Lithium Argyrodite Solid Electrolytes Enabling Stable

All-Solid-State Batteries

Shenghao Li", Jing Lin", Mareen Schaller, Sylvio Indris, Xin Zhang, Torsten Brezesinski,
Ce-Wen Nan, Shuo Wang,* and Florian Strauss*

Abstract: Superionic solid electrolytes (SEs) are essen-
tial for bulk-type solid-state battery (SSB) applications.
Multicomponent SEs are recently attracting attention
for their favorable charge-transport properties, however
a thorough understanding of how configurational en-
tropy (AS,,,) affects ionic conductivity is lacking. Here,
we successfully synthesized a series of halogen-rich
lithium argyrodites with the general formula
LissPS,sCl,Br;5, (0<x<1.5). Using neutron powder
diffraction and *'P magic-angle spinning nuclear mag-
netic resonance spectroscopy, the S*/Cl/Br~ occupancy
on the anion sublattice was quantitatively analyzed. We
show that disorder positively affects Li-ion dynamics,
leading to a room-temperature ionic conductivity of
227mSem™’ (9.6mScm™' in cold-pressed state) for
Li;sPS,sCl,sBr,; (AS.,;=198R). To the best of our
knowledge, this is the first experimental evidence that
configurational entropy of the anion sublattice corre-
lates with ion mobility. Our results indicate the possi-
bility of improving ionic conductivity in ceramic ion
conductors by tailoring the degree of compositional
complexity. Moreover, the LissPS, sCl,3Br,; SE allowed
for stable cycling of single-crystal LiNijoCoyoMny 0,
(s-NCM90) composite cathodes in SSB cells, emphasiz-
ing that dual-substituted lithium argyrodites hold great
promise in enabling high-performance electrochemical

energy storage.
N w,

Introduction

All-inorganic solid-state batteries (SSBs) are regarded as a
possibility to boost energy and power density of recharge-
able Li batteries. To achieve this, solid electrolyte (SE)
materials with a high ionic conductivity, good
(electro)chemical stability and some mechanical softness
(for processing reasons) are needed.'*! And indeed, the
ongoing quest for advanced SEs has led to the discovery of
ceramic materials, either crystalline or amorphous, that
show conductivities exceeding those of liquid (organic)
electrolytes.!*”! These highly conducting materials are solely
sulfide based, which in turn is favorable for maintaining
good contact with the other electrode constituents, as they
are relatively soft.*'”) However, their (electro)chemical
stability window is narrow," ™ and therefore an artificial
interface is typically required to avoid direct contact with
the cathode and/or anode material (to allow for reversible
SSB operation).['* ¥

Some highly conducting SEs reported in the literature
are, unfortunately, of limited practical relevance, as they
contain scarce elements,'**! thus the continuing need for
further exploration of novel conductors made from more
abundant materials. In this regard, lithium argyrodites,
originally reported for LigPS;X with X=Cl, Br, I, have
emerged as an important class of materials.**? To increase
the ionic conductivity in this structure type, the phosphorus,
sulfur and halide sites have been substituted with other
elements and, in some cases, room-temperature conductiv-

ities beyond 10 mScem ™' were achieved.*?] This increase
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in ionic conductivity by about an order of magnitude is
usually a result of an altered Li sublattice (presence of
additional Li sites, shortened Li"-Li~ jump distances, etc.)
and an increased S* /X site disorder, both of which leads to
facile lithium diffusion. Another approach to boost ionic
conductivity in lithium argyrodites is the substitution of
sulfur with a halogen (Cl™ or Br"), leading to an increase in
Li vacancies and more pronounced S*/X~ site disorder.
Recently, such halogen-rich, lithium-deficient argyrodites
(e.g., LissPS,sCl,5) are attracting interest, as they not only
possess a high ionic conductivity but also show a better
(electro)chemical stability than the parent LisPS;CL>3 It
has also been shown that a second halogen can be
introduced, and with that, the conductivity further
improves.’>*” From a structural perspective, it has been
recognized that anion disorder induced by halogen mixing
and varying the halogen content can have a profound effect
on ionic conductivity.?35363%-41]

Introducing a large anion and/or cation disorder into the
host lattice of polyanionic SE materials, referring to high-
entropy ion conductors, has been garnering a lot of attention
lately, due to potential improvements in conductivity and
(electro)chemical stability.”***7 In principle, high-entropy
materials (HEMs) refer to materials with a shared occupa-
tion of several different elements on a single crystallographic
site. This increases the configurational entropy (AS. ),
and can either lead to the emergence of new and/or
improved properties or help stabilize metastable phases
through the entropy contribution to the Gibbs energy of the
multicomponent phase.”**l HEMs are usually referred to as
having a AS_,>1.5R. In recent years, various HEMs have
been synthesized, including oxides, sulfides and carbides,
and employed as electrode materials in batteries, catalysts
and as dielectric capacitors, among others.***/ However,
only a few examples of high-entropy Li-ion conductors
adopting different structures and being suitable for applica-
tion in batteries have been reported so far.?#*#4l Regard-
ing lithium argyrodites, recently, a multicationic substituted
HEM, Li4s[Py,5Si),5Sby,5Gegs|SsI, showing an ionic con-
ductivity of >10 mSem ™' at room temperature, along with a
very low activation energy for lithium diffusion of 0.20 eV,
has been reported. However, the correlation between the
degree of disorder and the ionic conductivity remains
unclear.

To shed light on this, we prepared a series of (dual-
substituted) halogen-rich lithium argyrodite samples with a
total halogen content of 1.5 moles and systematically varied
the CI” to Br™ ratio in LissPS,sCl,Br, 5, (with x=0, 0.2, 0.4,
0.6, 0.8, 1.0, 1.2 and 1.5). Their crystal structure was probed
using a combination of neutron powder diffraction (NPD)
and *'P magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy, indicating that a maximum
anion-disordered sublattice is achieved with
LissPS, sCl, {Br, . Using complementary electrochemical im-
pedance spectroscopy (EIS) and "Li pulsed field gradient
(PFG) NMR measurements, it is shown that this particular
material also possesses the highest ionic conductivity among
all prepared samples. Overall, we demonstrate, to our
knowledge for the first time, that there is a direct correlation

Angew. Chem. Int. Ed. 2023, 62, €202314155 (2 of 9)

Research Articles

3. Results

e
I Chemie

between AS,,; and ionic conductivity in this class of ion
conductors. Finally, the LissPS,sCl,sBr,; SE was also tested
in pellet-type SSB cells and found to allow for stable cycling
over 700 cycles.

Results and Discussion

To understand the impact of halogen substitution on the
charge-transport properties, eight samples with varying
composition were synthesized. An initial structural assess-
ment using laboratory X-ray diffraction (XRD) revealed
their phase purity, with the patterns showing a gradual shift
of the reflections to higher 20 values with increasing
bromine content (see Figure Sla and b). Le Bail analysis
further indicated that the patterns can be indexed to the F
43m space group and showed, as expected, a linear decrease
in the a lattice parameter (and therefore unit cell volume)
with increasing chlorine content (see Figure Slc), confirming
solid-solution behavior over the whole compositional range.
This is due to the smaller ionic radius of ClI” compared to
Br ) as the nominal sulfur, phosphorus and lithium
contents remain unchanged. The calculated lattice parame-
ters are given in Table S1. Because XRD is not able to
differentiate between chlorine and sulfur, due to very similar
X-ray scattering cross sections, and neither provides insight
into the Li substructure, high-resolution NPD data were
collected at room temperature from selected samples,
namely LissPS,sCl,Br,s, with x=0, 0.4, 0.8, 1.2 and 1.5. A
representative diffraction pattern for LissPS,sClysBrg,
along with the corresponding Rietveld plot, is presented in
Figure 1a. Note that the lattice parameters derived from
XRD and NPD are in good agreement (see Figure Sic). The
calculated crystal structure is shown in Figure 1b, with the
“free” S* and halogen ions forming a face-centered cubic
anion sublattice (Wyckoff positions 4a and 4d) and addi-
tional S*~ ions being located in half of the tetrahedral voids
(16e) around the octahedral sites (4b), thereby forming
[PS,]~ tetrahedra. Moreover, in the argyrodite structure, S*~
(4d) and halogen anions (4a) are known to mix over the
respective Wyckoff positions, referring to anion site inver-
sion. Comparable ionic radii of the respective anions (e.g.,
S?" and CI") or structural distortions usually enable a high
level of halogen anions occupying the 4d Wyckoff position,
i.e., high sulfur/halogen site inversion. As mentioned
previously, Rietveld analysis of the NPD data enabled us to
quantify the shared S*/Cl /Br~ occupancy on both the 4a
and 4d sites. The results are shown in Figure 1c and d. For
LissPS, sBr; s (x=0), the 4a and 4d sites were found to be
occupied by 89% and 61 % bromine, respectively. If the
bromine is gradually replaced by chlorine, the overall
halogen occupancy on 4a decreases (see Figure 1c), while
that on the 4d site increases (see Figure 1d). This, for
instance, leads to a chlorine occupancy of 63 % and 90 % on
the 4a and 4d Wyckoff positions, respectively, for
LissPS,<Cl;5 (x=1.5), in agreement with literature data."l
Moreover, for the mixed chlorine/bromine-containing sam-
ples (i.e., Lis sPS,5Cl,Br, 5, with x=0.4, 0.8 and 1.2), bromine
apparently prefers to be situated on 4a, whereas chlorine

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Structural characterization of the halogen-substituted lithium argyrodite solid electrolytes. (a) NPD pattern and corresponding Rietveld
analysis for LissPS, sClysBro; and (b) schematic view of the crystal structure with the different Wyckoff positions and elemental constituents
indicated in the legend to the left. Refined structural parameters and compositions are given in Tables S2-S8. The normalized occupancies of the
4a and 4d Wyckoff positions are depicted in panels (c) and (d). (e) Normalized Li occupancies and (f) two neighboring Li cages with the 4a and 4d

nearest positions being indicated.

predominantly occupies the 4d site. This leads to a decrease
in average ionic radius with increasing chlorine content (see
Figure S2a).

The halogen distribution in the crystal structure also
affects the Li sublattice. In particular, two occupied Li
positions, namely 48k and 24g, were identified for
LissPS,sCLBr, 5, with x=0, 0.4 and 0.8, showing a similar
distribution with 18% for 24g and 82% for 48h (see
Figure 1e). Interestingly, we found that when the 4a and 4d
Wyckoff positions share a similar average ionic radius (see
Figure S2a), only one of the Li positions (48%) is occupied.
This difference in Li distribution depending on the anion
composition is also, at least in part, affected by the average
ionic charge. As can be seen from Figure S2b, the average
ionic charge on the 4d site decreases with increasing chlorine
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content, eventually leading to a single occupied Li position
for x=1.2 and 1.5. Thus, depending on the average ionic
radius and charge of the shared crystallographic positions,
lithium seems to be forced into occupying either only one or
two sites (different Coulomb interactions). In the substruc-
ture, three different Li*-Li* jump distances are of relevance
(see Figure 1f). The 48h—48h doublet (through the nominal
24g transition site) and intracage jumps occur within the Li
cages surrounding the halogen/sulfur-mixed 4d position.
However, the intercage jumps are those that are believed to
strongly determine the long-range transport properties, and
the neighboring 4a position may strongly affect these
relatively large Li*-Li* distances.>*!l However, we find that
the different jump distances are similar for the

dte Chemie Inter | Edition published by Wiley-VCH GmbH
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LissPS,sClBr, 5, samples employed in this work (see Fig-
ure 1f and Table S7).

After having revealed distinct differences in the average
crystal structure (long-range ordering), the local structure of
the samples was probed using °Li and P MAS NMR
spectroscopy. First of all, a gradual shift of the peak intensity
maxima in the °Li MAS NMR spectra, from 1.23 to 1.0 ppm,
with increasing chlorine content is found (see Figure 2a).
This can be explained by the withdrawing of electron density
from lithium with increasing Cl~ occupancy (decreasing S*~
level) on the 4d site (located within the Li cages, see
Figure 1f). In addition, for LissPS,sCl,Br, s, with x=0, 0.4
and 0.8, the presence of a distinct shoulder peak of relatively
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indicates the presence of two different Li positions, in
agreement with the results from NPD analysis (see Fig-
ure le). It should be noted that the chemical shifts observed
for the endmembers LissPS,sCl,s and LissPS,sBr,s agree
well with those reported in the literature.” From the *'P
MAS NMR measurements, complex spectra showing multi-
ple contributions were obtained. However, they also
revealed a gradual shift from higher to lower chemical shift
(see Figure 2b). While Lis sPS,sCl, 5 shows multiple contribu-
tions around 83 ppm, the peaks are centered around 92 ppm
for LissPS,sBrs. This is in agreement with the *'P MAS
NMR shifts seen for LigPSsX (X=Cl or Br).? Unlike
LissPS,sCl;s, for which two major peaks and a broad

lower intensity is evident at higher chemical shifts. This shoulder at higher chemical shift were detected,
a) SLi Li;.PS,;CLBr, 5, b) p Li;;PS,sCLBr,_,
J\ x=0 ZJ/\/\& x=0
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a

Figure 2. Local structure of the halogen-substituted lithium argyrodite solid electrolytes. (a) °Li and (b) *'P MAS NMR spectra. Curve fits to the *'P
data for (c) LissPS,sClys and (d) Lis sPS,sBr, s showing the different contributions. (e) Nearest neighbors around the [PS,]’~ tetrahedra with
phosphorus and sulfur atoms shown in black and yellow, respectively. (f) Calculated probability of specific chemical environments around P from
fitting a binomial distribution to the relative intensities in the *'P MAS NMR spectra.
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LissPS, sBr, 5 exhibits five peaks of different intensities. For
the mixed chlorine/bromine-containing samples, again broad
P MAS NMR spectra were obtained, with the peak
intensities being blurred, indicating a larger degree of
disorder. This was to be expected given that three different
elements are now sharing the 4d site. To reveal the specific
chemical environment of the two endmembers, the spectra
were curve fitted (see Figure2c and d). As shown in
Figure 2c, the four different contributions for LissPS,sCl, 5
pertain to the number of nearest neighboring chlorine/sulfur
atoms around the [PS,]’” tetrahedra on the 4d Wyckoff
position (see Figure 2e). The composition ranges from four
chlorine atoms (Cl, with highest intensity contribution) to a
mixed environment consisting of three sulfur and one
chlorine atom (S;Cl with lowest intensity contribution). A
purely sulfur-containing environment (S;) was not observed
for LissPS,5Cl,s. In contrast, for LissPS,sBr,s, all possible
configurations can be identified (see Figure 2d). Results
from quantitative analysis of the different environments, i.e.,
relative peak intensities, are shown in Figure 2f. Unlike
LissPS,sCl, 5, where a pure chlorine environment is most
probable, a mixed S*/Br~ distribution over the neighboring
sites is preferred in the case of LissPS,sBrs.

The relative peak intensities observed in the 'P MAS
NMR spectra for LissPS,sCl, 5 and LissPS, sBr, 5 can be well
described by a simple binomial distribution:

|
p(n) = m -q"-(1—g)*" (1)

with n being the number of halogen ions on the four
neighboring 4d sites around the [PS,]*" tetrahedra and ¢
representing the overall fraction of halogen ions occupying
these sites. Fitting such a binomial distribution to the
relative intensities (see Figure 2f), ¢=0.83 for LissPS,;Cl, 5
(x=1.5) and ¢=0.60 for Li5sPS, sBr, 5 (x=0) were obtained.
These values are in excellent agreement with the occupan-
cies determined by NPD (see Figure 2d). A similar analysis
for the samples containing both halogen elements is
challenging, as assignments of the different contributions to
mixed S’ /ClI/Br  environments (15 different possible
compositions on the four neighboring 4d sites) requires the
description by a multinomial distribution.

Next, the charge-transport properties were examined via
complementary EIS and 'Li PFG NMR spectroscopy. EIS
measurements were conducted between 10 and 60°C on
cold-pressed pellets for all samples. At 25°C, only a
capacitive tail was visible (see Figure S3), indicating high
ionic conductivity. Fitting of the spectra revealed ionic
conductivities ranging from 4.2 to 9.6mScm™' for
LissPS,sBr; s (lowest) and LissPS,sCl,sBry,; (highest), re-
spectively. The corresponding results can be found in
Table S9. From Arrhenius fitting of the temperature-
dependent conductivity (see Figure 3a), the activation en-
ergies (E,) were calculated to be in the range between 0.30
and 0.34 eV (see Table S9).

The lithium diffusion coefficient (D;;) was probed using
'Li PFG NMR spectroscopy at temperatures from 29 to
65°C for the LissPS,sCl,Br, s, samples with x=0, 0.4, 0.8,
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1.2 and 1.5. The echo damping versus gradient field strength
is shown in Figure S4 and revealed only a single contribution
for all materials. From the measurements, the D;; at 29°C
was determined to be in the range of 1.0-1.4x10""' m’s™
(see Figure 3b). These values are among the highest
observed for Li-ion conductors®™** and suggest an extremely
fast mobility, in line with the conductivity deduced from the
cold-pressed pellets via EIS. With increasing the temper-
ature to 65°C, the LissPS,sCly3Bry; sample exhibits the
strongest increase in Dy;, reaching 4.8x10™"' m’s™'. From
Arrhenius fitting of the temperature-dependent D;; data
(see Figure 3c), the activation energies were calculated, lying
between 0.24eV for LissPS,sBr;s and 0.32eV for
Lis sPS,sCl,,Bry;. Overall, they are in a similar range as
those determined by EIS and about 0.1 eV higher compared
to other superionic lithium argyrodites.?*?*#7#! Using the
Nernst-Einstein equation, the room-temperature conductiv-
ities were calculated from the diffusion coefficients. The
obtained values are very high, reaching 22.7mScm™' for
Lis sPS, sCl,4Bry;. So far, very few thiophosphate-based Li-
ion conductors with a room-temperature conductivity above
20 mScm ' have been reported, crystallizing either in the
argyrodite or LGPS structure type.”'*¥1 Finally, the
conductivities and activation energies from EIS were
compared to those calculated from the 'Li PFG NMR data
(see Table S9). As can be seen from Figure 3d, the ionic
conductivities determined by EIS are lower by about
10mSem ™', however they exhibit a similar trend with
composition. This means that the pure bromine-containing
endmember possesses the lowest ionic conductivity among
all samples. If chlorine is introduced into the structure, the
conductivity increases up to x=0.8, thereafter a slight
decrease is observed. Note that the gap between the
conductivity values from the two techniques is most likely
rooted in poor grain boundary contacts, as 'Li PFG NMR
spectroscopy examines the bulk ionic conductivity, whereas
EIS probes the overall sample conductivity (cold-pressed
pellets). Thus, the measured diffusion coefficient (
~10" m*s™' at 29°C) corresponds to a Li displacement of
about 1.3 um within the diffusion time scale (30 ms).!*” This
is much smaller than the average particle size of these solid
electrolytes, as observed by scanning electron microscopy
(SEM) imaging and elemental mapping (see Figure S5a—e),
supporting our assumption that solely bulk ionic conductiv-
ity is probed in the 'Li PFG NMR spectroscopy measure-
ments. Moreover, EIS was conducted on the
Lis sPS, sCl,4Br,; sample that was hot-pressed into a dense
pellet (see Supporting Information for details). The room-
temperature ionic conductivity of the sintered pellet was
determined to be about 19.8 mScm ™' (see Figure S6), which
agrees with the 'Li PFG NMR results (absence of grain-
boundary resistance). Regarding E,, first a decrease with
increasing chlorine content up to x=0.8 is observed,
followed by a slight increase, reaching the lowest value for
the best-conducting sample LissPS,;Cl,¢Br,,;. This is in
contrast to the E, determined by 'Li PFG NMR spectro-
scopy, showing a gradual increase with increasing chlorine
content. Again, the slightly different trends are due to poor
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Figure 3. Charge-transport properties of the Lis sPS,sCl,Br; 5, samples. (a) Arrhenius plots of conductivity (EIS). (b) Lithium diffusion coefficients at
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conductivity. If no error bars are visible, the standard deviation is smaller than the symbol.

grain-boundary contacts in the cold-pressed samples used
for the EIS measurements.

On the basis of the above data, structure-property
relationships can be established. In this regard, it is
important to recall that recent reports have shown a possible
beneficial effect of structural disorder in the rigid host lattice
(framework) on ion diffusion of the mobile species (Li",
Na*®, H?)[#%6%l In the case of the LissPS,;ClBr,s,
samples, the AS_, refers to the number of possibilities for
distributing sulfur, chlorine and bromine ions in the
zincblende-type anion sublattice (4a and 4d Wyckoff posi-
tions) within the argyrodite structure (see Figure 3e).

Angew. Chem. Int. Ed. 2023, 62, €202314155 (6 of 9)

Usually, a mixing of elements over these two crystallo-
graphic sites has been expressed as halogen/sulfur site-
inversion or disorder. However, if more than one halogen
element is introduced, this descriptor is not accurate any-
more. To express the halogen/sulfur disorder more precisely,
the AS,,,; presents a much better descriptor, as it also takes
into account the partial occupancies of the different
elemental constituents (not only mixing over two crystallo-
graphic sites). This means that if a high AS_, is calculated,
the number of anion conformations is large, comparable to
the number of conformations a complex organic molecule
can adopt. In other words, configurational entropy is a

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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measure of anion disorder: The more equally the three
anions are distributed over the two available crystallo-
graphic sites, the higher the AS, is. This in turn leads to
local structural distortions (on the unit cell level, see
Figure S2). Therefore, a high AS,, of the anion sublattice
leads to a statistical uncertainty for lithium diffusion path-
ways, i.e., broadened (Li-site) energy distributions and
facilitated ion motion through the structure. If the AS_ is
calculated from the specific site occupancies determined by
NPD, we find a maximum for the LissPS, ;Cl,sBr,, sample,
which also exhibits the highest ionic conductivity (see
Figure 3f). This result confirms that disorder of the anion
sublattice is responsible for increased ionic conductivity. We
assume that the structural complexity increases the vibra-
tional entropy (phonon behavior), which is also known to
affect ion diffusion through so-called phonon-ion
interaction./””! For example, Ding et al. recently investigated
lattice softening in argyrodite LiPS;Cl and found that the
low-energy phonon modes (<10 meV) associated with Li
are also important for realizing fast ion transport.* Taking
into account the large disorder of the anion sublattice in
LissPS,5Cl,sBr,;, phonon effects cannot be ignored and
might be responsible, at least to some degree, for the
improved Li-ion conductivity.

Finally, the material exhibiting the highest ionic con-
ductivity (LissPS,5Cl,3Br,;) was tested as SE in pellet-stack
SSB cells using a borate-coated, single-crystalline layered
Ni-rich oxide cathode (s-NCM90@Li;BO;, 8.9 mgcm ~ load-
ing) and an In/InLi anode. First, they were cycled at room
temperature and at a rate of 0.1 C. In the initial cycle,
specific charge and discharge capacities of 209 and
163 mAhg ' were achieved, corresponding to a Coulomb
efficiency (CE) of ~78% (see Figure 4a). Subsequently,
both capacity and CE increased slightly, followed by
relatively stable cycling over 100 cycles (see Figure 4b). In
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the 100™ cycle, the cells delivered a specific discharge
capacity of 169 mAhg™". During long-term cycling, the CE
fluctuated between 98 and 100 %, suggesting minor detri-
mental side reactions. To further assess the performance of
the LissPS,sCl,Br,; SE, the SSB cells were electrochemi-
cally tested at a higher C-rate. Specifically, they were
subjected to cycling at 2 C. In the initial cycle, specific
charge and discharge capacities of 165 and 108 mAhg '
were achieved (see Figure 4c). From the cycling data, the
formation of a kinetically stable SE|s-NCM90@Li;BO;
interface, preventing further SE degradation, seems likely.
After the first cycle, the specific discharge capacity gradually
increased, reaching 142mAhg™" in the 20" cycle. Also, the
CE stabilized above 99.5 % after five cycles. Minor capacity
decay upon further cycling was observed, with 133 mAhg™'
in the 700" cycle (see Figure 4d). The performance assess-
ment of the LissPS, sCl,sBr; SE at both low and high C-rate
provides evidence that dual-substituted, halogen-rich argyr-
odite SEs allow for stable SSB operation. We assume that
the as-formed cathode interface/decomposition interphase
exhibits a low partial electronic conductivity and kinetically
prevents further degradation.!! This is corroborated by the
limited reversibility on the first cycle, but high CE observed
during long-term cycling.

Conclusion

In summary we have investigated the structure—property
relationships in halogen-rich LissPS,Cl Br, s, SE materials
for the solid-solution range of 0 <x <1.5. Using a combina-
tion of high-resolution NPD and P MAS NMR spectro-
scopy, we show that a certain anion occupation over the 4a
and 4d Wyckoff sites occurs, which also affects the lithium
substructure. Charge-transport characteristics were revealed
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by combined temperature-dependent EIS and 'Li PFG
NMR spectroscopy measurements. Overall, we demonstrate
that an increased S*/Cl/Br~ disorder, which can be ex-
pressed in the form of configurational entropy, leads to very
fast Li-ion dynamics. This is reflected in a lithium diffusion
coefficient of 1.4x107"" m*s™' (29°C), as well as in an ionic
conductivity of 9.6 mScm ™' in cold-pressed state and a bulk
ionic conductivity of 22.7 mScm ™' (25°C) determined by Li
PFG NMR spectroscopy. This remarkable achievement is
made possible by using inexpensive precursors, making the
material suitable for large-scale application. Overall, the
results indicate that compositional disorder in the anion
sublattice of lithium argyrodites directly facilitates ion
diffusion, meaning the conductivity is increasing with
increasing configurational entropy. In addition, the sample
with the highest conductivity, LissPS,;Cly3Br,, was tested
as SE in SSB cells and found to allow for stable cycling over
700 cycles (with virtually no capacity decay), indicating its
suitability for industrial use. Therefore, the concept of
increasing ionic conductivity by increasing configurational
entropy might pave the way toward the development of
advanced SEs, with halogen-rich lithium argyrodites emerg-
ing as a promising class of materials.
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3. Results

3.5. Publication V: Electrochemical Testing and Benchmarking of Compositionally
Complex Lithium Argyrodite Electrolytes for All-Solid-State Battery Application

Publication V is a follow-up to Publication Ill and IV (3.3. & 3.4.), assessing the electro-
chemical performance of anion/cation-substituted high-entropy lithium argyrodites. These
materials demonstrate ionic conductivities of approximately 10 mS/cm at 25 °C, and thus
allow for a fair comparison. In addition, the commercially available SE LisPSsCl was used
as reference material. Using different electrochemical characterization techniques, it was
revealed that the multication-substituted lithium argyrodites exhibit a narrower electro-
chemical stability window, and a poorer chemical stability in contact with Li metal in con-
trast to the anion-substituted high-entropy lithium argyrodite (Lis.sPSa.5Clo.sBro.7) and
LisPSsCI. At 25 °C and high current rates, both anion and cation substitution make lithium
argyrodites superior to the commercialized LisPSsCIl. However, the multication-substituted
lithium argyrodites undergoes severe and continuous capacity fading during cycling at 45
°C due to inferior electrochemical stability. To optimize the performance of SSB cells, cat-
ion substituted argyrodite SE can solely be used as the separator layer, enhancing the cell
cyclability. The best overall performance is achieved with Lis.sPS4.5Clo.sBro.7, a superionic
high-entropy solid electrolyte.

Anion substitution

Discharge capacity

Cycle number
Figure 22: Table of Contents (TOC) of Publication V. Adapted from reference [22].

Publication V has shared first authorship between J. Du and J. Lin. The experiments were
planned and designed by J. Lin. under the supervision of T. Brezesinski and F. Strauss.
The synthesis of solid electrolytes was primarily done by J. Du, following the optimized
procedure developed by J. Lin. J. Du and J. Lin conducted the electrochemical tests to-
gether, including CV, time dependent EIS and GCPL tests. The experiments were mainly
conducted by J. Du under the supervision of J. Lin. The initial data treatments were per-
formed by J. Du and subsequently reviewed and further checked by J. Lin. R. Zhang con-
ducted the EIS and DRT analysis. The first draft was written by J. Du and J. Lin. The final
manuscript was then edited by all co-authors.

