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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 ΔSconf > 1.5R (where ΔSconf 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−1 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 Li6+x[M1aM2bM3cM4d]S5I (M = P, Si, Ge, and Sb) as well as Li5.5PS4.5ClxBr1.5−x. Both 

strategies enabled ionic conductivities of more than 10 mS cm−1 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 Li6PS5Cl. The 

outcome shows that solely multi-anion substituted lithium argyrodites possess an en-

hanced electrochemical stability as compared to the reference solid electrolyte Li6PS5Cl 

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.  
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Zusammenfassung 

Festkörperbatterien (SSBs) sind eine potenziell sichere Energiespeichertechnologie der 

nächsten Generation. Die kommerzielle Realisierbarkeit von SSBs hängt von der Entwick-

lung fester Elektrolyte mit hoher Ionenleitfähigkeit, hoher (elektro-)chemischer Stabilität 

und guter Verarbeitbarkeit ab. Ein neuer, innovativer Ansatz zur Modifizierung von Mate-

rialien, der möglicherweise zu verbesserten Eigenschaften führt, ist das „Hochentropie-

Konzept“, das durch ΔSconf > 1,5R (wobei ΔSconf und R die Konfigurationsentropie und die 

allgemeine Gaskonstante darstellen) gekennzeichnet ist. Der positive Einfluss einer hohen 

Konfigurationsentropie auf die Li-Ionen-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-Ionen-Leitern zu Superionenleitern (~10 

mS cm−1 bei Raumtemperatur) umzuwandeln. Das Ziel war es, den Zusammenhang zwi-

schen Konfigurationsentropie und Ladungstransporteigenschaften zu verstehen und ihr 

Potenzial als feste Elektrolyte für Festkörperbatterien zu bewerten. 

Der erste Teil dieser Arbeit konzentriert sich hauptsächlich auf die Veränderung der Kon-

figurationsentropie mit der Zusammensetzung von Lithium-Argyroditen durch multiple Ka-

tionen- und Anionen-Substitutionen mit der allgemeinen Formel Li6+x[M1aM2bM3cM4d]S5I (M 

= P, Si, Ge, and Sb)  sowie Li5.5PS4.5ClxBr1.5−x. Beide Strategien ermöglichen es, die Io-

nenleitfähigkeit bei Raumtemperatur auf mehr als 10 mS cm−1 zu steigern, was auf die 

Erhöhung des Li+-Ionen-Gehaltes und/oder Defektdichte zurückzuführen ist. Der zweite 

Teil dieser Arbeit präsentiert dann eine detaillierte elektrochemische Bewertung von hoch-

entropischen Lithium-Argyroditen mit einer Ionenleitfähigkeit von ~10 mS cm−1 und dem 

kommerziell-erhältlichen Argyrodit Li6PS5Cl. Die Ergebnisse zeigen, dass die alleinige 

Verwendung dieser multisubstituierten Lithium-Argyrodite als Separator-Schicht die Zyk-

lenstabilität 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 Li6PS5Cl eine bessere 

elektrochemische Stabilität mit dem Kathodenmaterial und eine bessere chemische Sta-

bilität mit Li-Metall aufweist. Insgesamt weisen diese Ergebnisse auf die Möglichkeit hin, 

die Ionenleitfähigkeit in keramischen Ionenleitern durch Entropie-Engineering zu verbes-

sern, kompositorische Einschränkungen für das Design fortschrittlicher Elektrolyte zu 

überwinden und neue Wege in diesem Bereich zu eröffnen. 
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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.[1–3] 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.[4] 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.[2,5,6] In the 

recent decade, the ionic conductivity of SEs has been pushed to 20 mS cm−1, reaching 

values comparable or even exceeding that of liquid electrolytes.[7] Prominent examples 

include Li10GeP2S12 (LGPS), with an ionic conductivity of ~10 mS cm−1 at room tempera-

ture, as well as lithium argyrodites.[8–12] 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−1 (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.[2,6,13] 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 μm) and fast charging are essential. To achieve this, it has been shown that an 

ionic conductivity of ≥10 mS cm−1 is required for SEs.[5,14] Therefore, achieving an effective 

ionic conductivity of 8-10 mS cm−1 requires exploration of superionic conductors capable 

of surpassing 10 mS cm−1. 

Recently, HEMs derived from HEAs with a configurational entropy ΔSconf > 1.5R (where R 

refers to the ideal gas constant) have emerged as promising candidates for enhancing 

material properties.[15,16] 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.[17] 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 Li6PS5Cl to more than ~10 mS cm−1 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, III and IV in the results section).[18–20] In particular, 

Publication III in the results section presents a systematic study on explaining how config-

urational entropy affects Li-ion diffusion.[21] The final study (Publication V) focused on 

benchmarking various compositionally complex lithium argyrodite SEs in SSBs.[22] 

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 VI) discusses the influence of sur-

face impurities on charge transport in high-entropy materials.[23] 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. Ion diffusion mechanism 

Inorganic crystals having mobile ions (such as Li+ or O2−, etc.) whose ionic conductivities 

lie between ~10−7 and 10−1 mS cm−1 are usually defined as ion conductors, while those 

achieving values higher than 1 mS cm−1 are classified as superionic conductors.[24]  

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]  

 

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 
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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.[28] 

Typically, the activation energy barriers are considerably greater than the thermal energy 

𝑘B𝑇. The frequencies of the ion hopping are typically smaller compared to the frequencies 

of the lattice vibrations, characterized by the Debye frequency (1012 to 1013 s−1).[29] Specif-

ically, four types of charge-carrier transport mechanisms[30] are summarized based on the 

defect-mediated ion transport model: 

1) Transport by uncorrelated jump processes, e.g. in Y3+-doped CeO2. 

2) Highly correlated mechanisms with the rapid transport of ions (multiple ions moving 

together in a coordinated manner), e.g. in Li3N and RbBiF4. 

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

Ag2S. 

4) Intermediate mechanisms combining both hopping and liquid-like characteristics, 

e.g. in -AgI. 

 

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 𝐷r can be expressed by the Einstein–Smoluchowski relation: 

𝐷r =
〈𝑅m

2 〉

𝑏𝑡m
=

𝑎2𝜔

𝑏
(1) 

where 𝑅m is the total displacement of a moving ion in 𝑚 steps, 𝑡m is the duration to com-

plete 𝑚 steps of ion displacement, 𝑎 is the hopping distance between two neighboring 

sites or free path, 𝜔 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.[31,32] 

𝜔 can be described in detail upon the canonical ensemble of statistical mechanics (con-

stant pressure) according to Vineyard’s method:  

𝐺𝑚𝑖𝑔𝑟 = 𝐻𝑚𝑖𝑔𝑟 − 𝑇𝑆𝑚𝑖𝑔𝑟 (2) 

𝜔 = 𝜈0 exp (−
𝐺migr

𝑘B𝑇
) = 𝜈0 exp (

𝑆migr

𝑘B
) exp (−

𝐻migr

𝑘B𝑇
) (3) 

with 𝜈0 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, 𝐺migr the Gibbs free energy of atom migration, 𝑘B the Boltzmann con-

stant, 𝑇 the absolute temperature, 𝑆migr the entropy of migration, and 𝐻migr the activation 

enthalpy associated with migration.[33]  

The ionic conductivity 𝜎 is expressed as the relation between mobility 𝜇 and charge-carrier 

density or the ion concentration 𝑐, and the charge of the mobile ions 𝑞 (in the case of lith-

ium, 𝑞 = e0): 

𝜎 = 𝑐𝑞𝜇 (4) 
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The charge-carrier density 𝑐 is related to the defect formation energy 𝐻form: 

𝑐 = 𝑐0 exp (−
𝐻form−𝑇𝑆form

𝑘B𝑇
) (5)

where 𝑐0 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 µ can be correlated to the diffusion coefficient 𝐷σ (macroscopic long-range 

diffusion) by the Nernst-Einstein equation: 

𝜇𝑘B𝑇 = 𝑞𝐷σ (6) 

with kB being the Boltzmann constant and T the absolute temperature.[26,31]  

The relationship between the long-range diffusion coefficient 𝐷σ and random diffusion co-

efficient 𝐷r is described as following through tracer diffusion coefficient 𝐷∗: 

𝑓 =
𝐷∗

𝐷r
(7) 

𝐻R =
𝐷∗

𝐷σ
(8) 

𝐷σ =
𝑓

𝐻R
𝐷r = 𝑓l𝐷r (9) 

where 𝑓 is the correlation factor corresponding to single-ion correlations, 𝐻R is the Haven 

ratio describing the strength of multi-ion correlations, and 𝑓l denotes the collective corre-

lation factor measuring the strength of distinct-ion correlation effects.[34] 

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: 

𝜎𝑇 =
1

6

𝑓

𝐻R

𝑐0𝑞2

𝑘B
𝜈0 exp (

𝑆migr

𝑘B
) exp (−

𝐻migr

𝑘B𝑇
) exp (−

𝐻form

𝑘B𝑇
) (10) 

Specifically, equation (10) could be simplified with the definition of activation energy 𝐸A to: 

𝐸A = 𝐻migr + 𝐻form (11) 

Then, the ionic conductivity can be described as:  

𝜎 =
𝜎0

𝑇
exp (−

𝐸A

𝑘B𝑇
) (12) 

𝜎0 =
1

6

𝑓

𝐻R

𝑐0𝑞2

𝑘B
𝑎2𝜈0 exp (

𝑆migr

𝑘B
) (13) 

where 𝜎0 is the so-called pre-exponential factor when ignoring 𝑆form.  
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Typically, for ion conductors, 𝑎 and 𝜈0 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-Hückel-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.[35]  

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 𝛿B⟶C(𝑡), whereas moving backward, the barrier 𝛿B⟶A(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.[36] This refined model has been proven high accuracy in elucidating ion-transport 

mechanisms in glassy and disordered crystalline materials.[37,38] However, the Haven ratio, 

which is currently assumed to be unity in these models, requires further development. 