Reprinted with permission from J. Du, J. Lin, R. Zhang, Prof. S. Wang, Dr. S. Indris, Prof. H. Ehrenberg, Dr. A.Kondrakov, Dr. T. Brezesinski, Dr. F. Strauss.
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Electrochemical Testing and Benchmarking of
Compositionally Complex Lithium Argyrodite Electrolytes
for All-Solid-State Battery Application

Jianxuan Du*, Jing Lin*, Ruizhuo Zhang,” Shuo Wang,®™ 9 Sylvio Indris,

[d]

Helmut Ehrenberg,” Aleksandr Kondrakov,® ® Torsten Brezesinski,*® and Florian Strauss*

Ceramic ion conductors play a pivotal role as electrolytes in
solid-state batteries (SSBs). Aside from the ionic conductivity,
their (electro)chemical stability has a profound effect on the
performance. Lithium thiophosphates represent a widely used
class of superionic materials, yet they suffer from limited
stability and are known to undergo interfacial degradation
upon battery cycling. Knowledge of composition-dependent
properties is essential to improving upon the stability of
thiophosphate solid electrolytes (SEs). In recent years, composi-
tionally complex (multicomponent) and high-entropy lithium

1. Introduction

Bulk-type solid-state batteries (SSBs) are emerging as a
promising next-generation electrochemical energy-storage
technology. The implementation of inorganic solid electrolytes
(SEs) instead of organic liquid electrolytes may possibly help to
increase the energy and power density of battery cells and to
improve safety."? For realizing this, highly conducting and
(electro)chemically stable SEs are needed, which ideally should
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argyrodite SEs have been reported, having room-temperature
jonic conductivities of 0;,,>10mScm . In this work, various
multi-cationic and -anionic substituted argyrodite SEs are
electrochemically tested via cyclic voltammetry and impedance
spectroscopy, as well as under operating conditions in SSB cells
with layered Ni-rich oxide cathode and indium-lithium anode.
Cation substitution is found to negatively affect the electro-
chemical stability, while anion substitution (introducing CI /Br~
and increasing halide content) has a beneficial effect on the
cyclability, especially at high current rates.

also be mechanically flexible to accommodate for volume
changes of the active electrode materials during cycling.”®

In search of suitable materials, lithium argyrodites (Li;PSsX,
with X=Cl, Br, I) have been recognized as one of the most
promising classes of SEs. This is due in part to high room-
temperature ionic conductivities of 0., >1mScm™",""'% along
with favorable mechanical properties, the latter allowing to
effectively establish intimate contact with the active electrode
materials and for facile cell assembly (without the need for
sintering).""'? Moreover, the ion mobility in lithium argyrodites
can be altered by iso- or aliovalent substitution on the
phosphorus, sulfur, and halide sites or by increasing the halide
content, referring to halogen-rich SEs with the general formula
LissPS,sX;s (X=Cl, Br)."*"® This has led to the discovery of
materials, either cationic or anionic substituted, showing ionic
conductivities exceeding 10 mScm' at room
temperature."*""7'® However, literature is lacking thorough
electrochemical evaluation of highly conducting lithium argyr-
odites, making rational optimization difficult. This not only
pertains to conductivity, but also to stability.

Recently, we have reported on high-entropy lithium argyr-
odites as a novel class of chemically complex SEs with high
jonic conductivities, even in a cold-pressed state."®'®?°! Despite
varying anion and cation compositions, several of these
materials exhibit room-temperature ionic conductivities of
Oion > 10 mScm ", This now allows to test different SEs of similar
jonic conductivity in SSB cells using a layered Ni-rich oxide
cathode active material, namely  LiNiy5sC0p10MNg 050,
(NCM851005). Specifically, employing Lig [Py ,55i02:G€.255D025]1Ss!
(equimolar), Lis 67[Po.165i0.5G€0.16500.161Ss! (Si-rich),
Lig 67[Po16510.16G€055P0.16]Ss! (Ge-rich), LissPS,sCly¢Br,; (I-free), and
LigPSsCl (LPSCI), we examine the effect that the composition of
the superionic SE has on the electrochemical stability and
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battery performance. Using cyclic voltammetry (CV), time-
resolved electrochemical impedance spectroscopy (EIS), and
galvanostatic charge-discharge tests, we demonstrate that
anion prevails over cation substitution.

2. Results and Discussion

Initially, X-ray diffraction (XRD) measurements were performed
to determine the crystal structure and confirm phase purity of
the synthesized SEs. Figure1 shows the respective XRD
patterns, along with that collected from the commercially
available LPSCI, which served as a benchmark SE, indicating
that the materials are single-phase argyrodites. Aside from the
presence of Li,S and/or Lil trace impurities (unreacted precur-
sors), the reflections can be indexed to the F-43m space
group.” For the cationic substituted samples, Rietveld refine-
ment of the diffraction data was carried out (see Tables S1-S3,
Supporting Information), while Le Bail analysis was performed
for the anionic substituted (I-free) material both to determine
the lattice parameter and quantify the fraction of crystalline
impurities (see Figure S1la-d, Supporting Information). As
evident from Table 1, the equimolar, Ge-rich, and Si-rich SEs
exhibit a larger lattice parameter than the I-free sample due to
the larger ionic radius of iodine compared to chlorine and
bromine.?” Also, the differences observed in the lattice
parameter for the equimolar, Ge-rich, and Si-rich SEs align with
variations in ionic radii considering the different stoichiometry
of the materials. The ionic conductivities determined on cold-
pressed pellets at room temperature are given in Table 1. They
varied from o,,,~3 mScm™’ for LPSCI to around 15 mScm ™' for
the Ge-rich SE.

The electrochemical stability of the as-prepared materials
was investigated by CV measurements conducted on cells with
SE/carbon black composite as working electrode, SE as
separator layer, and indium-lithium alloy as counter electrode.
This configuration allows to assess the electrochemical stability
window (ESW) of the different SEs.”** Figure 2a shows the
first-cycle CV curves at 0.1 mVs™' and at 45°C, with the current
normalized to the mass of SE in the working electrode.
Asymmetric current peaks were observed for all SEs, indicating
that (electrochemically driven) side reactions occur, independ-
ent of the composition. The potential range of the initial sweep
was from open-circuit voltage (OCV) to 3.68 V vs. In/InLi (~4.3 V
vs. Li"/Li). For the cationic substituted SEs, a steep increase in

*Lil
| l °Li,S
Si-ric h <
L JJ lj O BT U
Ge-rich
J_LJL | 'l_,\_l PV A A
I Il J_J J |-free
A Ak
J l LPSCI
A A AN
T T T T T T
5 10 15 20 25 30 35 40

20(°), 4= 0.709266 A

Figure 1. XRD patterns collected from the different SEs. Trace impurities of
unreacted precursors are denoted by symbols.

specific current was noticed around 2.0 V (~2.62 V vs. Li*/Li). In
contrast, for LPSCl and the I-free SE, the current onset was
detected at about 2.22 and 2.27 V (~2.84 and 2.89 V vs. Li*/Li),
respectively. In general, this can be attributed to sulfide
oxidation to polysulfides of different chain lengths [i.e., nS* —
S.2 +(@2n—2)e’]. The lower onset potential found for the
cationic substituted samples implies a lower anodic stability
compared to both the anionic substituted SE and LPSCL. It has
been reported that the oxidative decomposition of LPSCI results
in the formation of LiCl, P,S;, and S (or Sg) according to
Equation 1.2

LizPS,Cl — LiCl + %Pst % gs + 5Li* + 5e- (1)

However, this equation is simplified as the underlying
reaction steps are most likely mechanistically more diverse,
possibly involving the formation of a variety of thiophosphates,
such as P,Sg*, P,S,*, or P,S27, and lithium polysulfides Li,S,
(with n>1).2?"" With regard to the multi-element substituted
SEs, the electrochemical decomposition reactions become
much more complex, also involving semimetal sulfide
species."® The results indicate that multi-cation substitution on
the phosphorus site reduces the onset potential for oxidation

Table 1. Refined lattice parameter of the different SEs and ionic conductivity determined on cold-pressed pellets at room temperature.

Sample Composition Lattice parameter a (A) lonic conductivity (mS cm ™)
Equimolar Ligs[Pg25Si025G€25Sbp 251551 10.29224(12) 123

Si-rich Ligs7[P0.165i0.5G€0,165b4 16155l 10.28330(9) 123

Ge-rich Lig7[Py165i.16G€4 55Dy 16]Ss! 10.32186(13) 14.6

I-free LissPS;ClogBro, 9.89601(29) 8.8

LPSCI* LiPSsCl 9.85485(7) 34

*From ref. [22] for lattice parameter and from ref. [9] for ionic conductivity.
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a) - expected for Sb°*), which helps explain the improved anodic
30 | - SE/C stability of purely phosphorus-containing SEs.

. = ﬁ\ﬁnu According to the Bell-Evans-Polanyi (B—E—P) principle, which

5 204 , delineates kinetic-thermodynamic relationships, oxidative stabil-

o _— ity not only correlates with the thermodynamic driving force for

E 104 ° oxidizing materials, but also depends on the kinetics.*'*? We

% 6. e 182022 24 believe that multi-cation substitution reduces the oxidative

£ stability by enhancing the kinetics of the electrochemically-

; -10 driven decomposition reactions (lower barrier for ion diffusion

’§ [—ipscl | in the distorted lattice).”® Specifically, the weakened bonds and

& -204 _gg:::mhdaf softened lattice resulting from the complex substitution may

— Ge-rich facilitate cation and anion mobility, which is reflected in

-30 — Ifree narrower ESWs. Therefore, unlike previous conclusions, it seems

T T that phosphorus substitution directly affects the electrochem-
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b
oy
Equimolar-
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Figure 2. (a) First-cycle CV curves for the different SEs measured at 0.1 mVs™'

and 45°C. The cell configuration used is schematically shown in the inset. (b)
The ESWs extracted from the cyclic voltammograms.

by about 250 mV. This implies a lower oxidative stability
compared to both the I-free SE and LPSCl, which can be
attributed to the lower ionization potential and weaker bonding
strength of I~ compared to Br~ and Cl”, causing a somewhat
poorer stability for the cationic substituted samples.”® However,
previous research on Lig. P, ,M,Ssl (M=Si*", Ge** and x=0.6)
SEs has shown that the oxidative stability remains virtually
unaltered with 60% phosphorus substitution.”” In contrast, the
data presented herein suggest that complex cation substitution
has a more profound effect on the stability. However, we
cannot rule out that the higher degree of substitution (>75%,
see Table 1) is playing a role as well. We hypothesize that the
lower oxidative stability of the cationic substituted SEs is closely
related to the strength of the M-S bond and the lattice
distortion. The former can be simplified expressed as ionic
potential ¢ of M (with ¢ being the ratio of the electrical charge
Z to the ionic radius r), with a higher ionic potential indicating a
greater bond strength.*” For phosphorus (4-fold coordination,
+5 oxidation state), a higher ionic potential (p=29.41 A™") was
calculated compared to silicon (¢=15.38 A™") and germanium
(p=10.26 A" (note: an even lower ionic potential can be
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ical stability of lithium thiophosphates.”’ Moreover, the anodic
current was larger in the second and third cycles for all samples,
indicating continuous SE degradation (electrochemical oxida-
tion) during cycling (see Figure S2a-e, Supporting Information).

With regard to the cathodic stability, current flow in the
initial sweep was clearly noticed below 1.8V (~2.42 V vs. Li*/Li).
According to the literature, this can be attributed to
phosphorus reduction, as shown in Equation 2 for LPSCI, and/or
reduction of polysulfide species formed previously at higher
potentials.?

LigPSsCl + 8Li* +8e~ — LiCl + Li,P + 5Li,S @

Upon further cycling (see Figure S2a-e, Supporting Informa-
tion), the absolute cathodic current decreased, except for the
Si-rich SE where a slight increase was observed. The asymmetry
between the reductive and oxidative currents points towards
irreversible side reactions, especially for the equimolar, Ge-rich,
|-free, and LPSCI SEs. It should be noted though that unravelling
the decomposition reactions occurring during cycling is very
challenging, since not only the thermodynamic stability of the
SEs (and decomposition products), but also the kinetic stability
of the formed interfaces/interphases plays a decisive role.*”
Nevertheless, the ESWs of the different materials studied in the
present work were extracted from the first-cycle CV curves. As
can be seen from Figure 2b, the cationic substituted samples
exhibit narrow ESWs ranging from around 1.6 to 2.0V (~2.22-
2.62V vs. Li"/Li). For the other SEs, the window is wider, in
particular with respect to oxidative stability, where the upper
limit is pushed up to 227V (~2.89V vs. Li*/Li). Overall, we
conclude from the data that altering the composition of
thiophosphate SEs affects their anodic and cathodic stability.
The ESW decreased in the following order: |-free >LPSCl > Si-
rich > Ge-rich > equimolar.

The possibility of using a lithium anode is one of the most
promising aspects of SSBs. However, many materials suffer from
severe instability when in contact with lithium metal.*>**! The
compatibility of the SEs with lithium was probed at 25°C using
a Li|SE|Li cell configuration. Impedance spectra were recorded
directly after assembly and at fixed time intervals up to 24 h
without applying external pressure. Figure S3a-e (Supporting
Information) shows the respective time-resolved impedance
spectra collected from cells containing the different SEs, with all

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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of them revealing the characteristic shape of mixed conducting
interfaces/interphases.”**” To quantitatively compare the stabil-
ity among the SEs tested, the spectra were fitted using suitable
equivalent circuits, along with distribution of relaxation times
(DRT) analysis.”®* For the highly conducting, cationic and
anionic substituted SEs, the barely visible bulk response at
ultrahigh frequencies (7-1 MHz) was described by a simple
resistor R. Several RQ elements (Q=constant phase element)
were needed to fit the data (depressed semicircles) from the
high- to low-frequency range. Their physical meaning was
derived from the specific response times (see Figure S4,
Supporting Information).***" In Figure 3a-e, the Nyquist plots
of the electrochemical impedance recorded after 0 and 24 h are
presented together with the fitting results. Summaries of the
calculated parameters are given in Tables S4-S8. R, and R, can
be attributed to the bulk SE and the contact resistance between
electrode and current collector, respectively. R; and R, can be

assigned to the interface resistance, comprising various under-
lying processes, which emphasize the microstructural and
chemical complexity of the as-formed interfaces/interphases.
For comparison, the total interface resistances (with Ry, =R;+
R,) after 0 and 24 h are depicted in Figure 3f. Because of the
symmetrical cell configuration, it can be assumed that both
sides equally contribute to the total resistance. Therefore, R,
was divided by a factor of two to yield resistance values for
single Li|SE interfaces. After 24 h, the R, was determined to
be 420 Q for LPSCI, a relatively minor increase compared to the
initial value (360 Q). A clear increase in resistance with time was
noticed for the equimolar, Si-rich, and Ge-rich SEs. In these
cases, the R, increased from 136 to 372 Q, 54 to 103 Q, and
190 to 642 Q for the equimolar, Si-rich, and Ge-rich SEs,
respectively, after 24 h. In contrast, for the I-free SE, a moderate
increase in R by 34 Q (179 Q) from the initial value (145 Q)
was observed.

Equimolar
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0 T — 71 v T * T * 1 O T T
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— E R‘
g o] SHSHS
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Figure 3. (a-e) Nyquist plots of the electrochemical impedance of symmetrical Li cells using the different SEs after assembly (0 h) and 24 h at 25°C.
Experimental data are shown as empty symbols and curve fits as solid lines. Equivalent circuits used for fitting the data are shown in the insets. (f)
Corresponding resistances calculated from the interface and interphase contributions after 0 and 24 h.
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Taken together, the EIS results point towards decreasing
stability against lithium metal upon introducing cationic
substituents. Moreover, the data indicate that for the cationic
substituted SEs, the as-formed interfaces/interphases are kineti-
cally unstable, leading to continuous degradation and impe-
dance growth. By contrast, both LPSCI and the I-free SE exhibit
better stability, with the latter material possessing a relatively
low areal interface resistance of 141 Qcm? after 24 h.

Next, the electrochemical performance of the SEs was
examined in pelletized SSBs with LiNbO,-coated NCM851005 as
cathode active material and an indium-lithium anode. In these
experiments, the SEs were contained in the cathode and further
served as the separator. The cells were cycled at 45°C in a
potential window of 2.28-3.68 V vs. In/InLi (~2.9-4.3 V vs. Li */Li)
applying current rates ranging from C/2 to 2C. Figure 4a
represents the first- and second-cycle voltage profiles at C/2.
The initial specific charge/discharge capacities and the Coulomb
efficiencies (CEs) of the first two cycles are plotted in Figure 4b
and ¢, respectively. All cells exhibited initial specific charge
capacities exceeding 200 mAhg™', and they delivered specific
discharge capacities of 161 mAhg™' (equimolar), 189 mAhg™'
(Si-rich), 191 mAhg™' (Ge-rich), 201 mAhg' (-free), and
202 mAhg' (LPSCI). This translates to CEs of about 79, 79, 84,
89, and 89%, respectively. As evident from these data, employ-
ing the cationic substituted SEs leads to poor first-cycle CEs,
whereas the reversibility is much improved for LPSCl and the |-
free SE. This result confirms that cation substitution negatively

LiINbO.@NCM / SE/ C
SE
In/InLi

1stoycle
2nd cycle

Voltage (V vs. In/InLi)

—— tstcycle
— = 2nd cycle

—— Istcycle
— —2nd cycle

80 100 120 140 160 180 200 220 240 260
Specific capacity (mAh-g™'\cy)

|-free

0 20 40 60

affects the electrochemical stability and agrees well with the
trend in ESWs determined from the CV experiments (see
Figure 2). Nevertheless, the CEs stabilized above 95% from the
second cycle onwards.

Subsequently, the rate performance was tested, followed by
long-term cycling at C/2. The corresponding specific discharge
capacities and CEs are shown in Figure 5a and b, respectively.
Upon increasing the C-rate to 2 C, the LPSCl-containing cell was
only capable of delivering 120 mAhg ™' or less, unlike (espe-
cially) the I-fee SE, which allowed for gy, >160 mAhg . This
major difference in rate capability is primarily due to differences
in conductivity of the SEs (see Table 1) and the decomposition
interphases formed during cycling (leading to impedance
buildup). However, the respective cells showed a similar
performance during long-term cycling at C/2 and still delivered
capacities of ~150 mAhg™' after 75 cycles. In contrast, for the
cationic substituted SEs, the capacity fading with cycling at C/2
was much more severe, with gy, ~90 mAhg~' (equimolar and
Ge-rich) and 75 mAhg™" (Si-rich) after 75 cycles. Even though
the compositionally complex SEs outperformed the LPSCI at
high C-rates for the aforementioned reasons, cells using the
cationic substituted materials suffered from severe capacity
decay due to their lower electrochemical stability, as outlined
above. The stability issues are also apparent from the CEs. In
the initial cycles (rate performance testing), the CEs approached
or even exceeded 99%. However, only for LPSCl and the I-free
SE, they remained on average above 99% during extended
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Figure 4. (a) Voltage profiles for the first (solid line) and second (dashed line) cycles of pelletized SSB cells using the different SEs both in the cathode and
separator at C/2 rate and 45 °C. (b) Corresponding specific charge/discharge capacities and (c) Coulomb efficiencies.
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Figure 5. Cycling performance of pelletized SSB cells using the different SEs at 45 °C. (a) Specific discharge capacities at various C-rates and (b) corresponding
Coulomb efficiencies. In this configuration [see inset in (a)], the respective SEs were contained in the cathode and served as the separator. (c) Specific
discharge capacities at various C-rates and (d) corresponding Coulomb efficiencies achieved with cells using LPSCl in the cathode and the different SEs as the

separator [see inset in (c)].

cycling at C/2 rate, corroborating their superiority. It is note-
worthy that the trend in electrochemical stability determined
from the CV experiments does not directly correlate with the
cell cyclability. In fact, it seems that the stability of the
decomposition interphases plays an important role too. If the
decomposition products formed in the initial cycle(s) are
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kinetically and/or thermodynamically stable, they would pre-
vent further SE degradation, thus helping to stabilize the cell
performance.*” Yet, the results indicate that the cationic
substituted lithium argyrodites in particular do not form stable
cathode interfaces and interphases.
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To improve the cycling performance, the ion conductor in
the cathode was replaced with LPSCl, and the different SEs
were only employed as the separator. As can be seen from
Figure 2, LPSCI apparently exhibits the best anodic stability
among the materials investigated. Therefore, the degradation
related to (irreversible) oxidative SE decomposition should be
minimized. The cells were subjected to a similar cycling
protocol as described above. At first glance, this strategy
appears to be successful, as the specific discharge capacities
and the fading behavior were similar for the different cells (see
Figure 5¢). However, on closer examination, it is found that the
cell using LPSCI as SE in the cathode and separator again
delivered the lowest capacities at 2 C. This is clearly due to the
material’s ionic conductivity being lower by a factor of three or
more compared to the other SEs. The reduced degradation at
the positive electrode side when using LPSCI in the cathode is
also evident from the CEs (see Figure 5d). Except for the cell
using the Si-rich SE, the CEs stabilized above 98% during
cycling at C/2. The fact that the Si-rich SE led to poor
reversibility in this SSB configuration points towards continuous
side reactions (interphase formation) at the In/InLi| SE interface.

After having tested the SEs in two different SSB config-
urations at 45°C, similar electrochemical measurements were
conducted at 25°C. The specific discharge capacities of cells
where (i) the respective SEs were contained in the cathode and
served as separator at the same time and (ii) LPSCl was
employed in the cathode and the different SEs only served as
separator are presented in Figure6a and b, respectively.
Because the same cycling protocol was applied to the cells, the
capacities were somewhat lower at 25°C, as expected. At a rate
of 2C, LPSCl was outperformed by all other SEs. Also, if the
cationic substituted SEs were employed both in the cathode
and separator, the overall degradation was much lower (see
Figure 6a) compared to that at 45°C (see Figure 5a). This is
indicative of kinetic instabilities. In addition, it is evident from
the data in Figure 6b that the ionic resistance of the separator
layer has a profound effect on the cycling performance, which
is mitigated to some degree at elevated temperatures.

[
~

240

For better comparison of the specific discharge capacities at
the different C-rates and temperatures, they are plotted for the
cells where the SEs were contained in the cathode and served
as separator in Figure 7a and b. As shown in Figure 7a, the cells
using the compositionally complex lithium argyrodites deliv-
ered similar capacities at 25 °C, ranging from about 100 mAhg™'
at 2C to 1770 mAhg ' at C/2. In contrast, the LPSCl-containing
cell showed much lower capacities, with only ~50 and
145mAhg™' at 2 C and C/2, respectively. However, significant
differences were observed for the cells cycled at 45°C (see
Figure 7b). The lowest and highest capacities were found for
the equimolar and I-free SEs, with differences of more than
40 mAhg', virtually independent of the C-rate. The LPSCI-
containing cell revealed the strongest increase in gy, from
~120 mAhg' at 2 C to 200 mAhg" at C/2, among the SEs
studied here. This finding can be explained by the higher cell
resistance resulting from the lower ionic conductivity of LPSCI
compared to the cationic and anionic substituted SEs. In
addition to the bulk conductivity, the properties of the
interfaces and interphases also play a pivotal role in determin-
ing the cell performance. Future studies will be dedicated to
better understanding ion and electron transport across the
interfaces and its effect on cyclability.

3. Conclusions

In summary, we have investigated the electrochemical stability
and performance of a series of novel compositionally complex
lithium argyrodite solid electrolytes in bulk-type solid-state
batteries and benchmarked them against commercially avail-
able Li;,PS;Cl. The samples tested include cationic and anionic
substituted materials, all exhibiting high room-temperature
ionic conductivities of ,,>9mScm'. Their stability was
examined by cyclic voltammetry conducted on carbon-based
composite electrodes and by time-resolved electrochemical
impedance spectroscopy measurements using symmetrical Li
cells. In general, it is found that cation substitution narrows the
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Figure 6. Cycling performance of pelletized SSB cells using the different SEs at 25 °C. (a) The respective SEs were contained in the cathode and served as the
separator and (b) LPSCl was employed in the cathode and the different SEs only served as the separator.
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electrochemical stability window of lithium argyrodite solid
electrolytes. To evaluate the ion conductors under realistic
(practical) conditions, solid-state battery cells were assembled
using a surface-protected, Ni-rich LiNi,Co,Mn,0, (NCM or NMC)
as cathode active material. At room temperature and high
current rates, the compositionally complex solid electrolytes
readily outperform the reference Li,PS;Cl. However, the lower
stability of the cationic substituted materials leads to accel-
erated capacity fading upon cycling at elevated temperature.
Nevertheless, utilizing these materials only in the separator
layer positively affects the cell cyclability. In contrast, the
anionic substituted solid electrolyte LisPS,sClysBr,; provides
low-resistive interfaces with anode and cathode, leading to the
overall best performance, specifically at high current rates. This
corroborates recent findings that the I|-free, high-entropy solid
electrolyte enables stable long-term cycling of all-solid-state
batteries."”® Taken together, we have demonstrated that ionic
conductivity is not the only important attribute of inorganic
solid electrolytes, and that anion prevails over cation substitu-
tion in developing advanced materials for solid-state battery
application. We believe that the design parameters described in
this work provide a blueprint for future solid electrolytes, with
multicomponent materials providing virtually unlimited possi-
bilities.

Experimental Section

Materials Synthesis

Unless specified otherwise, the work was performed under inert
argon atmosphere in a glovebox (MBraun, with [O,] and [H,0] <
0.1 ppm) or using Schlenk line techniques. All chemicals were used
as received, and LPSCl was purchased from NEI Corp. In general,
stoichiometric mixtures of Li,S (99.99 %, Sigma-Aldrich), P,Ss (99 %,
Sigma-Aldrich), GeS, (99.9%, Goodfellow), SiS, (99.99%, Good-
fellow), Sb,S; (99.99%, Alfa Aesar), and Lil (99.999 %, Sigma-Aldrich)
plus 10 wt% excess sulfur (99.99%, Sigma-Aldrich) were loaded
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into 250 mL zirconia milling jars with 150 g zirconia balls (10 mm
diameter). Ampules were pre-dried under dynamic vacuum using a
heat gun.

Equimolar (Ligs[Pg25Sio25G€4.25Sbg 551Ss1)

The precursor mixture was milled at 250 rpm for 1 h and then at
450 rpm for 15 h. The recovered powder (~1.2 g) was pelletized at
3t and vacuum-sealed (10* bar) in a quartz ampule, followed by
annealing at 500 °C for 10 h with heating and cooling rates set to
5°Cmin".

Si-rich (Lig6;[Pg16Si0.5G€0.165P0.161551) and Ge-rich
(Li6£7[P0.I GSiO.IGGeOSSbO‘I6]SSI)

The precursor mixture was milled at 250 rpm for 1 h and then at
450 rpm for 40 h, including 10 min rest steps after each 15 min of
milling. The recovered powder (~1.2 g) was pelletized at 3t and
vacuum-sealed (10~ bar) in a quartz ampule, followed by annealing
at 500°C for 10 h with heating and cooling rates set to 0.165 and
5°Cmin ', respectively.

I-Free (LissPS,sCl, sBr,-)

The precursor mixture was milled at 250 rpm for 1 h and then at
450 rpm for 15 h. The recovered powder (~1.2 g) was pelletized at
3t and vacuum-sealed (10*bar) in a quartz ampule, followed by
annealing at 440°C for 10 h with heating and cooling rates set to
1.5°Cmin”".

Surface Coating of NCM851005 (LiNi, 35sC0,;,Mng050,)

The NCM851005 (BASF SE) was first heated for 3 h at 750°C in
oxygen flow of 30 Lh™' with heating and cooling rates set to
5°Cmin~" to remove surface impurities. To produce a 1.0 wt%
LiNbO; protective coating on the surface of the secondary particles,
410 pL of lithium ethoxide (1.0 M) and 820 pL of niobium ethoxide
(0.5 M) in absolute ethanol were added to 5.94 g of NCM851005.
The suspension was sonicated for 30 min and then dried in a
vacuum overnight. The recovered powder was ground using a
mortar and pestle and heated in oxygen for 2 h at 350°C.**' XRD

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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patterns and ATR-IR spectra collected before and after coating are
presented in Figure S5 (Supporting Information).

Characterization

Laboratory X-ray Diffraction (XRD)

The samples were flame-sealed in borosilicate capillaries (0.68 mm
inner diameter, 0.01 mm wall thickness; Hilgenberg) and subjected
to XRD using a Stadi-P diffractometer (STOE) with Mo anode (1=
0.70926 A) and a MYTHEN 1 K strip detector (DECTRIS). Rietveld and
Le Bail analysis of diffraction data was done with the help of
FullProf Suite.*” The Thompson-Cox-Hastings pseudo-Voigt func-
tion was used to describe the peak shape after point-by-point
background subtraction. Scale factor, peak shape parameters,
lattice parameters, and atomic displacement parameters were
refined. The zero-shift parameter was treated last.

Attenuated Total Reflection-Infrared (ATR-IR) Spectroscopy

ATR-IR spectroscopy measurements were performed on an ALPHA
FT-IR spectrometer (Bruker). All spectra were background corrected
using the OPUS software.

Cyclic Voltammetry (CV)

Solid electrolyte and Super C65 carbon black (TIMCAL) were mixed
in a 7:3 weight ratio using a planetary mill (Fritsch) at 140 rpm for
30 min using 70 mL zirconia milling jars with 10 zirconia balls
(10 mm diameter) and used as working electrode. The carbon black
was dried at 300°C under dynamic vacuum overnight prior to use.
The cells were assembled using a customized setup comprising a
PEEK sleeve (10 mm diameter) and two stainless steel dies. 100 mg
of solid electrolyte was first compressed at 62 MPa to produce the
separator. Around 12 mg of working electrode was then evenly
distributed on one side of the separator. The stack was compressed
at 437 MPa. Finally, an indium foil (9 mm diameter, 125 um thick-
ness; Thermo Fisher Scientific) and a lithium foil (6 mm diameter,
50 um thickness; Albemarle Corp.) were freshly punched out and
placed on the other side of the separator, with the indium foil
facing the solid electrolyte. CV experiments were performed under
an external pressure of 81 MPa between 0.93 and 3.68 V vs. In/InLi
(~1.55-4.3V vs. Li*/Li) at a sweep rate of 0.1 mVs~' and at 45°C
after a resting period at OCV for 30 min using an SP-200
potentiostat (BioLogic). The onset potentials for oxidation and
reduction were determined as exemplarily shown for LPSCI in
Figure S6 (Supporting Information).

Time-Resolved Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were conducted on symmetrical cells (Li| SE|Li)
at 25°C without additional external pressure. To this end, about
150 mg of solid electrolyte was compressed at 437 MPa. Lithium
foils (6 mm diameter, 50 um thickness) were freshly punched out
and placed at both sides of the separator. Impedance data were
collected using a VMP-3 potentiostat (BioLogic) over a frequency
range from 7 MHz to 100 mHz with an AC voltage amplitude of
20 mV. The first spectrum was measured immediately after cell
assembly (0 h). Subsequent spectra were recorded after 2, 4, 6, 10,
16, and 24 h. Evaluation of the EIS data and DRT analysis were
performed using the software RelaxIS 3.0.22 (rhd instruments).
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Galvanostatic Cycling

For battery performance tests, cathode composites were prepared
by mixing the LiNbO;-coated NCM851005, solid electrolyte, and
Super C65 in a 69.3:29.7:1 weight ratio using a planetary mill at
140 rpm for 30 min with 70 mL zirconia milling jars containing
10 zirconia balls (10 mm diameter). Cells were assembled in similar
manner as described above for the CV testing. The loading was
~10.5 mgycucm *.Galvanostatic cycling was performed at 45 °C and
under an external pressure of 81 MPa in a potential window of
2.28-3.68 V vs. In/InLi (~2.9-4.3 V vs. Li*/Li) after resting at OCV for
1 h using a MACCOR battery cycler. The C-rate was varied from C/2
to 2 C, with 1 C=190 mAgycy -

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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4. Conclusions and perspectives

Throughout this thesis, | aimed at expanding the high-entropy concept to lithium argy-
rodites, understanding the effect of configurational entropy on charge transport properties
and evaluated their potential as solid electrolytes for solid state batteries.

To achieve this goal, several single-phase lithium argyrodites with different compositions
were designed. In general, the configurational entropy AScont can be deconvoluted into two
contributions, including cation mixing (AScont,cation), and anion mixing (AScont,anion). Regard-
ing the lithium argyrodite crystal structure, halogen anions (4a) form a face-centered cubic
lattice, with chalcogenide ions occupying half of the tetrahedral voids (4d). The tetrahedral
units are located at the (4b) sites for the central atom, while the chalcogenide ions occupy
the octahedral interstices (16e). Thus, specifically, high-entropy lithium argyrodites with
AScont > 1.5R can be achieved mainly through three approaches:

1) Both, anion and cation substitutions were combined (i.e. ASconf,cation and ASconf,anion) tO
achieve AScont> 1.5R (see Publication I).

2) Introducing a complex cation substitution at the 4b site increasing AScont cation (Se€ Pub-
lications Il and IlI).

3) Tailoring anion site inversion via halogen substitution at the 4d and 4a sites leading to
an increase in ASconf.anion (See Publication IV).

Starting from the possibility of applying the high-entropy concept to lithium argyrodites
through modification of LisPSsX (X=ClI, Br, 1) through approach 1), the highest configura-
tional entropy was achieved for Lis.s[Geo.sPo.5][S2.5S€2.5][Clo.33Bro.3slo.33] reaching AScont =
2.98R. However, the ionic conductivity (~ 1 mS cm™ at 25 °C) did not significantly improve
through increasing configurational entropy, which might be attributed to the negative effect
of unknown impurities (observed by diffraction techniques), but instead a very low activa-
tion energy (Ea = 0.22 eV) was observed.['8 Thus, minimizing the impurities to yield phase-
pure lithium argyrodites through synthesis optimization or compositional engineering is
promising. However, traditional methods such as adding pre- or post-annealing steps
could not address these impurity issues. For  the composition
Lis.s[Geo.5Po.5][S2.5Se2.5][Clo.33Bro.33lo.33], elemental redistribution on 4a and 4d sites (38%
I/ 34% Br/ 28% Se and 33% CI/ 67% Se, respectively) was found through MAS-NMR and
NPD data analysis.

Following this, in Publication Il and Ill, compositional complex cation substituted lithium
argyrodites (referring to approach 2) have been synthesized adopting the general formula
Lis+x[M1aM2,M3cM44]Ssl, with M being P, Si, Ge, and Sb, achieving high ionic conductivi-
ties (2 10 mS cm™) in Lis.5[Po.25Si0.25Ge0.25Sbo.25]Ssl (EQ), Lis.e6[Po.167Sio.5sGe0.167Sbo0.167]Ss!
(Sio.s) and Lis.es[Po.167Si0.167Ge0.5Sbo0.167]Ss1 (Geo.s).[*221 In general, an increase in Li con-
tent led to a significant increase in ionic conductivity. Specifically, the conductivity in-
creased from below 1 mS cm™ (for Po.7s and Sho.7s) to above 10 mS cm™ (for Sio.s and
Geos) when the Li content varied from 6.17 (for Po.7s and Sho.7s) to 6.66 (for Sio.s and Geo.s)
per formula unit. The high ionic conductivity observed for cation substituted lithium argy-
rodites could be attributed to the presence of two additional Li inter-cage sites induced by
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increasing the total Li content. This resulted in a shortened inter-cage jump distance, fur-
ther facilitating long-term lithium diffusion. Despite, no direct correlation between configu-
rational entropy and ionic conductivity, interestingly, again the direct correlation was ob-
served between configurational entropy and activation energy. The samples with similar
AScont showed similar very low activation energy (around 0.21 eV), yet significant differ-
ences in ionic conductivity (1.91 mS cm™ for Posand 14.6 mS cm™ for Geos), suggesting
that configurational entropy plays a non-negligible role in lowering the activation energy.
Delving deeper into the effect of configurational entropy on Li-ion transport, in general, the
complex substitution strategy significantly improved Li-ion mobility, achieving y > 1076 cm?
V™1 s71 one order of magnitude higher compared to common highly conducting lithium
argyrodites. To rationalize this, one can assume an increased configurational entropy
AScontleads to an increased vibrational entropy ASvib. This might lower the energy barrier
for diffusion and fasten Li-ion mobility through phonon-ion interactions. Turning back to the
initial question of how configurational entropy affects ionic conductivity, ionic conductivity
is the product of ion mobility, charge of the mobile ions and charge-carrier density. Thus,
increasing ion mobility or charge carrier density can allow to reach high ionic conductivity.
Increasing configurational entropy via compositional design could achieve both, and un-
lock compositional limitations for the design of advanced solid electrolytes.

In addition to AScont cation €Nngineering, alternatively, high-entropy lithium argyrodites (AScont
>1.5R) can also be achieved through tuning AScont,anion. In Publication 1V, isovalent substi-
tuted halogen-rich high-entropy argyrodites with a fixed Li content Lis.sPSa4.5CIxBrisx (X =
0-1.5) have been investigated.?” These materials demonstrate very high ionic conductivity
by adjusting the anion disorder between sulfur, chlorine, and bromine, distributed across
two crystallographic sites (4a and 4d). No differences in Li distribution and jump distances
among these materials, characterized via NPD, challenge conventional structure-property
explanations. Interestingly, Lis.sPSa4.5Clo.sBro.7 demonstrated both the highest ionic conduc-
tivity (=9 mS cm™ from EIS and ~22 mS cm™ from PFG-NMR) and a maximum AScont
(1.98R), hinting at a possible direct correlation between AScont and lithium transport again
possibly attributed to the beneficial phonon-ion interactions.

After achieving high ionic conductivities of gion ~ 10 mS cm at room temperature, via
varying anion and cation compositions, including Lis.s[Po.25Si0.25sG€0.25Sbo.25]Ssl (EQ),
Lis.67[Po.16Si0.5Ge€0.16Sbo.16]Ssl  (Sio.s),  Lis.s7[Po.16Sio.16Ge0.5Sbo.16]Ssl  (Geos) and
Lis.sPS4.5Clo.sBro.7 (I-free), this renders these materials promising as solid electrolytes for
bulk-type SSB applications.[?? Also, the possibility of improving the (electro)chemical sta-
bility via compositional design was investigated. Hence, in Publication V, the electrochem-
ical stability, lithium metal anode compatibility, and electrochemical performance of these
complex-substituted lithium argyrodites have been systematically investigated using CV,
time-resolved EIS and galvanostatic charge-discharge cycling and compared to the com-
mercially available SE LPSCI.[??l Overall, anion substitution prevails over cation substitu-
tion, including broader electrochemical stability window (ESW) and more stable evolution
of interfacial resistance with the Li metal electrode. Typically, oxidative stability of solid
electrolytes depends on the anion composition. The higher ionization potentials and
stronger bonding strengths of Br~ and CI~ compared to I~ suggest enhanced oxidation
stability in iodine-free and LPSCI SE.[?4 Li metal compatibility was characterized by using
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symmetrical Li|SE|Li cell configurations. The total resistance difference (ARtotar) from inter-
phase and interface contributions after 24 hours indicates that both LPSCI and the I-free
SE demonstrate superior stability against lithium metal, forming a stable SEI over time,
with the I-free SE showing particularly low resistance (ARwtal = 34.5 Q). In contrast, com-
plex cation substituted SEs formed kinetically unstable mixed ionic/electronic conducting
interfaces/interphases, attributed to the potential formation of electronically conductive Li-
metal alloy (e.g. LixGe, LiySi and Li:Sb) at the SE/Li interface, which could lead to contin-
uous degradation and pronounced impedance growth.?4 Finally, applied as SEs in pellet-
type SSB cells, the compositionally complex solid electrolytes outperformed the reference
LisPSsCI at room temperature. High currents were achieved due to their higher ionic con-
ductivity, while the lower stability of the cation substituted materials led to accelerated ca-
pacity fading upon cycling. However, utilizing these materials only as the separator layer
positively affected the cell cyclability. The overall best performance was still achieved with
Lis.sPS45Clo.sBro.7 (I-free), a superionic high-entropy solid electrolyte. In particular, long-
term cycling over 700 cycles at room temperature also performed for I-free electrolytes,
showing no virtual capacity decay. Even though the initial electrochemical evaluation sug-
gests that the LissPSasClo.sBro.7 is relatively stable against Li metal, the performance at
high-current densities and high areal capacity Li stripping/ plating needs to be further ver-
ified. Moreover, for large-scale manufacturing, developing solution-based synthesis for this
material and understanding the influence on ion transport is important for future research.

In summary, high-entropy lithium argyrodites with high ionic conductivity can be achieved
through either cation or anion substitution, attributed to increased Li content per formula
or Li vacancies enabled via entropy engineering, respectively.l1820.21 However, the under-
lying mechanism of the configurational entropy effect on Li transport remains to be further
investigated, particularly with regard to the very low activation energy (Ea) and high Li*
mobility. Considering the large disorder of the cation and anion sublattice, phonon effects
cannot be ignored.®*5"1 Therefore, remaining open questions relate to how lattice dynam-
ics affect ion transport in such materials. Note that increased structural complexity (in-
creased ASconr) likely affects the vibrational entropy (ASvib), associated to phonon broad-
ening, which is known to impact ion diffusion. For lithium argyrodite LisPSsCl, Ding et al.
investigated the strong softening of the anharmonic Li-associated low-energy phonons as
a function of temperature. The low-energy phonon modes (<10 meV) are important for fast
ion conduction.®8 Thus, to gain detailed insights into the lattice vibration weighed by pho-
non density of states, inelastic neutron scattering is essential for the future research (aim-
ing to fully determine the lattice dynamics and deepen the understanding on how configu-
rational entropy affects ion transport).

Entropy stabilization as such has not been discussed in this thesis. High-entropy materials
are traditionally believed to require high-temperature synthesis during solid-state reactions
to lower Gibbs free energy.['”l In addition to thermodynamic factors, slower kinetics were
preliminarily assumed for high-entropy materials, due to potentially complex intermediate
phase formations that may hinder the inter-diffusion process.[*4 However, in contrast, it
has been reported for high-entropy lithium garnets that compositional complexity could
lower the phase formation temperature during annealing.[*3! Similarly, we observed that
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multication substitution could accelerate the kinetics, as evidenced by ex situ XRD exper-
iments. Although the phase evolution during annealing indicates a favorable trend, the
underlying thermodynamic driving force remains elusive and warrants deeper investigation
in the high-entropy materials field.

Referring back to the definition of AScontin equation (19), AScont should include the contri-
bution of every individual element at each occupied crystallographic site, ignoring dynamic
effects.[*8] In the context of superionic conductors, this raises an issue for mobile ions, such
as Li* (note that ASconr, Liwas not included in the calculation of AScont in this thesis). From
a crystallographic perspective, the crystallographic sites are partially occupied by Li*.
AScont, Li could be derived using equation (19), meaning that materials with more lithium
positions would present higher ASconf, Li. Most lithium superionic conductors (LGPS,
LizInClg, LLZO, and LPSCI) could thus be defined as high-entropy materials, as their ASconr,
Li values range between 1.0 and 2R. However, Li* diffuses so rapidly in superionic con-
ductors that unoccupied potential Li positions may not necessarily mean that Li* does not
occupy them—it could simply be that Li* diffuses so quickly that neutron diffraction cannot
detect it. Therefore, using a static descriptor like AScont, Li may not be appropriate for de-
scribing such a dynamic behavior. As such, we have not included the AScont, Li contribution
in this thesis. On the other hand, for superionic conductors, ASconr, Li IS strongly linked to
changes in free energy due to defect formation, and ASconf, vacancy Should similarly be con-
sidered, as it affects the concentration of charge carriers and activation energy.[?¢ Simply
excluding AScont, Li may not provide a complete theoretical model to explain the entropy
effect on ion diffusion. This raises important questions about how to incorporate both
AScont, Li and AScont, vacancy in Such models, potentially leading to a new definition and theo-
retical framework for high-entropy superionic conductors.

Ultimately, the high-entropy concept has proven effective in improving material properties.
However, to fully understand the mechanisms behind these improvements, advanced
computational algorithms and characterization techniques need to be developed and ap-
plied, as many areas in the field of high-entropy materials remain unexplored.
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6. Appendix
6.1. Summary tables

Table S1 Overview about reported room temperature ionic conductivities for different ox-
ide-, sulfide- and halide-based high-entropy (or multicomponent substituted) SEs high-

lighted in blue, green and yellow, respectively.

Materials N Gion Ea | Ref.
Compositions /' mS em-1 (EIS)
/ eV

Rocksalt (Mgo.2C00.2Nio.2Cuo.2ZNo.2)0.66Li0.330 ~1.0 (20°C) 0.20 [117]
LIPON (Lio.375Sr0.4375) (T ao.37sNbo.375Zr0.125Hf0.125) O3-4 0.256 - [133]
(Lio.375Sr0.4375)(Tao0.4sNbo.3Zro.125Hf0.125) O3-5 0.204 - [133]
LisLasZrosHfosTao.sNbo.sO12 0.33 0.44 28]
LisLasZro.sNbosTaosHfo5012 0.467 (23°C) 0.25 |y
Lis.aLasZro.4Tao.aNbo.4Y0.6Wo0.2012 0.16 0.23 [167]
LizLasZrosHfo.5Sco.sNbo.5O12 0.27 - [l

Garnet LizLasZro.4Hfo.4Sno.4Sco.4Tao.4012 0.17 0.406 | [su
Lis.sLasZro.4aHfo.4Sno.4Sco.2Tao.6012 0.32 0.403 | 031
Lis.aLasZro.4Hfo.4Nbo.4Tao.4aWo.4012 0.017 - [168]
Gao.zLis.7sLaz5Ndo.sNbo.esCeo.1Zr1Tio.2s012 0.1 - [169]
Gao.zLis.7sLa2sNdo.sNbo.ssTao.sCeo.1Zro.7sHfo.25 Tio.25012 0.2 0.33 [169]

S Lig.54[Si0.6Ge€0.4]1.74P1.44S11.1Bro.300.6 32 0.24 (10]
Lix(Feo.2C00.2Nio.2Mno.2ZNo.2) PS3 0.4 0.38 [z

LiCl-(LaCls - CeCls - ZrCls - AICl3 - TaCls)o.2 1 0.336 [171]

1.5LiCl-(LaCls - CeClz - ZrCls - HfCla - AICI3 - TaCls)ws 1.1 0.383 | [

Halide 1.5LiCl-(LaCls - CeCls - ZrCls - HfCls - TaCls)o.2 1.8 0.318 [171]
1.5LiCl-(LaCls - CeCls - HfCla - AICls - TaCls)o.2 1.3 0.364 [171]
Li2.8lN0.2Sco.2Ybo.2LUo.2Zr0.2Cls 2.13 0.286 | [32
Li2.75Y0.16Er0.16YDo0.161N0.25Zr0.25Cls 0.849 0.338 | 24
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Table S2 Li-ion conductivity (oion) at T = 298 K (unless otherwise noted) and activation energies (Ea) of various lithium argyrodites
determined by temperature-dependent EIS and “Li PFG-NMR spectroscopy. Without specific notation, the lithium argyrodites crystalized
in cubic symmetry (F43m)

Ea
Material / Tion - Ea (EIS) | (Li PFG- Site-in\_/ersi_on f'ﬂ 4d Li positions Ref.
mS cm / eV NMR) X1/ChZ /X2
/ eV
Li7-a-b-cPSe-a-bX1aX2b (X1=F, Cl, Br, I; X2=F, CI, Br, I)
LizPSs 0.55-1 0.475 - (172,173]
0.34 - [90,137,138,143,

LisPSsCl 1.3-3.4 0.38 0.29-0.35 0.538(Cl)/0.462(S?) T5(48h), T2(48h), T4(16€)* 173
LisPSsClo.sBros ~3 0.37 - 0.211(CI)/0.492(S%)/0.297(Br) T5(48h) [136,137]
LisPSsBr 1.09 0.30 - 0.221(Br)/0.779(S2) T5(48h), T5a(24q), T2(48h) (136,137]
LisPSsBroslos 1072 0.32 0.035(Br’)/0.965(S%) T5(48h), T5a(24g) [136,137]
LisPSs! 1073 0.38 - 0.0 (I/1.0(S?) T5(48h), T5a(249) [136,137]
LisPSslo.2sFo.75 0.15 0.34 - - - [174]
LisPSsF 0.23 0.45 - - - [175]
LisPSsFo.5Clo.s 0.35 0.32 - - - [175]
LisPSsFo.5Bro.s 0.32 0.37 - - - [175]
Lis.7sPS6.75Clo.25 0.7 0.447 - 0.108(Cl)/0.892(S?) T5(48h), T2(48h) [172]
Lis.25PS6.25Clo.75 1.2 0.45 - 0.426(Cl")/0.574(S?) T5(48h), T2(48h) [172]
Lis.75PS4.75Cl1.25 ~4.0 063:)0_ 0.35 0.67(CI)/0.35(S?%) T5(48h), T2(48h) (90.172]
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LissPSa5Clus 9.4 0.29 0.29 0.9(CI)/0.1(S?) T5(48h), T2(48h) [20,90,172,176]
Lis.sPS45Brs 6 0.183 - - T5(48h), T5a (24g) [177]
LissPS4sBris 10 0.188 0.24 - T5(48h), T5a(249) (20,177]
LissPS43Br: 5 10 0.178 - - T5(48h), T5a(24q) [177]
Lis7PS45CIBros 12 0.194 - 0.57(Cl)/0.11(S%)/0.32(Br) T5(48h), T5a(24g) [178]
LissPS4sCIBros 17 0.157 - 0.5(Cl)/0.28(S2)/0.22(Br") T5(48h), T5a(249) [178]
LissPS4sCIBro7 24 0.155 - 0.5(CI)/0.36(S2)/0.15(Br") T5(48h), T5a(24g) [178]
LissPS43Clo.3Bri4 17 0.197 - - T5(48h), T5a(24g) [179]
LissPS43Clo.7Br 24 0.155 - - T5(48h), T5a(24q) [179]
Lis3sPS45CIBro- 26 0.16 - - T5(48h), T5a(249) [179]
Lis3PS435Clo.3Bri 10 0.17 - - T5(48h), T5a(24g) [179]
Lis.sPS4sClo.4Bra 7.15 0.31 0.27 0.341(Cl")/0.390(S%)/0.277(Br) T5(48h), T5a(24g) [20]
LissPS45ClogBros 9.56 0.30 0.28 0.555(Cl")/0.289(S2)/0.147(Br) T5(48h), T5a(24g) [20]
LissPS45Cli2Bros 8.08 0.32 0.32 0.716(ClI)/0.136(S2)/0.145(Br") T5(48h) [20]
Li7-acYcPSe-aXa (X=ClI, Br, I; Y=AI, Ca, Ga, Ag, Cu, Fe, B

LisFeosPSs 0.14 - - - - [180]
Lis.7Alo.1PSsCl 3.7 - - - ] [176]
Lis.4Alo.2PSsCl 3.6 - - - - [176]
Lis7Gao1PSsCl 3.9 - - - - [176]
Lis.«Gao 2PSsCl 4 - - - - [176]
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Lis.sCao01PSsCl 4.3 0.35 0.33 0.83(C1)/0.17(S?) - [176]
Lis.6Cao2PSsCl 3.4 0.325 0.305 - [176]
Lis.4Alo.2PSsBr 2.4 0.254 - 0.2(Br)/0.8(S%) - [181]
Lis.4Bo.2PSsBr 1.3 - - - - [181]
Lis.45Al0.1PSa4.75Cl1.25 5.7 - - - - [176]
Lis.15Al0.2PS4.75Cl1.25 3.6 - - - - [176]
Lis.45Ga0.1PS4.75Cl1.25 4.8 - - - - [176]
Lis.35Ca0.1PSa.5Cl1.55 10.2 0.30 %2273' 0.867(CI)/0.133(S?) T5(48h) [176]
Lie.3P0.9CU0.1S4.9Cl1.1 4.2 0.27 - - - [182]
Lis.sCu0.2PS4.8Br1.2 35 0.24 - - - [183]
Li7-aM1M2Ss-aXa (X=ClI, Br, I; M1=P, Si, Ge, Sh; M2=P, Si, Ge, Sb)
Li7.3P0.7Si0.3Se 1.27 - - - - [184]
Li7.3P0.7Ge0.3Ss 1.96 - - - - [184]
L Z00eSiSs 13 104 0.66 ] ] T5(48h), T4(1$§;, T2(48h), T1, [185]
Lis.125P0.875Si0.125S5Br 0.8 0.19 - 0.18(Br)/0.82(S?) T5(48h), T5a(249) [186]
Lie.sPo.5Si0.5SsBr 2.2 0.26 - - - [186]
Lie.5P0.5Si0.5Ss 2.0 0.24 - 0.10(1")/0.90(S?) T5(48h), T5a(249) [187]
Lis.7P0.3Si0.7Ss! 2.0 0.22 - 0.12(1)/0.88(S?) T5(48h), T5a(249) [187]
Lie.3P0.7Sno.3Ssl 0.1 0.33 - - - [187,188]
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. ] ] T5(48h), T5a(24g), T4(16e), [187]
- 2:
Lic.6Po.4Geo.6Ssl 5.4 0.24 0.063(1")/0.937(S%) To(4sh)
14.8

Li6.7Sbo.3Sio.7Ss| 0.25 - 0.0(1/1.0(5%) T5(48h), T5a(24g), T4(16e), [11]

(302 K) T3(4c)

6.3

Lis.4Sbo.sGeo.4Ss! 0.23 - 0.0(I")/1.0(S?) T5(48h) [11]

(302 K)

Li7-aM1M2Che-aXa (X=ClI, Br, I; M1=P, Si, Ge, Sb; M2=P, Si, Ge, Sb, Ch=0, S, Se)

, - - - - 7 Li positions [135]
LizPSes (Pna2: at RT)
LisPSesl 0.28 0.285 - 0.0(1))/1.0(Se?) T5(48h), T5a(24g) [155]
Lie.3Sno.3Po.7Ses! 2.4 0.26 - 0.04(1)/0.96(Se?) T5(48h), T5a(249) [188]
Lis.0sPS4.900.1Cl1.05 7.49 - - - - [189]
LisPOsBr - - - - T5a(24g) [190]
LisPOsCl - - - - T5a(24g) [190]
LisSi04Cl, (Pna2,) ~107 0.560 - - 6 Li positions [191]
Lis 5P 25Si07505Cl
6.5I0.25910.75Us 182 x 10-6 0.52 i i T5(48h), T5a(249), T4(16e), [139]

(P2:3) T3(4c)
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6.2. Publication VI: Synthetic Tailoring of lonic Conductivity in Multicationic- Sub-
stituted, High-Entropy Lithium Argyrodites Solid Electrolytes

Publication VI is a follow-up to publication 1l (3.2). It illustrates the effect of cooling rate
(fast, moderate and slow cooling) during solid state synthesis on the bulk structure, surface
compositions as well as charge transport. It reveals that moderate cooling rates are favor-
able in achieving the highest conductivity compared to fast and slow cooling. No significant
differences in the bulk structure were observed through NPD and 3!P as well as 6Li MAS-
NMR, while surface compositions (e.g. SiO« and Sb3*) were found to vary with cooling
rates, as determined by XPS analysis. Moreover, based on electrochemical methods (EIS
and PFG-NMR), it was found that higher concentrations of SiOx and Sbh3*on the particle
surface, are associated with increased ionic conductivity and reduced electronic conduc-
tivity. Finally, moderate cooled Lie.5[Po.25Si0.25G€0.25Sbo.25]Ssl was electrochemically tested
in pellet-type SSBs with a layered Ni-rich oxide cathode at 25 °C, and compared with the
commercial available SE LisPSsCl. Although the high-entropy Li-ion conductor delivers
larger specific capacities than LisPSsCl-based cells at high current rates, its lower electro-
chemical stability results in continuous capacity fading.

Effect of cooling rate on charge transport

Crystal
structure

Li'=Li" jump
distance

Surface
composition
0

Bocteg enangy | ¢

Figure 20 Table of Contents (TOC) of Publication V. Adapted from reference [23].

The experiments were planned and designed by the first author, J. Lin. under the supervi-
sion of J. Janek, T. Brezesinski and F. Strauss. The first author designed the conception
and optimized the synthesis method. The NPD measurements were carried out at Institute
Laue-Langevin (ILL D2B) (D2B) under proposal number (5-21-1164) with assistance from
C. Ritter and J. Lin analyzed the results. J. Lin carried out the electrochemical experiments
(EIS, CV and GCPL) and data analysis. J. D supported part of SSB assembling. M. Schéafer
carried out the “Li PFG-NMR measurements and analyzed the date together with J. Lin.
G. Cherkashinin conducted the XPS experiments and analyzed the data and assisted in
the interpretation. G. Melinte performed the (S)TEM investigation. S. Indris carried out the
MAS NMR spectroscopy experiments. The XAS experiments were carried out by Y. Hu
and J. Lin analyzed the data. The main part of first draft was written by F. Strauss, while
the experiment and data analysis were mainly performed by J. Lin. J. Lin supported writing
of the publication. The final paper was then edited by all co-authors.
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Reprinted with permission from J. Lin, M. Schaller, G. Cherkashinin, S. Indris, J. Du, C. Ritter, A. Kondrakov, J. Janek, T. Brezesinski, F. Strauss, Small
2023, 2306832. Copyright © 2023 The Authors. Small published by Wiley-VCH GmbH. T.
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Synthetic Tailoring of lonic Conductivity in Multicationic
Substituted, High-Entropy Lithium Argyrodite Solid

Electrolytes

Jing Lin, Mareen Schaller, Gennady Cherkashinin, Sylvio Indris, Jianxuan Du,
Clemens Ritter, Aleksandr Kondrakov, Jiirgen Janek, Torsten Brezesinski,*

and Florian Strauss*

Superionic conductors are key components of solid-state batteries (SSBs).
Multicomponent or high-entropy materials, offering a vast compositional
space for tailoring properties, have recently attracted attention as novel solid
electrolytes (SEs). However, the influence of synthetic parameters on ionic
conductivity in compositionally complex SEs has not yet been investigated.
Herein, the effect of cooling rate after high-temperature annealing on charge
transport in the multicationic substituted lithium argyrodite

Lig 5[Po.25Si0.25G€025Sby 251S5 | is reported. It is demonstrated that a
room-temperature ionic conductivity of ~12 mS cm~ can be achieved upon
cooling at a moderate rate, superior to that of fast- and slow-cooled samples.
To rationalize the findings, the material is probed using powder diffraction,
nuclear magnetic resonance and X-ray photoelectron spectroscopy combined
with electrochemical methods. In the case of moderate cooling rate, favorable
structural (bulk) and compositional (surface) characteristics for lithium
diffusion evolve. Lig [Py ,5Siy 25Gep 25Sby 251Ss1 is also electrochemically tested
in pellet-type SSBs with a layered Ni-rich oxide cathode. Although delivering
larger specific capacities than LigPS;Cl-based cells at high current rates, the
lower (electro)chemical stability of the high-entropy Li-ion conductor led to
pronounced capacity fading. The research data indicate that subtle changes in

1. Introduction

Increasing demands for fast charging,
high-energy-density rechargeable batter-
ies have pushed academic and industrial
research towards solid-state battery (SSB)
design.'?] From a materials perspective,
this is pursued through the development
of improved cathode, anode and solid
electrolyte (SE) materials.**] Apart from
the challenge of utilizing lithium-metal
anodes and designing a stable interface
between the cathode active material (CAM)
and the superionic SE, a key require-
ment for achieving advanced SSBs is
the use of (electro)chemically stable and
mechanically soft ion conductors. In this
regard, lithium thiophosphates repre-
sent a major class of promising SEs, as
they offer high ionic conductivities and
are mechanically soft. The latter allows
for intimate contact with the active elec-
trode material(s), which in turn helps

bulk structure and surface composition strongly affect the electrical

conductivity of high-entropy lithium argyrodites.

reducing detrimental (chemo)mechanical
effects during cell cycling.l>7]

Particularly lithium argyrodites with the
general formula Li, PS;X (with X = CI, Bror

J. Lin, J. Du, A. Kondrakov, . Janek, T. Brezesinski, F. Strauss
Battery and Electrochemistry Laboratory (BELLA)

Institute of Nanotechnology (INT)

Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Germany

E-mail: torsten.brezesinski@kit.edu; florian.strauss@kit.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202306832

© 2023 The Authors. Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/smll.202306832

Small 2023, 2306832

2306832 (1 of 12)

M. Schaller, S. Indris

Institute for Applied Materials—Energy Storage Systems (IAM-ESS)
Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Germany

G. Cherkashinin

Advanced Thin Film Technology

Institute of Materials Science

Technical University of Darmstadt

Alarich-Weiss Str. 2, 64287 Darmstadt, Germany
C. Ritter

Institut Laue-Langevin

Grenoble Cedex 9 38042, France

A. Kondrakov

BASF SE

Carl-Bosch-Str. 38, 67056 Ludwigshafen, Germany

© 2023 The Authors. Small published by Wiley-VCH GmbH

97



ADVANCED
SCIENCE NEWS

6. Appendix

sl

www.advancedsciencenews.com

I) were subject of intense SE development. Over the years,
their ionic conductivity could be increased beyond 10 mS cm™!
through substitution on the P and/or X site.®!3] Substitutions
typically increase the S*~ /X~ site inversion and/or modify the
lithium sublattice, which can lead to high ion mobility.!!%121415]
Apart from improving ionic conductivity in crystalline solids
by iso- or aliovalent substitutions in the host lattice,/'*'7] the
temperature profile used in the solid-state synthesis, i.e., the
annealing temperature and especially the cooling rate, can
also have a profound effect on the resulting charge-transport
properties. For instance, fast cooling via immersing the sample
in liquid nitrogen immediately after annealing can stabi-
lize high-temperature polymorphs or point defects at room
temperature!'®2!] or freeze the S?~/X~ site inversion in the
case of Li,PS;Br and Li;sPS,;Cl,s (possibly leading to en-
hanced conductivity).>”] When it comes to high-entropy
(compositionally complex) lithium-ion conductors, the effect of
annealing temperature and cooling rate in general has not yet
been thoroughly investigated.

For high-entropy materials (HEMs), which are characterized
by a AS_,, > 1.5R (with AS_,  representing the configurational
entropy), the emergence of new and/or improved properties has
been reported.”** Various HEMs including oxides, sulfides and
carbides have been synthesized and employed, among others,
as battery materials, catalysts or thermoelectrics.*"*?! Recently,
this concept has been transferred to ceramic ion conductors,
and some promising materials crystallizing in garnet, rock salt
or Na Superlonic CONDuctor (NASICON)-type structures have
been reported.***”) However, their (electro)chemical assessment
is sparse, and very high ionic conductivities could so far only
be achieved for multicationic and -anionic substituted sulfide-
based SEs.[**3%3%] Depending on the elemental composition, the
entropy contribution may compete with (destabilizing) positive
mixing enthalpies AH, ;. This is particularly critical at low tem-
peratures. While a uniform solid solution may be achieved at el-
evated temperatures during synthesis, the entropy term may be-
come too small during cooling, leading to demixing depending
on the cooling conditions. Whether demixing has a negative ef-
fect on ionic conductivity is unclear, and it surely depends on the
type of demixing, i.e., if spinodal decomposition occurs or nucle-
ation is required during the demixing process.

In view of these considerations, herein we report on the in-
vestigation into how the temperature profile, in particular the
cooling rate after high-temperature annealing, affects the ionic
conductivity in a multicationic substituted (high-entropy) lithium
argyrodite. We demonstrate that altering the cooling rate in the
synthesis of Lig 5[Py 55 Sij 25 Geg »5Sby 55]S51 has indeed a profound
effect on conductivity. We find that the maximum ionic conduc-
tivity is achieved when the sample is cooled at a moderate rate.
Using a combination of structure and charge-transport charac-
terization techniques, the crystalline lattice is found to be rela-
tively robust against different cooling rates, however it exhibits

J. Janek

Institute of Physical Chemistry & Center for Materials Research
(ZM/LaMa)

Justus-Liebig-University Giessen

Heinrich-Buff-Ring 17, 35392 Giessen, Germany
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unique characteristics that enable high ionic conductivity. In ad-
dition, X-ray photoelectron spectroscopy (XPS) revealed a sur-
face composition that deviates from the original stoichiometry
but appears to be beneficial for charge transport. Finally, the as-
synthesized SE was tested in pelletized SSBs and compared to
the commonly used argyrodite Li;PS;Cl. Because of the much
higher ionic conductivity of the high-entropy material, larger cell
capacities were obtained, especially at high C-rates. Yet, the lower
(electro)chemical stability of Lig5[Py,5Sig 25 Geg,sSby »5]Ss1 than
LigPS;Cl led to a stronger capacity decay during cycling.

2. Results and Discussion

Inorganic superionic conductors consisting of a compositionally
complex rigid host structure and a defective lithium sublattice
(with mobile ions) may be highly sensitive to the synthesis pro-
cedure, i.e., annealing temperature and cooling rate. Regarding
the synthesis of lithium argyrodites, temperatures ranging from
~300 to 550 °C with dwell times ranging from a few hours to
days are usually applied in the annealing step. However, incorpo-
rating a high-energy milling step prior to heating can strongly re-
duce the required annealing time and induce crystallization, and
is even more crucial in the case of compositionally complex mate-
rials for ensuring uniform mixing of precursors/elements. Here,
stoichiometric amounts of precursors were mixed by ball milling
at a relatively low speed, and differential scanning calorimetry
(DSC) measurements were performed to reveal potential crystal-
lization and decomposition temperatures (Figure Sla, Support-
ing Information). Based on the DSC results, three different an-
nealing temperatures, namely 400, 500 and 550 °C, were tested.
The corresponding X-ray diffraction (XRD) patterns indicated
that 500 °C leads to negligible Li, S and Lil impurity phase forma-
tion (Figure S1b,c, Supporting Information). Moreover, the ma-
terial obtained at 500 °C exhibited the highest room-temperature
ionic conductivity (in cold-pressed state) among the different
samples (10.7 mS cm™!, see Table S1, Supporting Information).
Therefore, an annealing temperature of 500 °C was selected for
any further experiments.

A schematic presentation of the synthesis protocol used and
the respective temperature profile are depicted in Figure 1a. Af-
ter the first precursor mixing step (1 h at 250 rpm), the milling
speed was increased to 450 rpm, and milling was continued
for another 10 h. Subsequently, the recovered powder was pel-
letized, annealed for 10 h and thereafter cooled at three differ-
ent rates, namely fast cooling via quenching in liquid nitrogen,
moderate (medium) cooling over a time of 1.5 h (5 °C min™')
and slow cooling over ~48 h (10 °C h™!), which is referred to
as Q, MC and SC, respectively, hereafter. As can be seen from
the XRD patterns in Figure 1b, the high-energy milling step al-
ready induced crystallization of the argyrodite phase. This is com-
monly observed in the literature for non-high-entropy lithium
argyrodites.!***2] A small crystallite size can be expected consid-
ering the broad reflections. To improve crystallinity of the mate-
rial, pelletized samples were annealed in vacuum-sealed quartz
ampules for 10 h at 500 °C. At first glance, no major differences
in the patterns were noticed (Figure 1b). To probe the crystal
structure, the samples were subjected to high-resolution neu-
tron powder diffraction (NPD) at 298 and 10 K (to minimize
atomic displacement), followed by Rietveld refinement analysis.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Synthesis and structural characterization of Lig s [P 55Sig 25G€g 25 Sbg 25]S5 1. a) Schematic illustration of the synthesis pathway including milling
and annealing, followed by one of the three chosen cooling rates. b) XRD patterns for the ball-milled precursor mixture and samples prepared with
different cooling rates. c,d) NPD patterns and corresponding Rietveld plots at T= 10 K for slow- and fast-cooled samples. The open circles and black

and gray lines represent the observed, calculated and difference profiles, respectively. Expected Bragg reflections are indicated by vertical ticks.

The Rietveld profiles for the Q and SC samples measured at
T = 10 K are exemplarily shown in Figure 1c,d. The patterns
could be indexed in the F—43m space group with very similar
lattice parameter of a = 10.25696(6) A (SC) and 10.25347(4) A
(Q) (a = 10.24932(5) A for the MC sample, see Table S2, Sup-
porting Information). The structural parameters from Rietveld
analysis are given in Table S3-S6 (Supporting Information)
and ref. [36].

© 4b (P, Si, Ge, Sb)
o 16e (S)

O 4a (S,
0 4d (S,
O 48h, 24g (Li)

The calculated crystal structure of Ligs[Pg,s5Siy,5Gegos-
Sby5]Ss1 is depicted in Figure 2a. The S*~ and I~ ions form a
face-centered cubic anion sublattice (Wyckoff positions 4a and
4d), and in addition, S*~ ions are located in half of the tetrahedral
voids (16e) around the multicationic substituted octahedral sites
(4b), forming [P ,5Si;,5Ge,,5Sbg ]S>~ polyanions. In fact,
such mixed polyanions constitute a combination of individual
[PS,]*", [SiS.]*", [GeS,]*~ and [SbS,]>~ species, which are evenly

N
N

Figure 2. Crystal structure of Lig 5[Pg 25 Sip 25Geg 25Sbg 25]Ss 1. @) Schematic view with the different Wyckoff positions and their elemental constituents
indicated in the legend on the right. b) Bond-valence energy landscape revealing the 3D lithium diffusion pathways (gray trajectories). For clarity, only
atoms on the 4a and 4d sites are shown. [P s Sig 5 Geg 25 Sbg 25]S4>°~ polyanions are depicted as pink tetrahedra.
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Figure 3. Sulfide-based tetrahedral polyanions revealed by MAS NMR
spectroscopy. a) 3'P, b) 2°Si and c) °Li spectra collected from the
Lig 5[Pg.25Si0.25Geg.25Sbg 25]Ss! samples prepared with different cooling
rates (Q, MC and SC refer to fast, medium and slow cooling, respectively).

distributed throughout the lattice. Moreover, in the argyrodite
structure, S*~ (4d) and I~ (4a) anions are known to mix over
the respective Wyckoff positions (S>~/X~ site inversion). We
found a site inversion of ~13% for the Q and SC samples,
compared to 12% for the MC sample, among the highest values
reported in the literature for S*~/I- mixing. Analysis of the
NPD data also provided detailed structural information on the
lithium sublattice. The Li atoms usually form Frank-Kasper
polyhedra around the 4d site, expressed in two Wyckoff posi-
tions, namely 48h and 24g,®! thereby producing 3D lithium
diffusion pathways (Figure 2b). For the Q sample, it was found
that 70 and 30% of Li is located on 48h and 24g, respectively,
at room temperature. Upon reducing the cooling rate, the Li
occupancy on the 48h site is lowered to 62 and 60% for MC
and SC, respectively (Figure S2a, Supporting Information). We
note that the occupancies remained virtually unaltered at 10 K.
Surprisingly, a slight increase in Li situated on the 24g site was
observed with decreasing cooling rate, which can be regarded
as an intermediate/transition site. Therefore, the opposite trend
might be expected, meaning quenching the sample should lead
to increased Li occupancy on 24g. This counterintuitive finding
seems to be a result of the large lattice distortions prevailing
in high-entropy lithium argyrodites. The slightly varying Li
occupancies also led to somewhat different Li-Li jump distances,
with the intercage jump distance being an important structural
parameter in determining the long-range lithium-diffusion
characteristics (Figure S2b, Supporting Information). At room
temperature, this distance was smallest for the MC sample
[3.24(2) A, compared to 3.28(3) and 3.25(3) A for Q and SC,
respectively, see Table S7, Supporting Information). Naturally,
all Li-Li distances were lower upon cooling to 10 K.

To further corroborate the presence of [PS,]*~ and [SiS,]*
tetrahedra within the Lig 5[Pg ,5Si, 5 Gey 55Sby ,5]S5 1 structure and
reveal the presence of potential amorphous impurities (invisi-
ble from diffraction data), *'P, 2°Si and °Li magic-angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy mea-
surements were carried out. The respective spectra are shown in
Figure 3. A distinct peaks at 91.2 ppm was observed for *' P for all
samples (Figure 3a), indicative of phosphorus being in a [PS,]>
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(tetrahedral) environment and consistent with the chemical shift
found for other lithium thiophosphates.*>3¢4] It should be
noted that, compared to Li PS;I, the *'P signal was shifted by
&5 ppm, which is probably due to the unique chemical environ-
ment around the [P ,sSi;,sGey,5Sby ]S, >~ tetrahedra.®! Re-
garding the #Si signal, a distinct peak located at 11.5 ppm was ob-
served in all cases (Figure 3b), evidencing the presence of [SiS,]*
species, in agreement with literature results.***?! In the °Li MAS
NMR data (Figure 3c), a peak at 1.49 ppm appeared, similar to
other lithium argyrodites./*#**¢] Overall, comparable spectra with
no signs of impurity contributions were obtained for the samples
prepared with different cooling rates. This again demonstrates
the minor effect that cooling rate has on the average/local crystal
structure and further verifies the robustness of the high-entropy
argyrodite lattice.

The local structure of the [GeS,]*” tetrahedra was stud-
ied by Ge K-edge transmission X-ray absorption spectroscopy
(XAS) measurements conducted on the MC sample and
a GeS, reference material. Extended X-ray absorption fine
structure (EXAFS) spectra [k’-weighted y(k)] and the corre-
sponding magnitudes of the Fourier transform are shown in
Figure S3a—c (Supporting Information). The | (R)| peak for both
the Lig [Py ,s5Sij,5Gey,5Sb,,5]SsI and GeS, is located at R =~
1.65 A, indicating the presence of [GeS,]*" tetrahedra.l*’]

To gain information on the oxidation state of the elements and
possible differences in near-surface composition, XPS measure-
ments were carried out. The respective binding energies from
curve fitting are given in Table S8 (Supporting Information). For
the Sb 3d core-level region, only the 3d; , components are shown
(Figure 4a—c) due to the large spin-orbit splitting (x9.3 eV). For
all samples, the Sb 3d;, spectrum is superimposed by the O 1s
signal at a binding energy of ~532 eV. The asymmetry of the Sb
3d;), line indicates two different oxidation states, with peaks cen-
tered at 530.3 and 529.4 eV. They can be assigned to Sb°* and
Sb**, respectively, in a Sb-S chemical environment, originating
from the presence of [SbS,]*~ structural motifs and Sb** sur-
face impurities./****-% The asymmetric O 1s line also points to-
ward at least two chemical states, which can most likely be at-
tributed to oxygenated Si, Sb, P and/or Ge. However, clear as-
signment is challenging. The S 2p detail spectra are depicted
in Figure 4d-f, with the main contribution at 161.4 eV evidenc-
ing the presence of sulfide species, in agreement with literature
data.’651-53] In addition, a minor S 2p component is evident at
163.5 eV, which is usually ascribed to polysulfide impurities.**!
Figure 4g-i shows the P 2p core-level region, revealing a dou-
blet peak at 132.2 eV for all samples characteristic of the [PS,]*~
units.1*¢5153:56] The Si 2p data are centered at ~101 eV, and again,
they are virtually identical for the different samples (Figure 4j-1).
The major component can be assigned to [SiS,]*", in agreement
with reports available in the literature,’”*8] while the minor com-
ponent at 102.6 eV lies in between the binding energies usu-
ally detected for [SiS,]*” and SiO,. It can thus be correlated with
partially oxygenated SiO, surface impurities.**>7-%] The I 4d re-
gion (~2.0 eV spin-orbit splitting) is depicted in Figure 4m-o.
The presence of I~ is apparent from the characteristic contribu-
tions, with the major one at ~#49 eV and the minor one centered
~0.5 eV higher in binding energy. It has been hypothesized that
these contributions stem from two different crystallographic en-
vironments in the structure (4a and 4d sites).l**) The Ge 3d and
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Figure 4. Effect of cooling rate on surface composition of Lig 5[Pg 25 Sig 25Ge0 25 Sbg 25551 probed using XPS. High-resolution a—) Sb 3ds; and O 1s,
d-f) S 2p, g—i) P 2p, j-l) Si 2p, m—o) | 4d and p-r) Sb 4d and Ge 3d photoelectron spectra collected from samples prepared with different cooling rates
(Q, MC and SC refer to fast, medium and slow cooling, respectively). Black dots and solid lines represent the experimental data and curve-fitting results,

respectively.

Sb 4d regions are shown in Figure 4p-r. The Sb 4d peaks com-
prise two contributions, at ~34.3 and 33.2 eV, confirming the
presence of Sb>* and Sb**, respectively, at the near-surface re-
gions of the samples. In addition, the Ge 3d spectra (=30.8 eV)
seem to indicate the presence of a single component (correspond-
ing to [GeS,]*").1*861] Taken together, the spectra collected from
the samples prepared with different cooling rates were found to
be very similar for the S 2p, P 2p, I 4d and Ge 3d core levels.
However, the data also revealed increased Sb** (contribution at
529.4 eV) and SiO, (contribution at 102.6 eV) contents for the MC
sample.

To visualize the complex surface composition of
Lig 5[Pg5Siy,5Geg5Sby 55]S51, scanning transmission electron
microscopy (STEM) imaging combined with energy-dispersive
X-ray spectroscopy (EDX) was used. As shown in Figure 5,
particles in the micrometer size range were observed. The corre-
sponding elemental maps revealed uniform distributions on the
nanoscale. As expected, oxygen was also found on the particle
surface, in agreement with the oxygenated species detected
by XPS (see Figure 4a—c,j-l). According to quantitative XPS
analysis, the concentration of surface oxygen was much lower
than that of sulfur (Table S9, Supporting Information). However,

Figure 5. Results from STEM-EDX imaging/mapping. A representative high-angle annular dark field (HAADF) image and corresponding elemental maps

from EDX are shown.
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when the cooling rate was very low, a slight increase in oxygen
content was noticed (for the SC sample). Overall, the oxygen
signals from XPS and STEM-EDX can be clearly assigned to
surface impurity formation, despite the fact that the materials
were strictly handled under inert atmosphere.

After having revealed similar bulk and surface structural char-
acteristics for the Lig 5[Py 55 Sij 55 Ge; 5 Sby 55]S51 prepared with dif-
ferent cooling rates, the Li-ion dynamics were probed in the
temperature range of 30-70 °C using ’Li pulsed field gradient
(PFG) NMR spectroscopy (Figure S4, Supporting Information).
In so doing, diffusion coefficients of D;; = 6.58-10"2 m? s™! (Q),
7.09-107'2 m? s7! (MC) and 6.77-107'2 m? s™! (SC) were deter-
mined at 30 °C, which are on the same order of magnitude to that
of other highly conducting lithium thiophosphates.!%3645:46.62.63]
Arrhenius plots of diffusivity against reciprocal temperature are
shown in Figure 6a. Virtually identical activation energies of
E, = 0.20, 0.20 and 0.19 eV were determined from the slopes
(assuming Arrhenius-type temperature dependence) for Q, MC
and SC, respectively.

The electrical conductivities were determined by electrochem-
ical impedance spectroscopy (EIS) measurements conducted on
sintered pellets with ion-blocking electrodes between 15 and
65 °C. The corresponding Nyquist plots of the electrochemi-
cal impedance only revealed a capacitive tail, indicating high
ionic conductivity (Figure S5, Supporting Information). Room-
temperature conductivities of 11.9 (+0.39), 12.3 (+0.70) and 11.0
(+0.57) mS cm™! were calculated for Q, MC and SC, respectively,
and very similar activation energies of E, = 0.19 (Q), 0.19 (MC)
and 0.20 eV (SC) were determined from the corresponding Ar-
rhenius plots (Figure 6b). As can be seen, they agree well with
the 7Li PFG NMR results.

Using the Nernst-Einstein equation, the ionic conductivities
were also estimated from the diffusion coefficients. A summary
of the EIS and Li PFG NMR results is given in Table 1 and fur-
ther depicted in Figure 7a. From the data, it is evident that the
ionic conductivities determined by ’Li PFG NMR are lower by
~2 mS cm™!. This difference between EIS and ’Li PFG NMR
is presumably rooted in the contribution of (favorable) grain-
boundary conduction, as EIS probes the overall specimen con-
ductivity unlike ’Li PFG NMR (only bulk transport properties are
probed). However, a similar trend in conductivity with cooling
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Table 1. Summary of the Li-ion conductivities (¢;,,) at T= 298 K and cor-
responding activation energies (E,) from temperature-dependent EIS and
7Li PFG NMR spectroscopy measurements..

Sample Gion | MS cm™! Ey/eV Gion /| MScm™'  E, [eV[PFG
[Els] [EIS] [PFG NMR] NMR]
Quenching (Q) 11.9+0.39 0.19 +0.01 9.12 + 0.05 0.20+ 0.01
Medium cooling 123 +0.70 0.19 +0.01 10.9 + 0.04 0.20 + 0.01
(MC)
Slow cooling 11.0+£0.57 0.20+0.01 9.12 +0.05 0.19+ 0.01
(s9)

rate is apparent from both techniques. This means that the con-
ductivity of Lig 5[P,,5Siy,5Gey,5Sb, »5]SsI (MC) is indeed higher
than that of the Q and SC samples. No significant influence of
the cooling rate on activation energy was found.

To further assess the transport properties of the
Lig5[Pg25Sig,5Geg.5Sbg,5]SsI  samples, their electronic con-
ductivity was determined by DC polarization measurements
to be 3.83-10°, 3.18-10~7 and 1.23-10° S cm™! for Q, MC and
SC, respectively. Interestingly, MC was found to exhibit two
orders of magnitude lower electronic conductivity than the Q
and SC samples (Figure 7b). We assume that this is related to the
surface composition and presence of impurities. The fact that
the electronic conductivity is orders of magnitude higher than
that of other Li-ion conductors seems to be due, in part, to the
intrinsic properties of high-entropy lithium argyrodites.!*#66¢]

SSBs with lithium thiophosphate SEs typically make use of
cold-pressed materials. For that reason, the conductivity of the
different samples was also determined in a cold-pressed state.
As expected, the resulting ionic conductivities were somewhat
lower than those of sintered pellets. Nevertheless, high room-
temperature conductivities of 7.4 (+0.4), 10.9 (+0.25) and 5.5
(+0.15) mS cm™! were found by EIS for Q, MC and SC, respec-
tively, following a similar trend to the sintered pellets (Figure 7b).
As mentioned above, this means that the MC sample indeed
shows superior ionic conductivity over Q and SC and sintering
helps to achieve better grain contact, thereby minimizing grain-
boundary contributions.
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Figure 7. Bulk structure/surface composition-charge transport property relationships. a) lonic conductivities and activation energies determined by EIS
and 7Li PFG NMR spectroscopy. b) Comparison of ionic conductivities measured on sintered and cold-pressed pellets and electronic conductivities
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From a surface composition point of view, it is found that in-
creasing amounts of Sb** and SiO, species correlate with in-
creasing ionic conductivity and decreasing electronic conduc-
tivity (Figure 7c). Hence, slight changes in surface composi-
tion apparently can exert a substantial impact on the conduc-
tivity of polycrystalline materials. In this regard, it is important
to note that enhanced interfacial ion transport is a well-known
phenomenon!®%! and might play a role here as well. For exam-
ple, Sb,S; (with Sb**) is a poor electronic conductor,'*”%¥! which
agrees with our finding that an increasing Sb** (surface) frac-
tion leads a strong decrease in electronic conductivity. From a
structural perspective, the short Li-Li intercage jump distances
(Figure 7d), together with favorable surface/grain-boundary com-
position, are likely responsible for fast lithium transport in the
MC sample. These results collectively show that, in addition to fa-
vorable bulk structural features, the surface composition strongly
affects the overall ionic conductivity. However, little attention
has been paid to this in the context of sulfide-based SEs up
until now.

Finally, the electrochemical behavior of the best-conducting SE
sample (MC) was tested in pellet-type SSBs with a LINbDO;-coated
LiNij ¢;Co,,Mn; ,sO, (NCM851005) cathode and an indium-
lithium anode and compared to that of commercially available
argyrodite Li;PS;Cl. Initially, the cells were cycled at a C/10
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rate and 25 °C, followed by ex situ EIS measurements. For
the Ligs[Py,5Siy,5Gey,5Sby 55]Ss1, first-cycle specific charge and
discharge capacities of 237 and 182 mAh g™! were achieved,
which translates to 77% Coulomb efficiency (referred to as CE
in the following, see Figure 8a). In the case of Li;PS;Cl, the
cells delivered a lower charge but higher discharge capacity, with
4, = 221 mAh g and g, = 190 mAh g~!, corresponding to a
CE of 86%. The ~10% difference in CE upon using the multi-
component SE suggests a lower (electro)chemical stability com-
pared to the Li;PS;Cl. However, the impedance spectra revealed
a larger charge-transfer resistance for Li,PS;Cl (Figure 8b). Fit-
ting of the data allowed determining the different contribu-
tions to the overall impedance (Figure S6, Supporting Informa-
tion), namely bulk SE (R, ), SE grain boundary (R.;), CAM/SE
(Rcanyse) and anode/SE (R,,.4./se)- The Rgp was found to be
15.5 Q (12.2 Q cm?) for LigPS;Cl and only 3.4 Q (2.7 Q cm?) for
Lig 5[Py 551y 55Geg 5 Sbg 55]S5 1, presumably due to favorable grain-
boundary conduction as discussed above. For the Rcyyyse and
R, 0ae/s> Values of 78.9 Q (61.9 Q cm?)/6.6 Q (5.2 Q cm?) and
4.7 Q (3.7Qcm?)/27.1 Q (21.3 Q cm?) were obtained for Li;PS;Cl
and the high-entropy SE, respectively. Interestingly, the Rcayse
showed the opposite trend to the first-cycle CE, which was signif-
icantly lower for Lig 5[P, 55 Sij 25 G€; 5 Sby 55]Ss 1. We assume that,
despite more severe degradation, the charge transport through
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as working electrode. Data are averaged from two identical cells.

the cathode interface(s) is facilitated, which is directly reflected
in the impedance spectra.

Next, the SSB cells were subjected to rate capability and long-
term performance testing. To this end, the galvanostatic cy-
cling was conducted at 25 °C and C-rates ranging from C/2
to 2C (Figure 8c; Figure S7a, Supporting Information). For
Lig 5[Py 55 Sig5Ge,5Sby 55]S51, first-cycle specific charge and dis-
charge capacities of 226 and 168 mAh g~ were achieved at
C/2, corresponding to an initial CE of 74% (Figure 8d). In
contrast, the Li;PS;Cl-based cells delivered lower capacities of
4o, =198 mAh g' and g4, = 147 mAh g~', leading to a similar CE
of 74%. Notable is the large overpotential of the Li;PS;Cl-based
cells (increased by ~250 mV compared to the high-entropy SE,
see differential capacity plots in Figure S7b, Supporting Informa-
tion). This increase in overpotential is probably due to the lower
room-temperature ionic conductivity of Li;PS;Cl (2 mS cm™!
versus 11-12 mS cm™!). After five cycles, the C-rate was first
increased to 1C and then to 2C. As can be seen from the data
for the high-entropy SE, specific discharge capacities of ~135
and 101 mAh g~! were achieved at 1C and 2C, respectively. For
LigPS;Cl, the drop in discharge capacity with increasing current
rate was much more pronounced, with g, ~ 109 mAh g~! at
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1C and 53 mAh g! at 2C. This result can be explained by the
significantly higher ionic conductivity of the high-entropy SE,
which is capable of better accommodating high current densi-
ties (2C ~ 4.4 mA cm™?). Subsequently, the cells were cycled at
C/2 and found to undergo virtually linear capacity decay, with
qais ® 123 mAh g~! in the 49th cycle, corresponding to an over-
all capacity loss of 27% and 16% (relative to the initial discharge
capacity) for Li; 5[P,5Si; ,sGe(,5Sby5]Ss1 and Lig PS;Cl, respec-
tively. This difference in capacity retention provides evidence
for the lower electrochemical stability of the multicomponent
SE, for which possible decomposition phases (interfacial degra-
dation products) have recently been identified by XPS.I*/ Al-
though the initial CE (C/2 rate) was similar for both SEs tested,
it was lower for the high-entropy material during subsequent
cycling (Figure 8e). After an increase over the first five cycles,
the CE stabilized below 99% for Lig [P ,5Sip25G€025Sbg25]Ss1
but above 99.5% for Li;PS;Cl, corroborating the above con-
clusions. This further implies that the as-formed decomposi-
tion interphase is kinetically unstable, leading to continuous
SE degradation, which might be associated with the increased
electronic conductivity. Interestingly, a bump in the CE data
between cycles 30 and 40 was noticed for Li,PS;Cl, which is
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not mirrored in the specific discharge capacities in Figure 8c.
This has repeatedly been reported in the literature and assigned
to (chemo)mechanically-driven cell degradation.*"%7% However,
in the case of the Li, 5[P,5Sij 25 Gey »5Sby 25]Ss1, it did not occur,
and we assume that this is because of the different softness of the
SEs (Young’s modulus). Note that increasing compositional com-
plexity typically causes a lowering of the Young’s modulus.”!

To determine the (electro)chemical stability window of both
materials and deconvolute anodic and cathodic stability issues,
cyclic voltammetry (CV) measurements were conducted on mix-
tures of SE and carbon black as working electrode. Figure 8f
shows the first-cycle CV curves, which reveal larger currents in
the anodic and cathodic scans for Lig [P ,5Sig,5Ge 5 Sby 55151
This again confirms the lower stability of the high-entropy SE
(exhibiting a relatively narrow electrochemical stability window).
With further cycling (Figure S8, Supporting Information), a
strong decrease in the absolute reductive (cathodic) current was
noticed for both SEs, while the oxidative (anodic) current only
changed marginally in the case of the high-entropy SE.

Overall, the CV data agree with the results from galvanostatic
cycling, indicating the formation of a kinetically unstable decom-
position interphase that does not effectively prevent SE degrada-
tion during battery operation.

3. Conclusion

In summary, we have examined the impact of the synthesis pro-
cedure, especially annealing temperature and cooling rate, on
structure-charge transport property relationships in the multica-
tionic substituted Li 5[Py ,5Siy ,5Geg,5Sby 55]SsI SE. As reported
in the past for ceramic Li-ion conductors, the synthesis proce-
dure/conditions may have a profound effect on ionic conductiv-
ity, however clear trends have yet to be established. In the case
of Li;PS;Br, this has been attributed to increased S*~/Br~ site
inversion with fast sample cooling via quenching in liquid ni-
trogen, i.e., site-disorder freezing.!>-*’] For the material stud-
ied in this work, we found that the cooling rate after a given
high-temperature anneal indeed affects the ionic conductivity.
For medium cooling, an increase in conductivity over fast- and
slow-cooled samples was observed. To understand the origin of
this result, the bulk crystal structure was probed using XRD
and NPD in combination with MAS NMR spectroscopy. For the
medium-cooled sample, the shortest Li-Li intercage jump dis-
tances and a high degree of S?7/I~ site inversion (12-13%) were
found. Apart from these for ion mobility favorable bulk structural
characteristics, the surface composition was also investigated via
XPS and STEM-EDX. Small differences among the samples were
noticed, in particular the presence of increased amounts of Sb**
and SiO,, surface impurities for the medium-cooled material. It
can be assumed that the unique surface composition also affects,
at least to some degree, the conductivity. Overall, it seems that
the high ionic conductivity of the Lig [P, ,5Sij,5Ge 5 Sbg,5]Ss1
SE is mainly due to a combination of advantageous bulk and sur-
face structural/compositional features. However, the bulk crystal
structure was found to be less susceptible to temperature effects
than the surface (composition). The findings further emphasize
that classical synthetic approaches to optimize ionic conductivity
in ceramic ion conductors may not be transferable to composi-
tionally complex SEs.
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Because of the high room-temperature ionic conductivity, the
MC sample was also tested in pellet-type SSBs and the per-
formance compared to that achieved with Li;PS;Cl. The high-
entropy SE cells were capable of delivering larger specific dis-
charge capacities at high current rates but suffered from more
pronounced (electro)chemically-driven degradation, leading to
faster performance decay. The data clearly demonstrate that the
conductivity in lithium argyrodite SEs can be synthetically tai-
lored, however their stability seems to be lower than that of
Li;PS;Cl. This indicates that achieving high ionic conductiv-
ity is not the only challenge but other metrics, such as (elec-
tro)chemical stability and mechanical behavior, need to be con-
sidered too. Taken together, high-entropy SEs provide a vast com-
positional space that is not limited to sulfide-based materials,
thereby maximizing the opportunity to improve several key per-
formance indicators of SSBs by compositional design.

4. Experimental Section

General: I not stated otherwise, all work steps were performed under
inert atmosphere, and the precursors were used as received.

Synthesis: A stoichiometric mixture of Li,S (99.99%, Sigma-Aldrich),
P,Ss (99%, Sigma-Aldrich), GeS, (99.9%, Goodfellow), SiS, (99.99%,
Goodfellow), Sb,S; (99.99%, Alfa Aesar) and Lil (99.999%, Sigma-Aldrich)
plus 10 wt.% excess sulfur (99.99%, Sigma-Aldrich) was weighed into a
70 mL zirconia milling jar. Next, 20 zirconia milling balls with a diameter
of 10 mm were added, and the mixture was milled for 1 h at 250 rpm, fol-
lowed by 10 h at 450 rpm. The resulting powder was pressed into pellets
(~300 mg, 10 mm diameter) at 3 t and vacuum sealed in quartz ampules
(1073 bar). To avoid trace water, the ampules were dried at 500 °C using
a heat gun under dynamic vacuum (103 bar) prior to use. The samples
were then annealed at 500 °C for 10 h at a heating rate of 5 °C min~" and
cooled down at different rates: (1) Quenching in liquid N5, (2) 5 °C min~!
or (3) 10 °C h~". During the initial survey of the optimal temperature, the
samples were prepared as described above and annealed at 450, 500 or
550 °C for 10 h with heating and cooling rates set to 5 °C min~".

Differential Scanning Calorimetry: Measurements were performed at a
heating rate of 5 °C min~! using a NETZSCH DSC 204 F1 Phoenix. To this
end, the samples were sealed in alumina crucibles under Ar atmosphere.

Laboratory X-ray Diffraction: The samples were sealed in borosilicate
capillaries (0.68 mm inner diameter and 0.01 mm wall thickness, Hilgen-
berg) under Ar atmosphere and subjected to XRD analysis using a STOE
Stadi-P diffractometer with a DECTRIS MYTHEN 1K strip detector in
Debye-Scherrer geometry. The instrument utilizes a Mo anode to gener-
ate X-rays of wavelength 4 = 0.70926 A.

Neutron Powder Diffraction: ~ For NPD, cylindrical vanadium containers
of diameter 6 mm were filled with ~2 g of sample. The measurements were
performed at the D2B high-resolution powder diffractometer located at the
Institut Laue-Langevin (ILL) using a wavelength of 4 = 1.595072 A at both
T = 10 and 298 K. The diffraction data were analyzed via Rietveld refine-
ment using the FullProf Suite software.[?] The peak shape was modeled
using the Thompson-Cox-Hastings pseudo-Voigt function, and a point-
by-point background was subtracted. The following parameters were re-
fined one by one: Scale factor, peak shape parameters, lattice parame-
ters, atomic coordinates, individual anisotropic atomic displacement pa-
rameters and lithium occupancies. The zero-shift parameter was refined
last, and any occupancies that resulted in unreasonable values were disre-
garded. Finally, all parameters were refined simultaneously to ensure sta-
bility of the calculated crystal structure.

Magic-Angle Spinning Nuclear Magnetic Resonance Spectroscopy: A
Bruker Avance 500 MHz spectrometer was used for MAS NMR spec-
troscopy measurements with a magnetic field strength of 11.7 T, corre-
sponding to resonance frequencies of 73.6, 9.4 and 202.5 MHz for SLi,
2sj and 1P, respectively. The samples were inserted into 2.5 mm rotors

© 2023 The Authors. Small published by Wiley-VCH GmbH
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under Ar atmosphere and subjected to spinning at a frequency of 30 kHz.
The /2 pulse length was 2.8 ps for Li, 1.8 us for Si and 2.1 ps for >'P,
while the recycle delay was set to 30 s for ®Li and 60 s for 2°Si/*1P. The
chemical shifts are referenced to 1 M SLiCl for 6Li, tetramethyl silane for
2Sj and H;PO, (85%) for 3'P.

Transmission X-ray Absorption Spectroscopy: Measurements were per-
formed on a laboratory device (easyXAFS300+, easy XAFS LLC, Ren-
ton, WA, USA) based on Rowland-circle geometries. Pelletized samples
were prepared inside an Ar-filled glovebox. Appropriate amounts of the
Lig 5[Po.25Si0.25 G€g 25 Sbg 25]S5! (MC) and reference GeS, were diluted with
cellulose and then pressed into 10 mm diameter pellets, which were fur-
ther sealed by Kapton tape before being taken out from the glovebox. The
Ge K-edge absorption spectra were measured using a Ge(555) spheri-
cally bent crystal analyzer (SBCA) and an Ag X-ray tube. An energy step
of 0.25 eV was used for the X-ray absorption near edge structure (XANES)
region and a step of 0.05 A~! for the post-edge region (extended X-ray
absorption fine structure, EXAFS). Multiple scans for each sample were
performed to improve the signal-to-noise ratio and monitor the energy
drift. The absorption spectra were calculated according to the transmis-
sion relation u(E) = In(ly/1,) through a python-based software (easy XAFS
LLC, Renton, WA, USA), which was also used for dead time correction.
The reduced data were further processed and analyzed via the Demeter
system.

X-ray Photoelectron Spectroscopy: XPS was applied to examine the
differences in (surface) chemical composition of the different samples.
The SE materials were transferred from the glovebox to the spectrome-
ter (PHI 5000 VersaProbe equipped with a monochromatic Al K,, source,
hv = 1486.7 eV) without exposure to air. The diameter of the illumi-
nated area was 200 pm. Photoelectrons were collected with a pass en-
ergy of E ... = 23.5 eV at three different electron escape angles, namely
20, 45 and 90° with respect to the surface normal. Because the SEs
are poor electronic conductors, a neutralizer equipped with both a low-
voltage electron gun and a floating ion gun generating a low-energy ion
beam was used to compensate for sample charging. The binding en-
ergies are referenced to the C 1s photoelectron line of the C—C bond
(Epin, = 284.8 eV). Fitting of the spectra was done as detailed in the
literature.[36]

Electrochemical Impedance Spectroscopy: To measure the conductivity,
pellets made from 200 mg of ball-milled precursor mixture were com-
pressed at 3 t for 3 min in a 10 mm pellet die. They were then vacuum-
sealed in quartz ampules (10~ mbar) and annealed for 10 h at 500 °C us-
ing the same synthetic procedure mentioned earlier. In electrodes (10 mm
diameter) were attached on both sides of the pellets, and EIS was mea-
sured using a SP-200 potentiostat (BioLogic) with a 20 mV voltage am-
plitude from 0.1 Hz to 7 MHz. Spectra were collected in the temperature
range from 15 to 65 °C after at least 1 h rest for equilibration. The con-
ductivity was determined from the intercept with the x-axis, and the activa-
tion energy was calculated by linear fitting of the temperature-dependent
conductivity using the Arrhenius equation. Residual porosity was not con-
sidered. For EIS on cold-pressed samples, 2200 mg of powder was com-
pressed in a customized setup with stainless steel dies and a PEEK sleeve
(10 mm diameter) at 437 MPa for 3 min. A pressure of 250 MPa was main-
tained during the measurements.

DC Polarization: To determine the partial electronic conductivity, DC
polarization measurements were performed at 25 °C by applying different
voltages of 0.3, 0.4 and 0.5 V. Note that a similar setup as for EIS was used,
and the measurements were conducted on sintered pellets. The resistance
and the respective electronic conductivity were calculated from the steady-
state current.

Temperature-Dependent Pulsed Field Gradient Nuclear Magnetic Res-
onance Spectroscopy: Temperature-dependent 7Li PFG NMR measure-
ments were performed on a Bruker Avance 300 MHz spectrometer. The
samples were enclosed in an evacuated 5 mm borosilicate glass tube, and
a PFG probe with maximum gradient field strength of 30 T m~! was uti-
lized. To suppress the effect of eddy currents, a stimulated-echo pulse se-
quence with bipolar gradients was employed.I”>7#] Data were collected in
the temperature range from 302 to 345 K. The x/2 pulse length was be-
tween 5.35 and 5.9 ps, and the recycle delay was 0.4-0.6 s. For all samples
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and temperatures, gradient duration and diffusion time was 3 and 30 ms,
respectively.

Scanning Transmission Electron Microscopy: Specimen preparation was
done under Ar atmosphere in a glovebox (using a direct dispersion of the
dry powders), and transfer to the microscope was accomplished using a
Gatan inert transfer holder. The measurements were performed at 300 kV
on a Themis 300 electron microscope with a DCOR probe corrector and
Super X EDX detector.

Electrode Preparation and Cell Assembly and Testing:  For SSB cells, the
cathode composite was prepared by mixing LINbO;-coated NCM851005
(85% Ni, BASF SE) with the Ligs[Po2sSio2sGeosSbo2sISs! (MC) or
LigPSsCl SE (NEI Corp.) and Super C65 carbon black additive in a
69.3:29.7:1.0 weight ratio at 140 rpm for 30 min under Ar atmosphere us-
ing a 70 mL zirconia milling jar with 10 zirconia balls (10 mm diameter).
The NCM851005 was heated for 2 h at 730 °C in O, flow to remove sur-
face impurities, and the LiNbO; coating was prepared as reported in the
literature.!576] The Super C65 carbon black was also dried at 300 °C in a
dynamic vacuum overnight prior to use. For cell assembly, a customized
setup with stainless steel dies and a PEEK sleeve (10 mm diameter) was
used. First, ~100 mg of SE was compacted at 62 MPa to form the SE sep-
arator layer. The cathode (~13 mg) was then distributed onto the SE layer,
and the stack was compressed at 437 MPa. Finally, an In anode (8 mm
diameter, 125 um thickness, Goodfellow) combined with a Li disc (3 mm
diameter, 50 um thickness, Albemarle) was attached to the other side of
the separator layer. Galvanostatic testing was done at 25°C and under an
external pressure of 81 MPa in the potential window of 2.28-3.68 V versus
In/InLi (~2.9-4.3 V versus Li*/Li) after a resting period at open-circuit volt-
age (OCV) for 1 h using a MACCOR battery cycler. The C-rate was varied
from 0.5 to 2.0C, with 1C = 190 mA gncmssioos -

Cyclic Voltammetry: SE and Super C65 carbon black were mixed at
140 rpm for 30 min under Ar atmosphere using a 70 mL zirconia milling
jar with 10 zirconia balls (10 mm diameter). Cell assembly was done as
described above, except that ~13 mg of SE/Super C65 blend was used as
working electrode (cathode). Scanning was done between 0.92 and 3.68 V
versus In/InLi (21.54-4.3 V versus Li* /Li) at 0.1 mV s~ and 25 °C after a
resting period at OCV for 1 h using a SP-200 potentiostat (BioLogic).

Statistical Analysis:  If not stated otherwise, all quantitative results re-
ported in this paper are expressed as mean + standard deviation.
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Materials
General

If not stated otherwise, the work was conducted under inert argon atmosphere in a glovebox
(MBraun, with [O,] and [H,O] < 0.1 ppm) or using Schlenk line techniques. Chemicals were
used as received.

Lithium Selenide (Li,Se)

Li,Se was synthesized according to a procedure reported in literature.! 3.52 g Se powder (44.5
mmol, >99.5%, Sigma Aldrich) was slowly added to a solution of 48 mL 1.0 M lithium
triethylborohydride (Li(C,Hs);BH, 48 mmol, Super-Hydride® solution, Sigma Aldrich) in 48
mL tetrahydrofurane (THF, anhydrous, >99.9%, Sigma Aldrich) under vigorous stirring. After
the exothermic reaction slowed down, additional Li(C,Hs);BH (48 mL, 48 mmol) was added
gently, and the resulting white suspension was stirred at room temperature for 72 h. Afterwards,
the white precipitate was washed three times with 30 mL THF and dried in a vacuum (103
mbar) at room temperature for 12 h. The obtained powder was ground using a mortar and pestle
and subsequently heated at 140 °C in a dynamic vacuum for 12 h. The XRD pattern and
corresponding LeBail fit are shown in Figure S7.

HEARTI - LigPSs[Cly 33Bro.3310.33]

Stoichiometric amounts of Li,S (99.99%, Sigma Aldrich), P,Ss (99%, Sigma Aldrich), LiCl
(99.9%, Alfa Aesar), LiBr (99.999%, Sigma Aldrich), and Lil (99.999%, Sigma Aldrich) were
mixed using a zirconia milling jar with zirconia balls (10 mm diameter) for 1 h at 250 rpm, and
subsequently for 20 h at 450 rpm to ensure uniform distribution of the precursors. The recovered
powder was pressed into pellets (10 mm diameter, ~200 mg) at 3 t, vacuum sealed in quartz
ampoules (10* mbar), and annealed at 500 °C for 24 h with heating and cooling rates set to 5
°C min ! using a Nabertherm box furnace.

HEAR?2 - LigP[S; 5S¢, 5][Cly 33Bro 3310.33], HEARS -
Ligs|GegsPos][S2.55€,.5][Cly.33Bro .33y .33]

Both materials were prepared according to the procedure described above for HEARI.
However, as-synthesized Li,Se and/or GeS, (99.9%, GoodFellow) was/were additionally added
in stoichiometric amounts, and the final annealing temperature was 400 °C.

Characterization
Laboratory X-ray Diffraction (XRD)

Samples were flame sealed in borosilicate capillaries (0.48 mm inner diameter and 0.01 mm
wall thickness, Hilgenberg) under argon atmosphere and XRD pattern were collected using a
STADI P diffractometer (STOE) equipped with a Cu-K,,; radiation source.

Synchrotron X-ray Diffraction (SXRD)

SXRD measurements were conducted at PETRA III (P02.1 beamline) at the Deutsches
Elektronen-Synchrotron (DESY) using a wavelength of 2 = 0.207400 A in transmission
geometry. To this end, powder samples were flame sealed in borosilicate glass capillaries (0.68
mm inner diameter and 0.01 mm wall thickness, Hilgenberg) under argon atmosphere.
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Synchrotron Pair Distribution Function (PDF) Analysis

Measurements were conducted on powder samples sealed in glass capillaries as used for SXRD
at the same beamline (2 = 0.207400 A). An empty capillary sealed under identical conditions
was used to measure the background contribution. The PDFgetX3 software was applied to
calculate G(r) from the raw total scattering data.> The data were first corrected for sample
container contribution and Compton scattering, and then the normalized structure functions,
S(Q), were obtained. Finally, S(Q) was Fourier-transformed to yield G(r) with Qpay = 17 A
and rpoy = 1.17 A,

Time-of-Flight (ToF) Neutron Powder Diffraction (NPD)

~2 g of powder samples were filled into cylindrical (8 mm diameter) vanadium containers. NPD
data were collected at the Oak Ridge National Laboratory (ORNL) POWGEN beamline using
a wavelength of 1= 1.5 A.

Structural Refinement

Structural analysis was done wusing the FullProf software® The approximate
halide/chalcogenide site occupancies (Wyckoff sites 4a and 4d) were determined first via
pattern simulation with different occupation numbers (note that it was not possible to freely
refine these without causing divergence of the refinement). The pattern simulations were
performed to match the intensity (and intensity ratio) of the 111, 200, 220, and 311 reflections.
During the course of this study, we observed that in particular the intensity of these reflections
is strongly affected by the halide/chalcogenide site disorder and occupation on the respective
Wyckoff sites. Once a reasonable pattern match was achieved, Rietveld refinements were
carried out. To this end, a Thompson-Cox-Hastings pseudo-Voigt function was used to describe
the profile shape. Scale factor, reflection shape parameters, lattice parameters, atomic positions
isotropic displacement factors, and atomic occupations were refined (except for Li). Li positions
and occupancies were refined for the respective crystallographic positions (24g and 48h) using
the NPD data. However, if unreasonable values for a single position were obtained, its
occupancy was disregarded. Structural parameters can be found in Tables S2-4.

Scanning Transmission Electron Microscopy (STEM)

STEM measurements were performed on a double corrected Thermo Fisher Themis Z,
equipped with a Super-X EDX detector. The microscope was operated at an accelerating
voltage of 300 kV. The powder samples were dispersed on holey carbon-coated gold grids and
loaded onto a Gatan 648 vacuum transfer holder to avoid sample degradation in air.

Raman Spectroscopy

Powder samples were flame sealed in borosilicate glass capillaries (0.48 mm inner diameter
and 0.01 mm wall thickness, Hilgenberg) under argon atmosphere. Measurements were done
with an excitation wavelength of 4 = 532 nm using an inVia confocal Raman microscope
(Renishaw).

31p Magic-Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) Spectroscopy

3P MAS NMR spectroscopy was performed on a Bruker Avance 500 MHz spectrometer at
11.7 T, corresponding to a resonance frequency of 202.5 MHz. Spinning was done in 2.5 mm
rotors at 30 kHz. Spectra were acquired with a rotor-synchronized Hahn-echo pulse sequence,
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a 1/2 pulse duration of 6 us, and a recycle delay of 60 s. Chemical shifts are given relative to
that of H3PO4 (85%)

"Li Pulsed Field Gradient (PFG) NMR Spectroscopy

'Li PFG NMR spectroscopy was performed on a Bruker Avance 300 MHz spectrometer,
equipped with a PFG NMR probe providing pulsed field gradients up to 30 T m!. A stimulated-
echo pulse sequence was applied with bipolar gradients, a gradient duration of 3.0 ms, and a
diffusion time of 100 ms. The activation energy was determined by linear fitting of the
temperature-dependent diffusion data using the Arrhenius equation. The ionic conductivity was
calculated from the diffusion coefficient using the Nernst-Einstein equation.

Electrochemical Impedance Spectroscopy (EIS)

To prepare specimens for conductivity measurements, ~200 mg powder was compressed at 3 t
for 3 min in a 10 mm pellet die. The pellet was then sealed under vacuum (10 * mbar) in a
quartz ampoule and annealed for 6 h at the synthesis temperature using 5 °C min ! heating and
cooling rates. Next, both top and bottom of the pellet were covered with 200 nm of gold,
evaporated using an EVAP System (MBraun). The pellets were placed inside a Swagelok cell
setup, and EIS was measured from 0.1 Hz to 7 MHz with a 20 mV voltage amplitude using a
SP-200 potentiostat (BioLogic). Spectra were taken from 15 to 65 °C, with at least 1 h of
equilibration prior to data collection.

Calculation of Configurational Entropy

Configurational entropy values were calculated based on the following equations. As the
argyrodite structure has different sublattices possibly accommodating different elements, each
configurational entropy part (anionic and cationic) was further deconvoluted into two
contributions:

ASconfig = AScation + AScation
Asconﬁg = (AScation,l o+ AScation,Z) = (ASanion,l + ASanion,Z)

ASconfig = — R{[(Z.N= Xiln xi) + (ZiN= Xiln xi)] + [(ZL Xxln xk) + (ZIN= xln x.)]}.

Here, x; and x; represent the mole fractions of elements on the cation sublattices, x, and x, are
the mole fractions of elements on the anion sublattices (occupied by the elements indicated in
Figure S8). R and N are the universal gas constant and number of cation or anion species on
each sublattice, respectively. Note that in the case of HEAR1 and HEAR2, configurational
entropy is solely introduced via anion mixing, and the AS uon1 term equals to zero (as it is only
partially occupied by Li).
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Table S1. Configurational entropy for the HEAR materials calculated based on the assumption
that the elements are equally distributed over the respective crystallographic sites. Note that for
ASconsig = 1.5R, samples are considered as high-entropy materials.

Sample Composition AS config
HEARI1 LigPSs[Clo 33Bro.3310.33] 1.24R
HEAR?2 LigP[S; 5Se2 5][Clo.33Bro 3310.33] 2.28R
HEAR3  Liss[Geo 5Py s][S2.55e2 5][Clo33Bro 3310.33] 2.98R

Table S2. Structural parameters for HEAR1 from Rietveld refinement of NPD data.

Atom | Wyckoff x Y z Bis, | A2 Occ
site

I1 4a 0 0 1 1.34(2) 0.33(1)
S1 4a 0 0 1 1.34(2) 0.24(8)
Cll 4a 0 0 1 1.34(2) 0.20(9)
Brl 4a 0 0 1 1.34(2) 0.20(9)
Bl 4b 0 0 0.5 0.94(1) 1
CL2 4d 025 025 0.75 1.34(2) 0.13(2)
S2 4d 0.25 0.25 0.75 1.34(2) 0.73(9)
Br2 4d 0.25 0.25 0.75 1.34(2) 0.13(1)
S3 16¢ 0.1169(1) | —0.1169(1) 0.1169(1) 1.61(5) 1
Lil 24g 025 0.0213(9) 0.75 1.89(5) 0.07(4)
Li2 48h 0.2998(7) 0.0224(3) 0.7011(3) 1.89(5) 0.46(3)
Table S3. Structural parameters for HEAR2 from Rietveld refinement of NPD data.

Atom Wyckoff 2 v z Biso | A2 Occ

site
11 4a 0 0 1 2.07(7) 0.34(6)
Sel 4a 0 0 1 2.07(7) 0.32(1)
Brl 4a 0 0 1 2.07(7) 0.33(3)
Pl 4b 0 0 05 1.02(1) 1
Cl1 4d 0.25 0.25 0.75 1.29(4) 0.28(1)
Se2 4d 0.25 0.25 0.75 1.29(4) 0.58(2)
S1 4d 025 0.25 0.75 1.29(4) 0.12(9)
S2 16e 0.1190(6) —0.1190(6) 0.6190(6) 1.85(7) 0.60
Se3 16¢ 0.1190(6) | —0.1190(6) 0.6190(6) 1.85(7) 0.40
Lil 24g 0.25 0.0180(2) 0.75 1.21(8) 0.05(1)
Li2 48h 0.2956(1) 0.0266(1) 0.7044(2) 1.21(8) 0.47(3)
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Table S4. Structural parameters for HEAR3 from Rietveld refinement of NPD data.

Atom Wyckoff % y Z Bis, | A2 Occ
site
11 4a 0 0 1 2.08(7) 0.37(7)
Sel 4a 0 0 1 2.08(7) 0.26(9)
Brl 4a 0 0 1 2.08(7) 0.33(3)
Pl 4b 0 0 0.5 1.77(9) 0.5
Gel 4b 0 0 0.5 1.77(9) 0.5
Cl1 4d 025 025 0.75 1.10(5) 0.32(5)
Se2 4d 0.25 0.25 0.75 1.10(5) 0.67(6)
S 16¢ 0.12172) | —-0.1217(2) 0.6217(2) 2.73(5) 030
Se3 16e 0.1217(2) | —0.1217(2) 0.6217(2) 2.73(5) 0.70
Lil 48K 0.2988(2) 0.0205(2) 0.7040(3) 3.13(1) 0.54(2)

Figure S1. STEM-EDS for HEAR3 showing uniform elemental distribution on the nanometer
level.
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Figure S2. Calculated « lattice parameters from SXRD and NPD measurements.
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Figure S3. Raman spectra and corresponding shift of the [PS, ,Se,]* tetrahedra indicated by

the gray dashed lines. Red dashed lines denote the additional bands arising from the

[GeS, (Se,]* vibrations.
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different crystallographic sites and possible constituents are denoted.
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Experimental Section
General

All preparation steps were conducted under Ar atmosphere in a glovebox (MBraun,
[O,] and [H2O] < 0.1 ppm), and all precursors were used as received.

Synthesis

A stoichiometric mixture of Li>S (99.99 %, Sigma Aldrich), PS5 (99 %, Sigma Aldrich),
GeS; (99.9 %, GoodFellow), SiS;(99.99 %, GoodFellow), Sb,S3 (99.99 %, Alfa Aesar),
and Lil (99.999 %, Sigma Aldrich) plus 10 wt % excess sulfur (99.99 %, Sigma Aldrich)
was loaded into a 70 mL zirconia milling jar with 20 zirconia balls (10 mm diameter,
~1.5 g total amount of precursor mixture). After milling for 1 h at 250 rpm, the speed
was increased to 450 rpm and milling was continued for another 10 h. The recovered
powder was pressed into pellets (~300 mg, 10 mm diameter) at 3 t and vacuum-sealed
(1073 bar) in a quartz ampule, followed by annealing at 500 °C for 24 h with heating
and cooling rates set to 5 °C min~'. The ampule was pre-dried at 500 °C for 10 min
using a heat gun (in a dynamic vacuum) to avoid the presence of trace water.

Characterization
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICE-OES)

The Li, P, Si, Ge, Sb, and | contents were determined by ICP-OES from three
independent measurements using a Thermo Fisher Scientific iCAP 7600 Duo.

Scanning Transmission Electron Microscopy (STEM)

In order to protect the sample from air exposure, the specimen preparation was done
under Ar atmosphere in a glovebox (using a direct dispersion of the dry powder), and
the transfer to the microscope was achieved via a Gatan inert transfer holder. The
measurements were performed at 300 kV using a Themis 300 electron microscope
with DCOR probe corrector and Super X EDX detector.

Laboratory X-ray Diffraction (XRD)

The samples were flame-sealed in borosilicate capillaries (0.68 mm inner diameter and
0.01 mm wall thickness; Hilgenberg) under Ar atmosphere, and XRD patterns were
collected on a STOE Stadi-P diffractometer with DECTRIS MYTHEN 1K strip detector.
The instrument uses a Mo anode (A = 0.70926 A).

Neutron Powder Diffraction (NPD)

For NPD, ~2 g powder sample was filled into cylindrical vanadium containers of 6 mm
diameter. Data were collected at T = 10 K and 298 K using the D2B high-resolution
powder diffractometer (A = 1.595072 A) at the Institute Laue-Langevin (ILL). Rietveld
analysis of diffraction data was done with the help of FullProf Suite. The Thompson-
Cox-Hastings pseudo-Voigt function was used to describe the peak shape. A point-by-
point background was applied. Scale factor, peak shape parameters, lattice
parameters, atomic coordinates, individual anisotropic atomic displacement
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parameters, S27/I- site inversion, and Li occupancies were refined. The zero-shift
parameter was treated last.

238i and *'P Magic-angle Spinning (MAS) Nuclear Magnetic Resonance (NMR)
Spectroscopy

MAS NMR spectroscopy was performed on a Bruker Advance 500 MHz spectrometer
at 11.7 T, corresponding to resonance frequencies of 73.6, 99.4, and 202.5 MHz. The
samples were packed into 2.5 mm rotors in an Ar-filled glovebox, and spinning was
done at 30 kHz. The 1/2 pulse length was 1.8 ps for 2°Si and 2.1 us for 3'P. The recycle
delay was 60 s for 2°Si/3'P. The chemical shifts are referenced to tetramethylsilane and
H3PO, (85 %) for 2°Si and 3'P, respectively.

X-ray Photoelectron Spectroscopy (XPS)

Quasi in situ XPS was applied to study the changes in chemical composition at the
cathodelelectrolyte interface after 200 cycles of the SSB cell. The cathode was
carefully separated from the anode and the SE separator layer was removed. The
pristine SE and cycled cathode were transferred under Ar atmosphere from the
glovebox to the XPS spectrometer (PHI 5000 VersaProbe equipped with a
monochromatic Al Ka source, hv =1486.7 eV) without exposure to air. The diameter of
the illuminated area was 200 um. Photoelectrons were collected with the pass energy
of Epass = 23.5 €V at three different electron escape angles, namely 20, 45, and 90°
with respect to the surface normal. Because the solid electrolyte is a poor electronic
conductor, a neutralizer equipped with both low-voltage electron gun and floating ion
gun generating a low-energy ion beam was used to compensate for sample charging.
Additionally, the binding energies were referenced to the C 1s line of the C-C bond
(Epin = 284.8 eV). The background was subtracted by a Shirley-type function. The
photoelectron peak positions and areas were obtained by weighted least-square fitting
of model curves to the experimental data.

The XPS fitting results were used for quantitative analysis of the elemental
composition. Note that a typical error in the quantitative XPS analysis is 15-20 %. The
composition was estimated considering a semi-infinite sample and assuming uniform
distribution of elements over the depth:

XA

Xy :Lxloo%,where X ;= _ I, - .
X, : o(hv) x D(E; )X)\(b,;,,)XCOS(O)

kin
X

all _elements B

Here, I, is the intensity of photoelectrons emitted from the core-level A, o(hv) is the
photoionization cross-section, D(Ef,,) is the detection efficiency, which depends on the

kinetic energy Eiin, 0 is the angle of the emitted photoelectrons with respect to the

surface normal, and A(Efy,) represents the inelastic mean free path of photoelectrons

emitted from the core-level A. Generally, A(Efy,) depends upon the materials

properties. In the present work, only the dependence on Ey, was taken account with:

ANERD) = \/m according to the universal curve.! The values for a(hv) were taken from
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reference 2 In the analysis, the areas under the | 4d, Ge 3d, Sb 4d, Li 1s, Si 2p, and P
2p spectra were used, allowing to estimate the chemical composition approximately to
the same depth, as well as to minimize the error due to differences in kinetic energies
associated with the A and the instrumental factor. For the oxygen content, the area
under the O 1s spectrum was used. Results are provided in Table S6.

Electrochemical Impedance Spectroscopy (EIS)

For ionic conductivity measurements, ~200 mg ball-milled precursor mixture was
compressed at 2.5 t for 3 min in a 10 mm pellet die. The pellet was then sealed under
vacuum in a quartz ampule (10=3 mbar) and heated at 500 °C for 24 h with 5 °C min~'
heating and cooling rates. Indium foil (10 mm diameter) was attached on both sides to
ensure good contact between sample and current collector. The pellet was then placed
into a customized cell setup with stainless steel dies and a PEEK sleeve (10 mm
diameter). EIS was measured from 0.1 Hz to 7 MHz with a 20 mV voltage amplitude
using a SP-200 potentiostat (BioLogic). Impedance spectra were collected from 15 to
65 °C with at least 1 h of temperature equilibration prior to data acquisition. The
conductivity was calculated from the value of R4 (intercept with the x-axis). The point
of intersection was determined via linear fitting of the capacitive tail. The activation
energy was determined from linear fitting of the temperature-dependent conductivity
using the Arrhenius equation. In the calculations, residual porosity was not taken into
account.

DC polarization measurements

DC polarization measurements were performed at 25 °C, applying different voltages
o0f 0.3, 0.4, and 0.5V, to determine the partial electronic conductivity (note that a similar
setup as for the EIS measurements was used). The resistance and electronic
conductivity were calculated from the steady-state current.

Temperature-Dependent 7Li Pulsed Field Gradient (PFG) Nuclear Magnetic
Resonance (NMR) Spectroscopy

Temperature-dependent ’Li PFG NMR experiments were performed on a Bruker
Advance 300 MHz spectrometer. The samples where sealed in evacuated 5 mm
borosilicate glass tubes. A PFG probe with a maximum gradient field strength of 30 T
m-~! was used. Data were acquired in the temperature range 302-345 K using a
stimulated-echo pulse sequence with bipolar gradients to suppress the effect of eddy
currents. The 11/2 pulse length was between 5.35 and 5.9 ys, and the recycle delay
was 0.4-0.6 s. For all samples and temperatures, the gradient duration was 3 ms, and
the diffusion time was 30 ms.

Electrode Preparation, Cell Assembly, and Electrochemical Measurements

For the SSB cells, the cathode composite was prepared by mixing LiNbO;-coated
NCM851005 (85 % NI, BASF SE) with the Lie,s[Po,szio,szeo,zssb0_25]S5| SE and Super
C65 carbon black additive in a 69.3:29.7:1.0 weight ratio at 140 rpm for 30 min under
Ar atmosphere using a 70 mL zirconia milling jar with 10 zirconia balls of diameter 10
mm. The LiINbO; coating was prepared as reported elsewhere.3 The anode composite
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was produced in a similar fashion, but the weight ratio of carbon-coated LTO (NEI
Corp.), Super C65, and SE was 30:10:60.

For cell assembly, a customized setup with stainless steel dies and a PEEK sleeve (10
mm diameter) was used. First, ~100 mg SE was compacted at 62 MPa to form the SE
separator layer. Next, the cathode (~13 mg) and anode composites (~65 mg) were
separately distributed on both sides of the SE layer, and then the whole stack was
compressed at 437 MPa. Galvanostatic testing was done at 25 °C and under an
external pressure of 81 MPa in the voltage range between 1.35 and 2.75 V vs
LisTisO12/Li7 TisO12 (~2.9-4.3 V vs Lit*/Li) after a resting period at open-circuit voltage for
1 h using a MACCOR battery cycler. The C-rate was varied from 0.5 to 2.0C, with 1C
=190 MA gncwmesio0s -

Calculation of Configurational Entropy

Configurational entropy values were calculated based on the equations below. The
argyrodite structure consists of different sublattices, possibly accommodating different
elements. Each configurational entropy fraction (anionic and cationic) was thus further
deconvoluted into two contributions:*

ASconfig = AScation + AScations
ASconﬁg = (Ascation,l + AScation,Z) + (Asaninn,l + ASanion,Z)r

ASeontig = — R{[(Z?I: (xiln xi) + (ZJ.N: 1xln x,-)] + [(ZE: Xkin xk) + (ZIN: xiln xl)]}.

Here, x; and x; represent the mole fractions of elements on the cation sublattices and
Xk and x; the mole fractions of elements on the anion sublattices. R and N are the
universal gas constant and number of cation or anion species on each sublattice,
respectively. Note that the AScaton1 and ASanon: terms equal to zero, as the
crystallographic sites are only partially or fully occupied by Li or S.
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Figure S1. Laboratory XRD pattern collected from the Lis5[Po.25Si0.25G€0.255b0 25]S5l.
The minor reflections denoted by symbols indicate the presence of Lil and Li,S
impurities.
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Figure S2. (a) Normalized Li occupancies over the two crystallographic sites. (b) Two
neighboring Li cages, where the different Li-Li jumps and Wyckoff sites are denoted.
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Figure S3. The Sb 3d3,; photoelectron spectrum for the pristine SE.
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Figure S4. The | 3ds, photoelectron spectrum for (a) the pristine and (b) cycled SE.
Line asymmetry of a “non-metallic’ compound to high Ey;, indicates the presence of an
additional chemical state, resolved at E,, = (620.5 £ 0.2) eV and (620.3 £ 0.2) eV,
respectively.
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Figure S5. Results from temperature-dependent ’Li PFG NMR spectroscopy, with
symbols and lines representing the measured and calculated data, respectively.
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Figure S6. Nyquist plots of the electrochemical impedance in the temperature range
15-65 °C.
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Figure S7. (a) Current response after applying a DC voltage of 300 mV and (b) linear
relationship between applied voltage and measured current.

Table S1. Other targeted compositions not yielding single-phase argyrodite materials.
Note that a similar synthesis procedure as for Lig 5[Po.25Si0.25G€0.25Sb0 25]Ss| was used
(with the respective sulfide precursors).

Composition

Liz[Po 25Sip 25G€0¢ 25Gap 25]Ssl

Lis 75[P0.25S10.25G€0.25Wo 25] S5l
Lig.75[P0.25Si0 25G€0 25SN0 25] S|

Lig 75[Sio 25Ge€0.25Sb0 25SN0 25] Sl
Lig 6[Po.2Si0 2Geg 2Sbg 2SNg 5] Ss!
Lig 6[P0.2Si0 2Geg 2Sbg 2Wo ]Sl
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Table S2. Chemical composition of the pristine SE from ICP-OES analysis.

‘ Element Li P Si Ge Sb I
Stoichiometry | 6.37 | 025 | 026 | 024 | 025 | 1.00
+0.32 | +0.01 | +0.01 | +0.01 | +0.01 | +0.09

Table S3. Structural parameters for Ligs[Po25Si0.25G€025Sbg25]Ssl from Rietveld
analysis of NPD data collected at T = 298 K.2

Atom Wyckoff X y z Biso | A2 Occ
site
1 4d 0.25 0.25 0.75 1.35(9) | 0.11(6)
12 4a 0 0 0 256(5) | 0.88(4)
S1 4d 0.25 0.25 0.75 1.35(9) | 0.88(4)
S2 4a 0 0 0 2.56(5) | 0.11(6)
S3 16e 0.1237(6) | -0.1237(6) | 0.6237(6) 1.09(8) 1
Si1 4b 0 0 0.5 1.06(2) 0.25
Ge1 4b 0 0 0.5 1.06(2) 0.25
P1 4b 0 0 0.5 1.06(2) 0.25
Sb1 4b 0 0 0.5 1.06(2) 0.25
Li1 48h 0.2979(4) | 0.0205(1) 0.7020(6) 3.50(4) | 0.33(8)
Li2 249 0.25 0.0147(6) 0.75 161(9) | 0.40(7)

aF-43m space group, a = 10.29714(9) A, V = 1091.816(2) A%, p = 2.407 gcm=3, R, =
3.03 %, X2 = 3.38.

Table S4. Structural parameters for Ligs[Po.25Si0.25G€0.255b025]Ss5I from Rietveld
analysis of NPD data collected at T =10 K.2

126

Atom | Wyckoff X y z Beo !/ A2 Occ
site
X 4d 0.25 0.25 0.75 0.70(8) | 0.11(5)
2 4a 0 0 0 1.07(4) | 0.88(5)
S1 4d 025 025 0.75 070(8) | 0.88(5)
S2 4a 0 0 0 107(4) | 0.11(5)
S3 16e 0.1251(2) | -0.1251(2) | 06251(2) | 0.47(1) 1
Si1 4b 0 0 0.5 0.13(7) 0.25
Ge1 4b 0 0 0.5 0.13(7) 0.25
P1 4b 0 0 05 0.13(7) 0.25
S9
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Sb1 4b 0 0 05 0.13(7) 0.25
Li1 48h 0.2979(4) | 0.0204(6) | 0.7020(6) 1.60(3) | 0.33(9)
Li2 24g 0.25 0.0221(6) 0.75 0.70(8) | 0.41(1)

aF-43m space group, a = 10.24932(5) A, V = 1076.677(10) A3, p = 2.441 g cm™3, R,

=3.64 %, X? =4.52.

Table S5. Li-Li jump distances for Lis_s[P0.25Si0_25G60_25Sb0_25]S5I at T=298 Kand 10
K. Corresponding jump distances for LigPSsl (7 = 300 K) from the literature are also

shown for comparison.®

T/K 48h—48h / A Intracage / A Intercage / A
298 1.39 2.64 3.24
10 1.39 2.63 3.23
300 (LigPSsl) 1.25 2.57 3.35

Table S6. Surface composition of the SE prior to and after cycling in units of at % from
XPS. The theoretical values are also shown for comparison.

Sample Li P Si Ge Sb S I (0]

Pristine 37.9 16 3.1 1.8 2.9 32.1 12.0 8.7

Cycled 30.9 2.8 45 2.3 2.6 31.5 45 20.9
Theoretical | 48.1 1.85 1.85 1.85 1.85 37 7.41 0

Table S7. Li-ion conductivity gjon at T = 298 K (if not stated otherwise) and activation
energy Ea for different lithium argyrodites determined by EIS and/or 7Li PFG NMR

127

spectroscopy.
. Cion E, (EIS Ea ("Li PFG
i /' mS cm-! l(eV ) NI\fIR) oy | Beb
LigPSsClI 3.1 0.34 0.35 6
LigPSsClI 34 0.35 0.28 7
Lis sPS45Cly 5 9.4 0.29 0.29 8
Li5 35Cag 1PS45Cl1 55 10.2 0.30 0.287 6
LigPSs! 1073 0.38 - 9
Lis.7P0.3Si0.7Ss! 2.0 0.24 . 10
Lie.3P0.7Sno 2Ss! 0.1 0.34 » 10
Lie.sP0.4Geo 655! 54 0.24 s 1
Lig 6Sbg 4Sig S5l 14.8 (302 K) 0.25 - 12
Lig 4Sbg sGeg 4S5l 6.3 (302 K) 0.23 - 12
Lig 75Sbg 25Sig 75Ss| 12.1 (301 K) 0.16 13
Lis 5Sbg 5Geg 5Ssl 16.1 (301 K) 0.18 - 14
LigPSs5[Clo.33Bro.33l0.33] 0.7 0.29 0.28 4
LisP[S2.5Se2 5][Clo.33Bro.33l0.33] 1.3 0.31 0.30 4
Lis 5[Ge0.5P0 5][S2.5S€2 5][Clo 33Bro.3310.33] il 0.31 0.22 4
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Li6'5[P0'25Si0_25G60.25Sb0_25]S5| 13.2 0.19 0.20 this
work
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Experimental Section
General
All preparation steps were done under an Ar atmosphere in a glovebox (MBraun, [O2]
and [H20] < 0.1 ppm), and all precursors were used as received.
Synthesis
The synthesis of the cationic substituted lithium argyrodites involved high-energy ball-
milling, followed by calcination. In short, Li2S (99.99%, Sigma-Aldrich), P2Ss (99%,
Sigma-Aldrich), GeS2 (99.9%, Goodfellow), SiSz2 (99.99%, Goodfellow), Sb2Ss
(99.99%, Alfa Aesar), Lil (99.999%, Sigma-Aldrich), and 10 wt.% excess sulfur
(99.99%, Sigma-Aldrich) were combined in a stoichiometric ratio in a 70 mL zirconia
milling jar (total amount of ~1.5 g). 20 zirconia milling balls with a diameter of 10 mm
were added to the jar, and the mixture was milled for 1 h at 250 rpm, followed by 40 h
at 450 rpm. The recovered powder was pressed into pellets (~300 mg, 10 mm
diameter) at 3 t and vacuum-sealed in quartz ampules (1072 bar). Subsequently, the
samples were calcined for 10 h at 500 °C with heating and cooling rates of 5 °C min™".
This synthetic procedure has been optimized; more detailed information is available in
the literature.l'l To avoid trace water, the ampules were pre-dried at 500 °C for 10 min
using a heat gun under dynamic vacuum (1072 bar).
Characterization
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICE-OES). The Li,
P, Si, Ge, Sb, and | contents were determined by ICP-OES using a Thermo Fisher
Scientific iCAP 7600 DUO. To this end, the samples were dissolved in an acid digester
in a graphite furnace, and the resulting mass fraction values were obtained from three
independent measurements.
Laboratory X-ray Diffraction (XRD). The sample were sealed in borosilicate
capillaries (Hilgenberg, 0.68 mm inner diameter and 0.01 mm wall thickness) and
subjected to XRD measurements using a STOE STADI P diffractometer with a
DECTRIS MYTHEN 1K strip detector in Debye-Scherrer geometry. The instrument
utilizes a Mo anode to generate X-rays of wavelength A = 0.70926 A.
Synchrotron X-ray Diffraction (SXRD). Measurements were performed with a photon
energy of 60 keV (A = 0.2072 A) at the beamline P02.1, PETRA Il at Deutsches
Elektronen-Synchrotron DESY in Hamburg, Germany.[? The diffraction patterns were
acquired using a VAREX XRD 4343CT (150 x 150 um? pixel size, 2880 x 2880 pixel
area) 2D position-sensitive detector at a sample-to-detector distance of 2200 mm. The
S2
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exposure time for each pattern was 60 s. Data integration was done using the pyFAl
software.®] The data obtained was subjected to Rietveld analysis using FullProf
Suite.[*’ LaBs was refined first, including scale factor, peak shape parameters, overall
anisotropic atomic displacement parameters, and lattice parameters. The peak shape
refined from LaBes was included as instrument resolution file for the refinement process
of newly synthesized lithium argyrodites.

Neutron Powder Diffraction (NPD). For NPD, cylindrical vanadium containers with a
diameter of 6 mm were filled with ~2 g of material. Measurements were performed at
room temperature using the HRPT at Paul Scherrer Institute (PSI) with a wavelength
of A = 1.494 Al®l or PEARL at Delft University of Technology with a wavelength of A =
1.67 A. The diffraction data was analyzed via Rietveld refinement using FullProf
Suite.[*5 The instrumental contribution to the peak shape broadening was determined
via the Thompson-Cox-Hastings pseudo-Voigt function using Naz2CasAl2F14. An
absorption correction was included during the refinement process. The background
was determined using a linear interpolation between selected data points in non-
overlapping regions. The zero shift, lattice parameters, and peak shape parameters
were determined first via Le Bail fitting. Afterwards, Rietveld refinement was performed
to calculate individual atomic coordinates, occupancies, and thermal displacement
factors. The total Li content was constrained to the nominal values. To determine the
Li positions and occupancies, a two position model (24g and 48h, referring to T5 and
T5a, respectively) was initially examined. If unreasonable physical parameters were
obtained, other Li positions were taken into account (16e and 48h, referring to T4 and
T2, respectively). Anisotropic atomic displacement parameters (ADP) were considered
when Biso exceeded 5 A2. Finally, simultaneous refinement of all structural parameters
was done to ensure the stability of the calculated structure. The standard deviation
depicted in figures is calculated through score times.

6Li, 2°Si, and °'P Magic-Angle Spinning (MAS) Nuclear Magnetic Resonance
(NMR) Spectroscopy. 6Li, 2°Si, and 3'P MAS NMR spectroscopy measurements were
performed at a magnetic field of 11.7 T, corresponding to resonance frequencies of
73.6, 99.4, and 202.5 MHz, respectively. Spinning was performed in 2.5 mm rotors at
20 kHz. Spectra were acquired with a single-pulse sequence for Li and 2°Si, and with
a Hahn-echo sequence for 3'P. The recycle delay was 60 s for 6Li, 2°Si, and 3'P. The
/2 pulse length was 2.9 s for 6Li, 3.3 us for 2°Si, and 2.7 pus for 3'P. The spectra are
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referenced to an aqueous 1 M 6LiCl solution for SLi, tetramethylsilane for 2°Si, and
H3sPO4 (85%) for 3'P.

Electrochemical Impedance Spectroscopy (EIS). A 200 mg pellet was prepared by
compacting the ball-milled precursor mixture at 3.5 t for 3 min in a 10 mm die. The
pellet was then vacuum-sealed in a quartz ampule (10~ mbar) and subjected to 10 h
calcination at 500 °C with heating and cooling rates of 5 °C min~". Indium foil (10 mm
diameter) was attached on both sides to ensure optimal contact between the sample
and current collector. The prepared pellet was inserted into a customized cell equipped
with stainless steel dies and a PEEK sleeve (10 mm diameter). EIS measurements
were performed in a frequency range from 0.1 Hz to 7 MHz with a 20 mV voltage
amplitude utilizing a SP-200 potentiostat (BioLogic). Impedance spectra were recorded
in the temperature range of 15-65 °C after equilibration for at least 1 h prior to data
acquisition. Conductivity values were derived from the intercept with the x-axis (R1) for
EQ, Sios, and Geos. The intersection point was determined through linear fitting of the
capacitive tail. The spectra collected from the other samples were fitted using an
equivalent circuit model (R1/Q1)-Qz, with Q being a constant phase element. The
activation energy was obtained by linear fitting of the temperature-dependent
conductivity employing the Arrhenius equation. Residual porosity was not considered
in the calculations.

DC polarization measurements were conducted to determine the partial electronic
conductivity at room temperature, utilizing voltages of 0.3, 0.4, and 0.5 V on the same
setup employed for EIS. The resistance and corresponding electronic conductivity
were calculated from the steady-state current.

Temperature-Dependent “Li Pulsed Field Gradient (PFG) NMR Spectroscopy. "Li
PFG NMR measurements were performed on a Bruker Avance spectrometer at a
magnetic field of 7.05T in the temperature range of 30-70 °C. The maximal gradient
strength of the diffusion probe head is 30 T/m. A stimulated-echo pulse sequence with
bipolar gradients was used to suppress the effects of eddy currents.l”8l The gradient
duration and diffusion time were set to 3 ms and 30 ms, respectively. The recycle delay
was always well above five times the spin-lattice relaxation time. All samples were

measured under an Ar atmosphere in 5 mm borosilicate glass tubes.

Explanation for two-component fitting for PFG NMR results: PFG NMR allows to
investigate the long-range transport (several 100 nm) of Li* ions by varying the applied
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gradient field strength g. In the case of uniform diffusion coefficient D, the recorded
echo intensities / can be described by the Stejskal and Tanner equation:

I=1,-exp <—Dy262‘g2 (A — g)) (€Y

with the gradient pulse duration &, the diffusion time 4, and the magnetogyric ratio y.[%)
When it presents results like in Figure S7d, the slope of In(I) changes with increasing
g%, thus indicating the presence of a second diffusion coefficient. In the case of two
independent diffusion coefficients (e.g., for amorphous and crystalline phases), the
damping of the echo intensity can be analyzed by the Karger equations.['” Thereby,
one distinguishes between fast and slow exchange relative to the measurement
timescale, given by the diffusion time 4 between the two phase fractions. Fast
exchange occurs if the lifetime of the state (here, the residence time of an ion in one
phase) 7 is much smaller than 4 (t « 4). In the case of T > 4, one speaks of slow
exchange. Ramos et al. used an intermediate-time approximation to the Karger
equations to fit the multicomponent diffusion described by the PFG attenuation curve
of a solid electrolyte.['] In this case, special requirements for the occupation fractions
and diffusion rates have to be fulfilled. For slow exchange, a signal-fraction weighted
two-component fit can be used to describe the decay of the echo intensity, yielding the
diffusion coefficients D; as well as the signal fractions of both phases. These fractions
can be differently affected by the spin-spin and spin-lattice relaxation times, and
therefore provide only an estimate of the real phase fractions that are characterized
by D;.

Calculation of Li-ion mobility: The mobility 4 was derived based on the Einstein-
Smoluchowski equation:

/J.kBT
Dy =

()

where D, u, kg, T, and q represent the diffusion coefficient, mobility, Boltzmann
constant, absolute temperature, and particle charge, respectively.
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Figure S1. (a) Laboratory XRD patterns for all samples and (b) magnified view of the
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Figure S2. Calculated lattice parameter a from SXRD (orange) and NPD (blue)
experiments. The NPD data for Lis.5[Po.25Sio.25Geo.25Sbo.25]Ssl (EQ) was taken from the

literature.l':12]
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Figure S3. Li sublattice for Lie.17[Po.083Si0.083G€0.083Sbo.75]Ssl (Sbo.7s), where Li only
occupies the 48h (T5) and 24g (T5a) positions.
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Figure S4. Correlation between phosphorus content and chemical peak shift of the 3'P
signal from MAS NMR spectroscopy. The data for Lie.s[Po.25Si0.25Ge0.25Sbo.25]Ss1 (EQ)
and LisPSsl was taken from the literature.['12.13]
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Figure S5. 6Li MAS NMR spectra for the substituted lithium argyrodite samples. The
data for Lis.s[Po.25Si0.25Ge0.25Sbo.25]Ssl (EQ) was taken from the literature.['.'? The more
narrow peak shape of EQ is due to higher homogeneity of the applied magnetic field

during the measurement.
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Figure S6. Nyquist plots and corresponding calculated data of the electrochemical
impedance measured at 25 °C for the substituted lithium argyrodite samples.
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Figure S7. Temperature-dependent echo intensity of Sbo.7s (a, ¢) and Sios (b, d) plotted
as echo intensity vs. gradient strength (top) and In(echo intensity) vs. squared gradient
strength (bottom). Sbo.7s can be analyzed with a one-component fit, whereas for Sio.s
a two-component fit is necessary.
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Figure S8. Correlation between configurational entropy calculated from the cation
disorder and Li-ion mobility for the substituted lithium argyrodite samples.

Table S1. Nominal and calculated chemical composition based on ICP-OES

measurements.
Nominal Measured Stoichiometry
Stoichiometry Li P Si Ge Sb I

Lis.17[Po.75Si0.083G€0.083Sb0.0ea]Ssl | 6.14 0.75 0.080 | 0.082 | 0.080 | 0.942
+0.14 | +0.005 | +0.008 +0.005 | +0.010 @ +0.09

Lis.33[Po.5Si0.167Ge€0.167Sb0.167] Ssl 6.30 0.49 0.168 0.170 0.156 1.01
+0.09 +0.003 +0.04 +0.06 +0.04 +0.03
Lis.66[Po.167Si0.5Ge0.167Sb0.167]Ssl 6.59 0.173 0.53 0.160 0.164 1.01
+0.23 +0.01 +0.03 +0.07 +0.09 +0.09

Lis.66[Po.167Si0.167G€0.5Sb0.167]Ssl 6.62 0.165 0.172 0.47 0.160 0.992
+0.13 +0.05 +0.02 +0.50 +0.04 +0.06

Lis.33[Po.167Si0.167G€0.167Sb0.5]Ssl 6.29 0.163 0.171 0.164 0.45 1.03
+0.09 +0.02 +0.07 +0.06 +0.50 +0.03

Lie.17[Po.083Si0.083G€0.083Sb0.75]Ssl |  6.13 0.087 0.081 0.082 0.73 0.987
+0.20 | +0.005 | +0.008 | +0.005 | +0.04 +0.06

Table S2. Structural parameters for Lis.17[Po.75Si0.083Ge€0.083Sbo0.083]Ssl (Po.7s) from
Rietveld analysis of SXPD data collected at 7= 298 K.2

Atom | Wyckoff x y z Biso / A2 Occ
site
I 4a 0 0 0 1.90(1) | 0.984(1)
S2 4a 0 0 0 1.90(1) | 0.016(1)
S1 4d 0.25 0.25 0.75 1.40(2) | 0.984(1)
12 4d 0.25 0.25 0.75 1.40(2) 0.016(1)
S3 16e 0.1190(6) -0.1190(6) 0.6190(6) 1.33(4) 1
Sit 4b 0 0 0.5 0.81(2) 0.083
Ge1 4b 0 0 0.5 0.81(2) 0.083
S9
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P1

4b

0

0

0.5

0.81(2)

0.75

Sb1

4b

0

0

0.5

0.81(2)

0.083

a F-43m space group, a = 10.19283(1) A, V = 1058.971(1) A3, p = 2.331 g cm™3, Ruwp

= 6.47%; Li2S: wt.% 0.88(4), Lil: wt.% 2.29(2).

Table S3. Structural parameters for Lis.33[Po.5Sio.167Geo.167Sbo.167]Ssl (Pos) from
Rietveld analysis of SXPD data collected at T=298 K.2

Atom | Wyckoff x y z Biso / A2 Occ
site
§ 4a 0 0 0 1.98(6) 0.997(7)
S2 4a 0 0 0 1.98(6) 0.003(2)
St 4d 0.25 0.25 0.75 1.30(2) 0.997(7)
12 4d 0.25 0.25 0.75 0.81(9) 0.003(2)
S3 16e 0.1202(6) | -0.1202(6) | 0.6202(6) 0.81(9) 1
Si 4b 0 0 0.5 0.53(6) 0.167
Ge1l 4b 0 0 0.5 0.53(6) 0.167
P1 4b 0 0 0.5 0.53(6) 0.5
Sb1 4b 0 0 0.5 0.53(6) 0.167

a F-43m space group, a = 10.24428(1) A, V = 1075.088(1) A3, p = 2.376 g cm™3, Ruwp
= 8.72%; LizS: Wt.% 1.36(4), Lil wt.% 2.59(2).

Table S4. Structural parameters for Lis.ss[Po.167Sio.5Geo.167Sbo.167]Ssl (Sio.s) from
Rietveld analysis of SXPD data collected at T=298 K.2

Atom | Wyckoff x y z Biso / A Occ
site
11 4a 0 0 0 2.80(2) 0.979(1)
S2 4a 0 0 0 2.802) | 0.021(1)
S 4d 0.25 0.25 0.75 1.80(1) | 0.979(1)
2 4d 0.25 0.25 0.75 1.80(1) | 0.021(1)
S3 16e | 0.1213(2) | 0.12132) | 0.6213(2) | 1.902) 1
Sit 4b 0 0 0.5 0.95(6) 0.5
Gel 4b 0 0 05 0.95(6) 0.167
P1 4p 0 0 0.5 0.95(6) 0.167
Sb1 4b 0 0 0.5 0.95(6) 0.167

a F-43m space group, a = 10.28599(1) A, V = 1088.274(2) A3, p = 2.351 g cm™3, Ruwp
= 2.76%; Li2S: wt.% 1.52(6), Lil: wt.% 2.44(2).
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Table S5. Structural parameters for Lie.s[Po.25Si0.25Ge0.25Sbo.25]Ssl (EQ) from Rietveld
analysis of SXPD data collected at T=298 K.2

Atom | Wyckoff x y z Biso / A? Occ
site
I 4a 0 0 0 2.05(4) 0.966(1)
S2 4a 0 0 0 2.05(4) 0.034(1)
S 4d 0.25 0.25 075 1.12(5) | 0.966(1)
2 4d 0.25 0.25 0.75 112(5) | 0.034(1)
S3 16e | 0.1224(8) | -0.12248) | 0.6224(8) | 1.06(2) 1
Sit 4b 0 0 0.5 0.41(2) 0.25
Gel 4b 0 0 05 0.41(2) 0.25
P1 4b 0 0 0.5 0.41(2) 0.25
Sbi 4b 0 0 05 0.41(2) 0.25

a F-43m space group, a = 10.29171(1) A, V= 1090.092(1) A3, p = 2.411 g cm™3, Rwp
= 6.28%; Li2S: wt.% 0.85(4), Lil: wt.% 1.36(2).

Table S6. Structural parameters for Lis.ss[Po.167Si0.167Ge0.5Sbo.167]Ssl (Geo.s) from
Rietveld analysis of SXPD data collected at T=298 K.2

Atom | Wyckoff x y z Biso / A? Occ
site
i 4a 0 0 0 32(1) | 0.974(6)
S2 4a 0 0 0 3.2(1) 0.026(6)
S 4d 0.25 0.25 0.75 17(2) | 0.974(6)
12 4d 0.25 0.25 0.75 1.7(2) 0.026(6)
S3 16e | 0.1218(4) | -0.1218(d) | 0.62184) | 1.6(1) 1
Sit 4b 0 0 0.5 0.9(1) 0.167
Gel 4b 0 0 05 0.9(1) 05
P1 4b 0 0 0.5 0.9(1) 0.167
Sof 4b 0 0 05 0.9(1) 0.167

a F-43m space group, a = 10.3099(2) A, V = 1095.88(4) A3, p = 2.424 g cm™3, Rap =
6.89%; Li2S: wt.% 0.14(6), Lil: wt.% 0.74(3).

Table S7. Structural parameters for Lis.33[Po.167Si0.167Geo.167Sbo5]Ssl (Sbos) from
Rietveld analysis of SXPD data collected at T=298 K.2
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Atom | Wyckoff X y Z Biso | A? Occ
site
1 4a 0 0 0 2.89(6) | 0.991(1)
S2 4a 0 0 0 2.89(6) | 0.009(1)
S1 4d 0.25 0.25 0.75 1.59(7) | 0.991(1)
12 4d 0.25 0.25 0.75 1.59(7) | 0.009(1)
S3 16e 0.1244(4) | -0.1244(4) | 0.6244(4) 2.02(7) 1
Si 4b 0 0 0.5 0.98(3) 0.167
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Gef 4b 0 0 05 0.98(3) 0.167
P1 4b 0 0 05 0.98(3) 0.167
Sb1 4b 0 0 05 0.98(3) 0.5

a F-43m space group, a = 10.33644(1) A, V = 1104.365(1) A3, p = 2.490 g cm~3, Rwp
= 1.93%, Li2S wt.% 0.74(4); Lil wt.% 1.17(2).

Table S8. Structural parameters for Lie.17[Sbo.75Si0.083Ge0.083P0.083]S5l (Sbo.75) from
Rietveld analysis of SXPD data collected at T =298 K.2

Atom | Wyckoff X y z Biso | A? Occ
site
11 4a 0 0 0 2.84(6) 0.9999
S2 4a 0 0 0 2.84(6) 0.0001
S1 4d 0.25 0.25 0.75 1.53(2) 0.9999
12 4d 0.25 0.25 0.75 1.53(2) 0.0001
S3 16e 0.1266(0) | -0.1266(0) | 0.6266(0) | 2.05(3) 1
Si1 4p 0 0 0.5 0.81(2) 0.083
Ge1 4p 0 0 0.5 0.81(2) 0.083
P1 4b 0 0 05 0.81(2) 0.083
Sb1 4b 0 0 0.5 0.81(2) 0.75

a F-43m space group, a = 10.37950(1) A, V = 1118.225(3) A3, p = 2.567 g cm™3, Rwp
= 2.37%; Li2S: wt.% 0.90(5), Li2l: wt.% 1.75(2).

Table S9. Structural parameters for Lis.17[P0.75Si0.083G€0.083Sb0.083]S5l (Po.75) from

Rietveld analysis of NPD data collected at T =298 K.2

Atom | Wyckoff x y z Biso | A2 Occ
site
1 4a 0 0 0 1.5(9) 0.995(1)
S2 4a 0 0 0 1.5(9) 0.005(1)
S1 4d 0.25 0.25 0.75 2.51(0) 0.995(1)
12 4d 0.25 0.25 0.75 2.51(0) 0.005(1)
S3 16e 0.119(6) -0.119(6) 0.619(6) 1.8(3) 1
Si1 4b 0 0 0.5 1.0(8) 0.083
Ge1 4p 0 0 0.5 1.0(8) 0.083
P1 4p 0 0 0.5 1.0(8) 0.75
Sb1 4pb 0 0 0.5 1.0(8) 0.083
Li1 48h 0.29(1) 0.026(6) 0.71(1) 2.1(8) 0.36(4)
Li2 249 0.25000 0.02160(3) 0.75000 - 0.21(9)
B11 = B33 = 0.002(8); B22= 0.0007(8); B12= B13= B23 = 0.000
Li3 48h 0.2158(3) | 0.4229(3) | 0.9229(3) | = | 0.03(8)
B11=0.011(8); B22= B33 =0.0002(2); B12= B13=0.003(1); B23 =
0.002(6)
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a F-43m space group, a = 10.1875(7) A, V = 1057.33(4) A3, p =2.325 g cm™, Rwp =

4.94%.

Table S10. Structural parameters for Lies33[Po.5Sio.167Geo.167Sbo.167]Ssl (Pos) from
Rietveld analysis of NPD data collected at T = 298 K.2

Atom | Wyckoff x y z Biso | A? Occ
site

" 4a 0 0 0 1.7(8) 0.94(4)
S2 4a 0 0 0 1.7(8) 0.05(4)
S1 4d 0.25 025 0.75 252(6) | 0.94(4)
12 4d 0.25 0.25 0.75 252(6) | 0.05(4)
S3 16e 0.1204(9) -0.1204(9) 0.6204(9) 1.6(5) 1

Si1 4b 0 0 0.5 0.9(5) 0.167

Ge1 4b 0 0 05 0.9(5) 0.167
P1 4b 0 0 05 0.9(5) 0.5

Sb1 4b 0 0 0.5 0.9(5) 0.167
Li1 48h 0.299(0) 0.025(8) 0.701(9) 1.5(1) 0.28(2)
Li2 24g 0.25 0.021(9) 0.75 2.3(5) 0.41(8)
Li3 48h 0.231(8) 0.425(7) 0.925(7) " 0.04(5)

B11=10.007(2); B22 = B33 = 0.007(1); B12 = B13= —0.006(0); B23 =
-0.008(6)

a F-43m space group, a = 10.2393(5) A, V = 1073.53(9) A3, p =2.379 g cm™, Rwp =

3.35%.

Table S11. Structural parameters for Lis.es[Po.167Si0.5Geo.167Sbo.167]Ssl (Sio.5) from

Rietveld analysis of NPD data collected at T =298 K.2

Atom | Wyckoff X y z Biso | A2 Occ
site
" 4a 0 0 0 1.5(3) 0.987(3)
S2 4a 0 0 0 1.5(3) 0.013(3)
St 4d 0.25 0.25 0.75 3.1(1) 0.987(3)
12 4d 0.25 0.25 0.75 3.1(1) 0.013(3)
S3 16e 0.1214(2) | -0.1214(2) | 0.6214(2) 2.4(0) 1
Si1 4p 0 0 0.5 1.00(7) 0.167
Ge1 4b 0 0 0.5 1.00(7) 0.5
P1 4b 0 0 0.5 1.00(7) 0.167
Sb1 4b 0 0 0.5 1.00(7) 0.167
Li1 48h 0.294(8) 0.014(8) 0.706(1) 3.2(4) 0.28(9)
Li2 249 0.25 0.0275(1) 0.75 - 0.40(6)
B11 = B33 =0.009(3); B22= 0.004(4); B12= B13= B23=0.000
Li3 48h 0.277(1) 0.444(9) 0.944(9) 2.1(4) 0.04(8)
Lid 16e 0.150(9) 0.150(9) 0.150(9) - 0.04(0)
B11 = B22= B33 =0.03(7); B12= B13= B23 = 0.04(9)
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a F-43m space group, a = 10.2867(3) A, V = 1088.51(9) A%, p =2.349 g cm™, Rwp =
4.85%; Lil: wt.% 2.6(7).

Table S12. Structural parameters for Lis.es[Po.167Si0.167Ge0.5Sbo.167]S5l (Geos) from

Rietveld analysis of NPD data collected at T = 298 K.2

Atom | Wyckoff x y z Biso | A2 Occ
site
" 4a 0 0 0 1.3(8) 0.997(3)
S2 4a 0 0 0 1.3(8) 0.003(3)
S1 4d 0.25 0.25 0.75 3.3(6) 0.997(3)
12 4d 0.25 0.25 0.75 3.3(6) 0.003(3)
S3 16e 0.1236(9) | -0.1236(9) | 0.6236(9) 2.3(5) 1
Si1 4b 0 0 0.5 0.98(9) 0.167
Ge1 4b 0 0 0.5 0.98(9) 0.5
P1 4b 0 0 0.5 0.98(9) 0.167
Sb1 4p 0 0 0.5 0.98(9) 0.167
Li1 48h 0.296(3) 0.012(9) 0.704(6) 3.0(3) 0.26(9)
Li2 249 0.25 0.029(0) 0.75 . 0.45(1)
B11 = B33=0.007(3); B22= 0.001(7); B12= B13= B23=0.000
Li3 48h 028(1) | 043(7) 0.93(7) 21(4) | 0.047)
B11 =0.01(0); B22 = B33 = 0.01(3); B12= B13=-0.002(7); B23 =
-0.01(1)
Li4 16e 012(7) | 042(7) 0.12(7) - [ 0.03(2)
B11 = B22= B33 =0.03(0); B12= B13= B23= 0.04(6)

4.98%; Lil: wt.% 3.8(3).

a F-43m space group, a = 10.3039(1) A, V = 1093.970(2) A3, p =2.426 g cm™, Rwp =

Table S13. Structural parameters for Lie.33[Po.167Si0.167Ge0.167Sbo.5]Ssl (Sbos) from

Rietveld analysis of NPD data collected at T =298 K.2
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Atom | Wyckoff x y z Biso | A2 Occ
site
11 4a 0 0 0 1.6(3) 0.999
S2 4a 0 0 0 1.6(3) 0.001
S1 4d 0.25 0.25 0.75 2.7(8) 0.999
12 44 0.25 0.25 0.75 2.7(8) 0.001
S3 16e 0.1252(0) | -0.1252(0) | 0.6252(0) | 2.0(6) 1
Si1 4ph 0 0 0.5 1.16(6) 0.167
Ge1 4b 0 0 05 1.16(6) 0.167
P1 4b 0 0 05 1.16(6) 0.167
Sb1 4b 0 0 05 1.16(6) 0.5
Li1 48h 0.28(9) 0.025(3) 0.71(1) 4.1(8) 0.30(1)
Li2 249 0.25 0.022(1) 0.75 N 0.31(6)
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B11 = B33=0.01(6); B22 = 0.006(7); B12= B13= B23=0.000

Li3

48h

0.20(7)

| 043(4)

| 0.93(4)

0.6(2) | 0.06(7)

B11=0.009(5); B22 = B33= 0.01(2); B12= B13=0.005(9); B23 =

-0.08(4)

a F-43m space group, a = 10.3390(3) A, V = 1105.19(5) A3, p =2.488 g cm™, Rup =

4.96%.

Table S$14. Structural parameters for Lis.17[P0.083Si0.083G€0.083Sb0.75]Ssl (Sbo.75) from

Rietveld analysis of NPD data collected at T =298 K.2

Atom | Wyckoff x y z Biso | A2 Occ
site
" 4a 0 0 0 1.4(2) 0.979(1)
S2 4a 0 0 0 1.4(2) 0.021(1)
S 4d 0.25 0.25 0.75 2.6(1) 0.979(1)
12 4d 0.25 0.25 0.75 2.6(1) 0.021(1)
S3 16e 0.1274(3) | -0.1274(3) | 0.6274(3) | 1.62(0) 1
Si1 4b 0 0 0.5 1.10(5) 0.083
Gef 4b 0 0 05 1.10(5) 0.083
P1 4b 0 0 0.5 1.10(5) 0.083
Sb1 4b 0 0 0.5 1.10(5) 0.75
Li1 48h 0.290(2) 0.021(5) 0.710(8) 2.8(8) 0.39(1)
Li2 24g 0.25 0.023(1) 0.75 - 0.24(3)
B11 = B33 = 0.004(3); B22= 0.003(5); B12= B13= B23=0.000

a F-43m space group, a = 10.3810(2) A, V= 1118.71(8) A3, p =2.557 g cm™3, Rup =
4.90%; Lil: wt.% 1.8(4).

Table S15. Li-Li jump distances and possible diffusion pathways at T = 298 K for all
samples. The data for Lis 5[Sio.25Ge0.25P0.25Sb0.25]Ssl was taken from the literature.['2

For comparison, the corresponding jump distances in LisPSsl are also given (T = 300

K) from reference.['4]
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Sample Doluzlet Intracage / A Intercage / A
1| T51.63(5) T5 1.63(5) 10 2.22(9)
Lie.17[P0.75Si0.083G€0.083S00.083]Ssl | 1.20(4) T2 1.63(5) 15 T2 1.63(5) 15
2| 752826175 753:393) 15
11715 1.55(1) T2 T5 1.55(1) T2 2.15(0)
Lis.33[Po.5Si0.16Ge€0.16Sbo.16]Ssl 1.42(0) 1.55(1) 15 T2 1.55(1) 15
| _ 151610 19| | 15 1.61(7) 7o 1.60(1)
Lis.67[Po.16Si0.5G€0.16Sb0.16]Ssl 1.30(3) |1 161(7) 15 T3 LT 7
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751.8874 1.88 15
2| T2 HELTS 5 3.20(4) 15
Lis 5[P0.25Sbo 2580 25Geo25]Ssl | 1.39(6) | 1| 152.64(2) 15 T53:24(2) 15
151.55@) 72| | 15 1.55(8) 7o 1.84(1)
'] 1ss@)7s T2 1.55(8) 15
Lis.67[Po.16Si0.16Ge€0.5Sb0.16] S5l 1.35(3) 15 1.80(3) T4 1.80(3)
2| 152.78(5) 15 T5
75 3.160) 15
15 177(1) 12 15 1.77(1) 10 1.90(3)
Lis 33[Po.16Si0.16G€0.16SDo0.5] Ssl 1.16(4) 1 177 15 T2 177N 15
2| 1521075 15344 15
Lis.17[Po.083Si0.083G€0.083S bo.75]Ssl | 1.18(3) T52:-76() 15 T53.393) 15
LisPSsl (300K) 125 |1| 15257715 75335 15
S16
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Table S16. Overview of ionic conductivities at 25 °C, activation energies determined by EIS and ’Li PFG NMR spectroscopy, and

configurational entropy.

6. Appendix

Li PFG NMR EIS
e | mvev | P | gmeel | Bl Pum | Ban || owsems TR
. 5 (maj. com.) (maj. com.) com.) (min. com.) noB..v
Po7s 0.37 £ 0.014 (9.80 £ 0.59)-10-14 0.14 -- -- - 0.37 £ 0.002 0.043 £ 0.004 1.0
Pos 0.17 £ 0.002 (3.13+£0.19):10°"2 5.06 wwww (1.59 £ 0.19)- 1072 2.87 0.22 £ 0.002 1.91+0.016 1.64
Sios 0.20 + 0.002 (1.08 £0.01)- 10 17.94 w%w (2.21 £0.30)- 10712 432 0.20 £ 0.006 12.00 £ 0.132 1.37
EQ 0.20 + 0.002 (7.09 £ 0.03)-10-12 11.82 - - - 0.19 £ 0.006 12.30 £ 0.700 2.08
Geos 0.25+0.018 (7.64 £0.48)- 10712 11.87 wwww (2.30 £ 0.46)- 1012 4.14 0.21 £0.011 14.05+ 1.019 1.29
Sbos 0.16 = 0.003 (5.59 £0.09) - 10712 9.00 - - - 0.23 £0.012 4.88 + 0.673 1.25
Sbo.75 0.26 + 0.004 (5.16 £0.02): 1013 0.76 - - - 0.29 + 0.009 0.760 + 0.071 1.04
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Table S17. Electronic conductivities determined from DC measurements. The data for

Lie.5[P0.25Si0.25Ge0.258b0.25]Ssl (EQ) was taken from the literature.['12]

Sample el / mS cm™
Pos 5.55-1078
Pos 1.37-10°8
Bins 4131075
EQ 3.18-1077
Geos 3.83-10>
Sbos 7.41-10°®
Sbo 75 5.82-10°6

Table S18. Li-ion mobility, charge-carrier density, and ionic conductivity at T = 298 K
(if not stated otherwise), and activation energy determined by EIS for different lithium

argyrodites, as well as for LitoGeP2S12.

MLi+ n - Ei

Material /em2 V1| /1022 o Ref.

-1 -8 /mS cm /| eV

S cm

0.27 =
i .10-6 2 [15][16]

LioGeP2S12 2.27-10 2.09 6.96 + 0.41 0.003
LisPSsCl 498107 | 247 1.93+04 064321 F4ga]
: 7 036 | yy6
LisPSsClosBros 8.42:10 243 3.28+0.67 0.02 (4jte]
LisPSsBr 2.94-107 2.39 1.09+0.11 063311 (4e]
LisPSsBroslos 6.92-107° 2.90 0.26 £ 0.03 0.31% [n4ne]

il ’ ’ T 0.004
LigPSsl 3.43-10710 2.27 0.01 £ 0.001 063321 [14jte]

+
LigPSsl 3.4-1071° 2.30 0.01 £ 0.001 063(;,1_ (17jel
N —8 0.35 i 17 16
Lis.25P0.75G€0.25Ss! 3.97-10 2.36 0.32+0.05 0.002 [171016]
Lis.sPosGeo.sSsl 4.75-10°7 242 1.50 £ 0.23 ot (el

0.002

+
Lis.sPo.4Geo.sSsl 1.31-1078 246 5.81+0.68 0.23 % (17iel

0.002
Lis.6Si0.6Sb0.4Ssl 3.88-107° 2.38 14.8 (302 K) 0.25 [eje]
: : 0.37 = This
Lls_17[Po,758|0_os3Geo,0338bo,osa]Ss| 3.07-10°8 2.32 0.043 + 0.004 0.002 Wit
0.22 £ This

i i u ) +

LIs,33[Po,5SIo,1sGeoJeSbo,1e]Ssl 1.09-10 2.35 1.91 £ 0.016 0.002 work

S18

147



6. Appendix

0.20 £ This
. . A

Lis.67[Po.16Si0.5G€0.16Sb0.16] S5l 3.72-10 244 12.00 £ 0.132 0.006 e

Lis 5[Po.25Sbo.25Si0.25G€0.25]Ssl 2.76-10°% 2.38 12.30 + 0.700 % 1035 M2
Lic s7[Po.1cSio 16G€0sSbos]Ssl | 2.33-10° | 243 | 1405+1019 | 021% | This
0.011 work

- :
Lie s3[Po.16Si0 16Geo 16Sbos]Ssl | 1.97-10° | 220 | 48840673 | O2o% | This
0.012 work
Lis 17[Po.s:Sio 0s:Ge00s:Sbors]Ssl | 1.71-107 | 220 | 076040071 | %29% | This
0.009 work
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6.3.4. Publication IV
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Experimental

Synthesis. The LissPS4.5ClBris5-x (with x=0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.5) solid
electrolytes were prepared via solid-state reaction. The starting materials Li2S (Alfa
Aesar, 99.9%), P2Ss (Sigma-Aldrich, 99%), LiCl (Aladdin, 99%) and LiBr (Alfa Aesar,
99.9%) were weighed in an appropriate ratio and then blended using a planetary ball
mill (FRITSCH PULVERISETTE 7 premium line) for 2 h at 110 rpm. Then, the mixtures
were pressed into pellets and sealed in quartz ampules using a vacuum sealing
machine (VS-Q2, Guangzhou SunJune technology Co. Ltd.). Next, the ampules were
put into a furnace and annealed at 430-450 °C for 6 h using a heating rate of 90 °C
h~'. Finally, they were cooled down to r.t. naturally inside the furnace.

Laboratory X-ray diffraction (XRD). The samples were sealed in borosilicate
capillaries (Hilgenberg, 0.68 mm inner diameter and 0.01 mm wall thickness) under Ar
atmosphere and subjected to XRD analysis using a STOE Stadi-P diffractometer with
a DECTRIS MYTHEN 1K strip detector in Debye-Scherrer geometry. The instrument
utilizes a Mo anode to generate X-rays of wavelength A = 0.70926 A.

Neutron powder diffraction (NPD). For NPD measurements, cylindrical vanadium
containers of diameter 6 mm were filled with around 2 g of sample. The measurements
were conducted either at the Oak Ridge National Laboratory (ORNL) POWGEN
beamline using a wavelength of A = 1.5 A or at the HRPT instrument at the Paul
Scherrer Institute (PSI) using a wavelength of A = 1.494 A at r.t..['l The diffraction data
were analyzed via Rietveld refinement using FullProf Suite software./? The peak shape
was described using the Thompson-Cox-Hastings pseudo-Voigt function and a point-
by-point background was subtracted. The following parameters were refined one by
another: scale factor, peak shape parameters, lattice parameters, shared S-/Cl-/Br~
occupancies on the 4a/4d site, atomic coordinates, individual anisotropic atomic
displacement parameters and lithium occupancies. The zero-shift parameter was
refined last and any positions for which occupancy or displacement factors resulted in
unreasonable values were disregarded. Finally, all parameters were refined
simultaneously to ensure stability of the calculated structure.

5Li and 3'P magic-angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy. A Bruker Avance 500 MHz spectrometer was used for MAS NMR
measurements with a magnetic field strength of 11.7 T, corresponding to resonance
frequencies of 73.6 and 202.5 MHz for Li and 3'P, respectively. The samples were
inserted into 2.5 mm rotors under Ar atmosphere and subjected to spinning at a
frequency of 30 kHz. The /2 pulse length was 2.8 us for 6Li and 2.1 ps for 3'P, while
the recycle delay was set to 30 s for Li and 60 s for 3'P. The chemical shifts are
referenced to 1 M ELiCl for 6Li and 85% H3POs4 for 3'P. Fitting of the spectra was done
using DMFIT. &I

Temperature-dependent “Li pulsed field gradient (PFG) NMR spectroscopy.
Temperature-dependent ’Li PFG NMR experiments were conducted using a Bruker
Advance 300 MHz spectrometer. The samples were enclosed in an evacuated 5 mm
borosilicate glass tube and a PFG probe with a maximum gradient field strength of 30
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T m~" was utilized. To suppress the effect of eddy currents, a stimulated echo pulse
sequence with bipolar gradients was used.*5 Experimental data were collected in the
temperature range of 302-345 K. The 11/2 pulse length was between 5.35 and 5.9 us
and the recycle delay was 0.4-0.6 s. For all samples and temperatures, the gradient
duration and diffusion time were 3 and 30 ms, respectively.

Electrochemical impedance spectroscopy (EIS). To determine the ionic
conductivity and activation energy for lithium diffusion, 120 mg of LissPS4.5CIBr1.5-x
was pressed into pellets of diameter 10 mm at 150 MPa. Two stainless steel rods were
attached to the pellets as current collectors. AC impedance measurements were
performed at r.t. in the frequency range between 8 MHz and 1 Hz with an amplitude of
10 mV using an impedance analyzer (ZAHNER, ZENNIUM PRO). The impedance data
were collected in the temperature range of 10-60 °C.

To prepare a sintered 10 mm diameter pellet, 400 mg of annealed LissPS45Clo.sBro.7
was hot pressed at 2 t and 400 °C for 5 h. After that, two pieces of indium foil were
attached to both sides to ensure good contact. EIS measurements were performed at
r.t. and an external pressure of 150 MPa, as described above.

Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS). The morphology and chemical composition of the Lis.sPS4.5Clo.sBro.7 powder
were examined by SEM (Zeiss Merlin) at an acceleration voltage of 15 kV and EDS.

Electrode preparation, cell assembly and electrochemical measurements. The
composite cathode was prepared by hand mixing single-crystal LiNio.9C00.06Mno.0402
(LisBOs@s-NCM90, provided by BASF Shanshan Battery Materials Co., Ltd.),
Lis.sPS4.5Clo.sBro.7 and Super C65 carbon black in a weight ratio of 70:30:1 for 1 h. SSB
cells were assembled as follows: Firstly, 80 mg of LissPS4.5Clo.sBro.7 was pressed at
100 MPa in a PEEK housing of diameter 10 mm. Then, 10 uym-thick Li foil of diameter
4 mm (China Energy Lithium Co., Ltd.) was put onto the solid electrolyte pellet followed
by 30 um-thick In foil of diameter 9 mm (Zhejiang Haosheng New Material Co., Ltd.)
and pressing at 100 MPa. Afterwards, the cathode composite was spread onto the
other side of the pellet and the stack was pressed at 50 MPa. Finally, a pressure of
150 MPa was applied for 3 min. The SSBs were tested in a customized Swagelok cell
at a constant pressure of 120 MPa using a LANHE battery testing system (CT3001A)
in the potential window of 2.4-3.7 V vs. In/InLi, corresponding to ~3.0-4.3 V vs. Li*/Li.
All cell cycling was carried out in a glovebox at r.t. The C-rate was either set to 0.1C or
2C, with 1C =200 mA g~'.

Calculation of configurational entropy. The AScont was calculated based on the
following equation: ASconsig = —R(ZiL; xilnx;). Here, xi and X represent the mole
fraction of elements on the specific Wyckoff positions. R and N are the universal gas
constant and number of anion species. Note that in the presented materials,
configurational entropy is solely introduced via anion mixing [S?-, CI~ and Br~ are
distributed over two crystallographic sites, namely 4a and 4d, in the argyrodite
structure, see Figure 3e). Calculated AScont values are given in Table S10.
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Figure S1. (a) Laboratory XRD patterns of the LissPS4.5ClxBr1.s5-x samples and (b)
magnified view on the main reflections. (c) Calculated lattice parameters from XRD

and NPD experiments.
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Figure S3. Nyquist plots of the electrochemical impedance measured at 25 °C for the
different Lis 5sPS4.5ClxBr1.5-x samples.
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Figure S4. Results from temperature-dependent 7Li PFG NMR spectroscopy
measurements for selected LissPS4.5ClBr1.s-x samples as indicated.
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Figure S5. (a) SEM images of the Lis.sPS4.5Clo.sBro.7 sample and (b-e) corresponding
elemental maps for P, S, Cl and Br.
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Figure S6. Nyquist plot of the electrochemical impedance measured at 25 °C on the
hot-pressed LissPS4.5Clo.sBro.7 sample.
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Table S1. Calculated lattice parameters from laboratory XRD and NPD experiments.

xin LissPSssClBris-x | a/A(XRD) | a/A (NPD)

0 9.97079 9.97671

0.2 9.9515 -

0.4 9.92871 9.93497

0.6 9.90504 =

0.8 9.88014 9.88741

1.0 9.85985 -

12 9.83612 9.84409

15 9.80753 9.80603

Table S2. Structural parameters for Lis 5PS4.5Cl1.5 from Rietveld refinement analysis of
NPD data collected at T=297 K.2

Atom | Wyckoff X y z Biso / A2 Occ
site

cr 4a 0 0 0 1.199(8) | 0.632(2)
S 4a 0 0 0 1199(8) | 0.368(2)
Cl2 4d 0.25 0.25 0.75 3.380(1) 0.903(6)
S2 4d 0.25 0.25 0.75 3.380(1) | 0.097(6)
S3 16e 0.1237 -0.1237 0.6237 4.340(2) 1
P1 4b 0 0 0.5 3.237(2) 1
i1 48h | 0.3175(6) | 0.0226(9) | 0.6824(6) | 5.675(3) | 0.458

a F-43m space group, a = 9.80603(8) A, V = 942.930(1) A3, p = 1.879 g cm™3, Rup =
11.5%, x? = 27.8.

Table S3. Structural parameters for LissPSasCli2Bros from Rietveld refinement
analysis of NPD data collected at T=298 K.2

Atom | Wyckoff X y z Biso | A? Occ
site

cH 4a 0 0 0 1454(8) | 0.490(9)
Br1 4a 0 0 0 1.454(8) 0.155(9)
S1 4a 0 0 0 1.454(8) 0.403(9)
Cl2 4d 0.25 0.25 0.75 3.246(2) 0.716(9)
Br2 4d 0.25 0.25 0.75 3246(2) | 0.145(9)
S2 4d 0.25 0.25 0.75 3.046(2) | 0.136(9)
S3 16e 0.1237 -0.1237 0.6237 4.832(2) 1
P1 4b 0 0 0.5 3.264(1) 1
i 48h | 0.3194(2) | 0.03164(8) | 0.6806(2) | 7.748(4) 0.458

a F-43m space group, a = 9.84409(1) A, V = 953.953(2) A3, p = 2.787 g cm™3, Rup =
5.20%, x2 = 2.58.
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Table S4. Structural parameters for LissPS45ClosBroz from Rietveld refinement
analysis of NPD data collected at T=298 K.2

Atom | Wyckoff x y Z Biso / A2 Occ
site

ch 4a 0 0 0 3125(1) | 0.253(7)
Bri 4a 0 0 0 3125(1) | 0.553(7)
S1 4a 0 0 0 3.125(1) 0.210(7)
Cl2 4d 0.25 0.25 0.75 2.564 (2) 0.555(7)
Br2 4d 0.25 0.25 0.75 | 2564 (2) | 0.147(7)
S2 4d 0.25 0.25 0.75 2564(2) | 0.289(7)
S3 16e 0.1237 -0.1237 0.6237 3.119(2) 1

P 4b 0 0 05 1.935(1) 1

i 48h | 0.3106(9) | 0.0225(1) | 0.6894(9) | 4.421(4) | 0.375(6)
Li2 249 0.25 0.02448(4) 0.75 1.389(1 0.166(2)

)
a F-43m space group, a = 9.88741(16) A, V = 966.602(3) A3, p = 2.563 g cm™=3, Rup =
5.51%, x? = 2.36.

Table S5. Structural parameters for LissPS4s5Clo4Bri.1 from Rietveld refinement
analysis of NPD data collected at 7=298 K.2

Atom | Wyckoff X y z Biso / A2 Occ
site

ci 4a 0 0 0 3.011(1) 0.059(2)
Br 4a 0 0 0 3.011(1) 0.823(2)
S1 4a 0 0 0 3.011(1) 0.108(2)
Cl2 4d 0.25 0.25 0.75 2.849(2) 0.341(2)
Br2 4d 0.25 0.25 0.75 2.849(2) 0.277(2)
S2 4d 0.25 0.25 0.75 2.849(2) 0.390(2)
S3 16e 0.1237 -0.1237 0.6237 2.550(9) 1

P1 4b 0 0 0.5 1.614(1) 1

Li1 48h 0.3071(8) | 0.0220(1) 0.6928(9) 4.656(3) 0.375(1)
Li2 24g 0.25 0.01587(4) 0.75 1.387(2) 0.166(1)

a F~43m space group, a = 9.93497(13) A, V =980.619(22) A3, p = 2.424 g cm™3, Rwp
= 5.12%, x? = 2.00.

Table S6. Structural parameters for Lis.sPSa4.5Br1.5 from Rietveld refinement analysis of
NPD data collected at T =297 K.2

Atom | Wyckoff x y z Biso /| A2 Occ
site
Bri 4a 0 0 0 3580(1) | 0.893(2)
S 4a 0 0 0 3.580(1) | 0.107(2)
Br2 4d 0.25 0.25 0.75 2.087(2) | 0.607(2)
S2 4d 0.25 0.25 0.75 2.087(2) | 0.393(2)
S3 16e 0.1237 -0.1237 0.6237 2.144(9) 1
SI-8
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P1 4b 0 0 0.5 1.045(6) 1
Lit 48h | 0.3076(9) | 0.0185(9) | 0.6923(6) | 5.018(2) | 0.374(2)
Li2 24g 0.25 0.01508(4) 0.75 1.385(6) | 0.168(2)

a F-43m space group, a = 9.97671(6) A, V=993.029(11) A3, p = 2.264 g cm™3, Rup =
13.5%, x> = 10.3.

Table S7. Li*-Li* jump distances for the different Lis sPS4.5ClBr1.5-x samples.

Material 48h-48h/A | Intracage/A | Intercage/A
Lis5sPS4.5Cl1.5 1.87(3) 2.21(3) 2.84(3)
LissPS4.5Cl1.2Bros 1.92(3) 2.15(3) 2.90(3)
Lis.5PS4.5Clo.sBro.7 1.89(3) 2.07(19) 2.88(19)
Lis.5sPS4.5Clo.4Br1 .1 1.78(2) 2.21(3) 2.96(3)
LissPS45Bris 1.82(4) 2.31(6) 2.92(6)

Table S8. Nominal and calculated compositions for the different Lis.sPS4.5ClBr1.5-x
samples.

Nominal composition Refined composition
LissPS4.5Cl1.5 Lis.496P S4.46(5/Cl1 53(5)
LissPS4.5Cl1.2Bros Lis.496P S4.53(9)Cl1.20(6)Bro.30(0)
Lis 5PS4.5Clo.sBro.7 Lis.49(6)PS4.49(9)Clo.s0(8)Bro.7(0)
Lis.sPS4.5Clo.4Br1.1 Lis.49(6)PS4.49(8)Clo.40(0)Br1.100)
Lis5sPS4.5Bri.5 Lis.49(6)PS4.50(0)Br1.5(0)

Table S9. lonic conductivities and corresponding activation energies calculated from
EIS or ’Li PFG NMR spectroscopy data collected at 25 °C.

X in Lis5sPS45CLBr1s5-x | Oion/ mMScm™ | Oion / MS cm™ En/eV En/eV

(EIS) (PFG NMR) (EIS) (PFG NMR)

0 416 + 0.60 16.4 0.34 £0.02 | 0.24 +0.02
0.2 6.32 + 0.56 - 0.32 £ 0.01 -

0.4 7.15+0.7 20.03 0.31£0.01 | 0.27 £0.01
0.6 8.65 + 0.57 - 0.31 £0.01 -

0.8 9.56 £ 0.87 22.71 0.30+0.01 | 0.28 +0.01
1.0 8.54 + 0.81 - 0.31 £ 0.02 -

1.2 8.08 £ 0.54 18.03 0.32+0.02 | 0.32 +£0.01

1.5 7.11+£0.48 19.85 0.33+0.01 | 0.29 +£0.02
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Table S10. Calculated configurational entropy for the different Lis.sPSasClxBr1.s-«
samples.

Material ASconf/ R
Lis5sPS45Cli s 0.98
Lis,sPS4,5C|1,zBro_3 1.67
Lis5sPS4.5Clo.eBro.7 1.98
Lis sPS4.5Clo.4Br1.1 1.66
Lis5PS4.5Br1 5 1.02
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Figure S1. (a-d) XRD patterns and corresponding Rietveld plots [Le Bail analysis in
(d)] for the different solid electrolytes. The observed, calculated, and difference profiles
are shown in red, black, and blue, respectively. Vertical tick marks denote the expected
Bragg reflections for the majority (argyrodite) phase and minor impurities.
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Figure S2. (a-e) CV curves of the first three cycles at 0.1 mV s' and 45 °C for the
different solid electrolytes.
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Figure S3. (a-e) EIS spectra obtained on symmetrical Li cells using the different solid

electrolytes after 0, 2, 4, 6, 10, 16, and 24 h.
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Figure S4. DRT transformation of the impedance data collected from the symmetrical
Li cells after 24 h. In range no. 1, with < 107 s, the signal can be attributed to the
response of the bulk SE. Range no. 2, with 1078 s < 7 < 1075 s refers to particle-particle
contact within the electrode or the contact resistance between electrode and current
collector. Range no. 3, with 107° s < < 10° s can be correlated to a wide range of
processes, including interphase formation and charge transfer over the as-formed
interfaces. However, due to severe time response overlap, it is virtually impossible to
deconvolute each single process. Therefore, the calculated ¢ within this range has
been assigned to the contribution of the interface without further distinguishing
between multiple processes. Range no. 4 (with 7> 10° s) can be attributed to diffusion
processes.['2
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Figure S5. (a) XRD patterns and (b) ATR-IR spectra collected from the regenerated
and LiNbOs-coated NCM851005. Li2COs served as areference in (b). The ATR-IR data
confirm that the surface-protected NCM851005 used in the battery testing was largely
free of carbonate surface impurities.
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Figure S6. First cycle CV curve at 0.1 mV s~' and 45 °C for the LPSCI solid electrolyte.
The determination of the onset potentials for interfacial degradation is indicated.
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Table S1. Structural parameters for the equimolar solid electrolyte from Rietveld
refinement of XRD data.2

Atom Wzﬁ?ﬁ X y z Biso / A? Occ
I 4a 0 0 0 234(2) | 097(8)
12 4d 0.25 0.25 0.25 2.22(2) 0.02(2)
S1 16e 0.1235(8) | -0.1237(6) | 0.6235(8) | 1.88(7) 4
S2 4a 0 0 0 2.34(2) | 0.02(2)
S3 4d 0.25 0.25 0.25 222(2) | 0.97(8)
P1 4b 0 0 05 2.36(2) 0.25
Si1 4b 0 0 0.5 2.36(2) 0.25

Get 4b 0 0 0.5 2.36(2) 0.25

Sb1 4b 0 0 0.5 2.36(2) 0.25

aF-43m space group, a = 10.29224(12) A, p=2411gcm=, RBwp =9.70%, x* = 1.97.
The sample contains Lil impurities (1.18%).
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Table S2. Structural parameters for the Si-rich solid electrolyte from Rietveld
refinement of XRD data.2

Atom | Wyekol X y z Beo / A Occ
2 4a 0 0 0 317(1) | 0.97(4)
I2 4d 0.25 0.25 0.25 157(5 | 0.02(6)
S 16e | 0.1235(8) | -0.1237(6) | 0.6235(8) | 1.18(7) 4
s2 42 0 0 0 317(1) | 0.02(6)
s3 4d 0.25 0.25 0.25 157(5) | 0.97(4)
P1 4b 0 0 0.5 0.41(3) 0.167
Sit 4b 0 0 0.5 0.41(3) 0.5

Gef 4b 0 0 05 0.41(3) 0.167

Sbf 4b 0 0 0.5 0.41(3) 0.167

aF-43m space group, a = 10.28330(9) A, p = 2.345 g cm™3, Rwp = 8.79%, x* = 1.35.
The sample contains Lil (2.11%) and Li2S impurities (4.47%).

Table S3. Structural parameters for the Ge-rich solid electrolyte from Rietveld
refinement of XRD data.2

Atom sztl;mf X y z Biso / A2 Occ
1 4a 0 0 0 2.70(1) 0.97(9)
12 4d 0.25 0.25 0.25 0.64(6) 0.02(1)
S1 16e 0.1235(8) | -0.1237(6) | 0.6235(8) | 0.58(3) 4
s2 4a 0 0 0 2.70(1) 0.02(1)
S3 4d 0.25 0.25 0.25 0.64(6) 0.97(9)
P1 4b 0 0 0.5 0.33(6) 0.167
Si1 4b 0 0 0.5 0.33(6) 0.167

Get 4b 0 0 0.5 0.33(6) 0.5

Sb1 4p 0 0 0.5 0.33(6) 0.167

aF-43m space group, a = 10.32186(13) A, p = 2.409 g cm=3, Ruwp = 11.2%, x% = 1.98.
The sample contains Lil (2.76%) and Li2S (4.72%) impurities.

Table S4. Parameters derived from fitting the EIS data for the LPSCI solid electrolyte.

Calculated parameters Oh 24 h
Ri/Q 346 380

CPE; / F so! 1.9-1071° 1.9-1071°
ay 0.95 0.96
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nls 2.9-1078 3.3-1078
R/ Q 174 260
CPEz/F s 1.9-107° 1.9-10°°
az 0.39 0.39
r2/8 44107 1.1-10°®
Rs/Q 622 702
CPE;3 / F so" 1.2-10™ 1.2.10™
as 0.55 0.58
t3/s 8.8-1073 1.4.1072
Rs/Q 97 138
CPE4/F s 6.2-1073 5.5-1073
a4 0.86 0.64
74/8 5.6:10" 6.5-107"

Table S5. Parameters derived from fitting the EIS data for the equimolar solid
electrolyte.
Calculated parameters 0h 24 h
Ri/Q 45 44
R:1Q 42 359
CPE»/ F g% 3.4.-1078 3.1-107®
az 0.87 0.85
72/8 1.8-1077 1.5-10°®
R/ Q 42 111
CPE;/ F g% 5.3-10™ 2.2-10™*
as 0.51 0.61
ta3l s 5.7-10™ 2.4-1078
R/ Q 229 632
CPE4/F g% 241073 5.6-10™*
as 0.26 0.33
T4/ 8 8.9-1072 4.5-1072

Table S6. Parameters derived from fitting the EIS data for the Si-rich solid electrolyte.

Calculated parameters 0h 24 h
Ri/Q 66 72
CPE;/F g% 2.8-10710 6.1-1071°
a 0.92 0.87
t1/s 3.7-107° 3.6-10°
R/0Q 8 201
CPE,/ F g% 7.0-10°8 2.0-107
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a2 0.94 0.77
72/s 2.3:-107 2.1-10°®
R/ Q 95 132
CPE;3 / F s 2.4.1073 1.3-10
as 0.22 0.51
r3/ 8 1.2:107° 3.5-10*
Ryl Q 13 73
CPE4/ F s%! 3.6-1072 9.3-10°°
as 0.75 0.45
t4/s 3.6:107" 41107

Table S7. Parameters derived from fitting the EIS data for the Ge-rich solid electrolyte.

Calculated parameters Oh 24 h
Ri/Q 56 61
R1Q 259 1267

CPEz/ F s 1.5-1077 6.0-107®
az 0.72 0.75

72/s 8.3-1077 3.3-10°®
R/ Q 172 837

CPEs/ F s 1.2-1074 1.0-10™
as 0.57 0.62

r3l's 1.1-1073 1.9-1072
R/ Q 207 446

CPE4/ F s 1.9-1073 1.8:107
as 0.51 0.45

74l's 1.6-107" 5.9-107"

Table S8. Parameters derived from fitting the EIS data for the I-free solid electrolyte.

Calculated parameters Oh 24 h
Ri/Q 87 96
CPE;/F g% 4.9-107%° 5.0-107%°

ay 0.86 0.85
r1/s 2.7-107° 2.7-107°
R:1Q 14 34
CPE>/ F o' 7.0-107 5.3-1077
s 0.80 0.79
T2ls 5.1.107 1.1.10°°
R/ Q 64 287
CPEs/ F s 5.4.10 4.2.10™
SE-9
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as 0.59 0.40
73/ s 3.3:-1073 5.2.107°
R./Q 225 71
CPE4/F s 1.3-1073 2.5-10™
Qs 0.30 0.84
74/ 8 1.8-1072 8.4-1073
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Figure S1. a) DSC trace of the precursor mixture. b) XRD patterns after annealing at
different temperatures as indicated in a). c) Magnified view to visualize the additional
reflections arising from Li2S (asterisk) and Lil (cross) impurities. lonic conductivities of
the same samples from cold-pressed pellets are given in Table S1.
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Figure S4. Results from temperature-dependent ‘Li PFG NMR spectroscopy
measurements for a) fast- (Q), b) medium- (MC) and c) slow-cooled (SC) samples,
with symbols and lines representing experimental and calculated data, respectively.
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Figure S5. Nyquist plots of the electrochemical impedance measured between 15 and
65 °C for a) fast- (Q), b) medium- (MC) and c) slow-cooled (SC) samples.
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Figure S6. Calculated resistances from the impedance spectra in Figure 8b for the
Lie.s[Po.25Si0.25Ge0.25Sbo.25]Ssl- (MC) and LisPSsCl-based cells after the first cycle.
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Figure S7. a) First- and second-cycle voltage profiles at 25 °C and C/2 rate and b)
corresponding differential capacity plots for the Lies[Po.25Si0.25Ge0.25Sbo.25]Ssl- (MC)
and LisPSsCl-based cells.
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Table S1. lonic conductivities determined from cold-pressed pellets annealed at
different temperatures (see Figure S1).

Annealing temperature / °C Cion/ MS cm™’
400 7.6
500 10.7
550 8.7

Table S2. Lattice parameters for the samples prepared with different cooling rates,
with MC data taken from the literature.[")

Sample a/A(T=298K) | a/A(T=10K)
Quenched (Q) 10.29903(7) 10.25347(4)
Medium cooled (MC) 10.29714(9) 10.24932(5)
Slow cooled (SC) 10.30141(7) 10.25696(6)

Table S3. Structural parameters for Lis.5[Sio.25Ge0.25P0.25Sbo.25]Ss1 (Q) from Rietveld
analysis of NPD data collected at T=298 K.2

174

Atom W‘;?:;Oﬁ x y Z Biso / A2 Occ
I 4d 0.25 0.25 0.75 1.64(4) 0.11(2)
2 42 0 0 0 2193) | 0.88(7)
S 4d 0.25 0.25 0.75 164(4) | 0.88(7)
S2 4a 0 0 0 2.19(3) 0.11(2)
S3 16e | 0.1237(6) | -0.1237(6) | 0.6237(6) | 1.26(4) 1

Si1 4b 0 0 0.5 0.96(0) 0.25

Ge1 4b 0 0 0.5 0.96(0) 0.25

P1 4b 0 0 0.5 0.96(0) 0.25
Sl-4
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Sb1 4b 0 0 0.5 0.96(0) 0.25
Lit 48h 0.2948(9) | 0.0202(8) | 0.7051(3) | 3.67(4) 0.38(0)
Li2 24g 0.25 0.0205(4) 0.75 1.57(7) 0.32(0)

a F-43m space group, a = 10.29903(7) A, V
= 7.58%, x? = 4.060.

T

1092.421(17) A3, p = 2.406 g cm3, Rwp

Table S4. Structural parameters for Lis.5[Sio.25Ge0.25P0.25Sbo.25]Ssl (Q) from Rietveld
analysis of NPD data collected at T= 10 K.2

Atom W‘;?tk:ﬁ X y z Biso / A2 Occ
H 4d 0.25 0.25 0.75 0.93(9) 0.14(1)
12 43 0 0 0 1.04(6) 0.85(9)
S 4d 0.25 0.25 0.75 0.93(9) 0.85(9)
S2 4a 0 0 0 1.04(6) 0.14(1)
S3 16e | 0.1261(2) | -0.1261(2) | 0.6261(2) | 0.57(6) 1
Sit 4b 0 0 0.5 0.10(4) 0.25

Gel 4b 0 0 0.5 0.10(4) 0.25
P1 4b 0 0 0.5 0.10(4) 0.25
Sb1 4b 0 0 0.5 0.10(4) 0.25
Li1 48h 0.2958(2) 0.0210(2) 0.7041(8) 1.93(2) 0.36(0)
Li2 249 0.25 0.0242(0) 0.75 0.71(6) 0.36(0)

a F-43m space group, a = 10.25347(4) A, V = 1078.984(10) A3, p = 2.439 g cm™3, Rwp

= 3.23%, x2 = 3.329.

Table S5. Structural parameters for Lie.s5[Sio.25Ge0.25P0.25Sb0.25]Ssl (SC) from Rietveld
analysis of NPD data collected at T =298 K.2

175

Atom W‘;?t?ﬁ X y z Biso /| A2 Occ
I 4d 0.25 0.25 0.75 1.56(9) 0.12(7)
2 4a 0 0 0 2.096) | 087(2)
S1 4d 0.25 0.25 0.75 156(9) | 0.87(2)
S2 4a 0 0 0 209(6) | 0.12(7)
S3 16e 0.1234(9) -0.1234(9) 0.6234(9) 1.16(1) 1

Si1 4b 0 0 0.5 0.87(8) 0.25

Ge1 4b 0 0 0.5 0.87(8) 0.25

P1 4b 0 0 0.5 0.87(8) 0.25

Sb1 4b 0 0 0.5 0.87(8) 0.25
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Lit 48h 0.2967(5) | 0.0200(2) 0.7032(5) 3.09(5) 0.32(2)

Li2 24g 0.25 0.0184(9) 0.75 1.57(9) 0.43(8)
a F-43m space group, a = 10.30141(7) A, V=1093.178(17) A3, p = 2.407 g cm™3, Ruwp
= 3.92%, x? = 2.807.

Table S6. Structural parameters for Lie.s[Sio.25Ge0.25P0.25Sbo.25]Ssl (SC) from Rietveld
analysis of NPD data collected at T=10 K.2

Aton | Tyekolf X y z Biso | A2 Occ
site
§ 4d 0.25 0.25 0.75 0.92(9) 0.13(5)
12 4a 0 0 0 1.07(7) 0.86(5)
St 4d 0.25 0.25 0.75 0.92(9) 0.86(5)
S2 4a 0 0 0 1.07(7) 0.13(5)
S3 16e | 0.1254(3) | -0.1254(3) 0.6254(3) 0.49(8) 1
Sit 4b 0 0 0.5 0.15(8) 0.25
Get 4b 0 0 0.5 0.15(8) 0.25
P1 4b 0 0 0.5 0.15(8) 0.25
Sb1 4b 0 0 0.5 0.15(8) 0.25
Li1 48h 0.2973(9) 0.0199(5) 0.7026(1) 1.85(8) 0.32(2)
Li2 249 0.25 0.0211(3) 0.75 1.54(4) 0.43(8)
a F~43m space group, a = 10.25696(6) A, V = 1079.088(15) A3, p = 2.436 g cm~3, Ruwp
= 3.08%, x? = 3.122.
Table S7. Li-Li jump distances at T = 298 and 10 K for the

Lie.s[Sio.25Ge0.25P0.25Sbo.25]Ssl samples prepared with different cooling rates, with MC
data taken from the literature.!"! For comparison, the corresponding jump distances in

LiePSsl are also given (T = 300 K, from ref. [2]).

T/K 48h-48h / A Intracage / A Intercage / A

298 (Q) 1.31(4) 2.69(3) 3.28(3)
298 (MC) 1.39(6) 2.64(2) 3.24(2)
298 (SC) 1.361(2) 2.67(3) 3.25(3)
0(Q) 1.33(3) 2.66(3) 3.27(3)

10 (MC) 1.39(2) 2.63(2) 3.23(1)
10 (SC) 1.38(1) 2.65(2) 3.22(2)

300 (LisPSsl) 1.25 2.57 3.35
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Table S8. Binding energies from fitting of XPS data. Major and minor indicate that two

contributions were assumed in the curve fitting.

6. Appendix

Element BE / eV (Q) BE / eV (MC) BE / eV (SC)
01s 531.8 (major) 532.0 (major) 532.0 (major)
532.8 (minor) 533.0 (minor) 533.1 (minor)
Sb 3d 530.2 (major) 530.4 (major) 530.3 (major)
529.3 (minor) 529.5 (minor) 529.5 (minor)
S 2p 161.3 (major) 161.5 (major) 161.4 (major)
163.3 (minor) 163.7 (minor) 163.7 (minor)

P2p 132.1 132.4 132.2
Si 2p 100.9 (major) 101.0 (major) 101.0 (major)
102.5 (minor) 102.7 (minor) 102.7 (minor)
| 4d 48.6 (major) 49.4 (major) 49.3 (major)
49.1 (minor) 49.9 (minor) 49.9 (minor)
Sb 4d 34.1 (major) 34.3 (major) 34.2 (major)
33.2 (minor) 33.3 (minor) 33.3 (minor)

Ge 3d 30.7 30.9 30.8

Table S9. Surface composition of the samples prepared with different cooling rates in

units of at.% from XPS.

Sample | Li P |Si |Ge|Sb |S | (0]
Q 39.1113(19(1.7|129|324 123 |8.3
MC 379|116 (3118|129 |32.1|12.0| 8.7
SC 355|114(20(16|2.0|366|94 |11.6

[1]  J. Lin, G. Cherkashinin, M. Schéfer, G. Melinte, S. Indris, A. Kondrakov, J.

Janek, T. Brezesinski, F. Strauss, ACS Materials Lett. 2022, 4, 2187.

[2] N. Minafra, M. A. Kraft, T. Bernges, C. Li, R. Schlem, B. J. Morgan, W. G. Zeier,

Inorg. Chem. 2020, 59, 11009.
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