 

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.[39] 
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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.[40]  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). 

 

Figure 3: Schematic depiction of single-ion migration (left) and the concerted migration of 
multiple ions (right). Adapted from X. He et al.[40]  

 

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-

quently, 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.[41,42] Typically, the polyanions [ABy]n- are formed by covalent A-B bonds, such 

as [SO4]2- and [PO4]3-. Specifically, in some oxide ion conductors, anion migration (O2− 

ions) can also be linked with the rotation of polyanions between neighboring tetrahedral 

environments, leading to the exchange of oxygen atoms.[41,43] Similar behavior has been 

observed in Li and Na-ion conductors.[44–46] 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.[47] Also, it still remains uncertain how to distinguish the anion 

reorientation with the percolation mechanism.[48–50]  

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-Mossotti relation relates the polarizability 𝛼 to the high-frequency die-

lectric constant 𝜀∞ according to: 

𝜀∞ − 1

𝜀∞ + 2
=

4𝜋𝛼

3𝑉α
(14) 

where 𝑉α is the unit-cell volume.[51] Such correlation has been found by Wakamura be-

tween the activation energy and the high-frequency dielectric constant 𝜀∞, shown in Fig-

ure 4.[52] The activation energy 𝐸A decreases as the high-frequency dielectric constant re-

duces. 

  

Figure 4: Correlation between activation energy and high-frequency dielectric constant 
𝜀∞. Adapted from J. Bachman et al.[53]  

 

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.[54–

57] 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. 𝐸A is the thermal excitation energy for ion transport.[57] Con-

sidering the thermal atomic vibrations during ion diffusion, 𝐸A should depend on the oscil-

lator frequency and phonon occupation.[56] 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 
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landscape, in which lithium ions can oscillate with larger amplitude. More recently, for ar-

gyrodite Li6PS5Cl, Ding et al. investigated the strong softening of the anharmonic Li-asso-

ciated low-energy phonons as a function of temperature.[58] 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.[59,60] 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.[61] 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.[62–64] However, the opposite is observed for inorganic, well-

crystallized superionic conductors, where grain boundaries act as bottlenecks that nega-

tively affect ion transport.[65] This ion-blocking effect at grain boundaries has been at-

tributed to grain mismatch, and the underlying mechanism is highly material-dependent.[66–

68] 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 LiNbO3, Li2TiO3, γ-LiAlO2, LiTaO3, and some lithium thiophosphates, where short-

range disorder can facilitate ion transport.[69–75] Specifically, in thiophosphates, grain 

boundaries can also lead to an increased degree of reorientation of PS4
3− polyanions, 

which could maintain bulk-like coordination even in low-crystallinity regions, thereby ena-

bling more facile diffusion.[67,71,76] In 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. 
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In general, rechargeable LIBs consist of the anode (such as graphite, LiTi5O12, etc.), CAM, 

such as LiCoO2, spinel-type LiMn2O4, olivine-type LiFePO4, 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.[77–79] 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 

LiNi0.85Co0.10Mn0.05O2 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: LiNi0.85Co0.10Mn0.05O2 ↔ Li1−𝑥Ni0.85Co0.10Mn0.05O2 + 𝑥Li+ + 𝑥e−

Negative eletrode: Li4Ti5O12 + 𝑥Li+ + 𝑥e− ↔ Li4+𝑥Ti5O12 (with 𝑥 ≤  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.[1] 

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.[5] 

 

Figure 5: Schematic illustration of the structure of SSBs. Adapted from J. Janek et al.[2] 

 

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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of ion conductors in SSBs (for electric vehicles).[24] Various inorganic SEs have been dis-

covered, including oxide-based SEs, sulfide-based SEs, lithium halides, etc.[80] 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. 

 

Figure 6: Summary of the reported room-temperature ionic conductivities of different fam-
ilies of SEs. Adapted from J. Bachman et al.[53]  
 

 

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.[80] 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.[81,82] The notable discoveries are the perovskite-type 

Li3−xLa2/3−xTiO3 (LLTO) in 1993, exhibiting an ionic conductivity ranging from 10−2 to 10−1 

mS cm−1 at room temperature, and the garnet-type Li7La3Zr2O12 (LLZO) in 2007, with a 

conductivity of 7 × 10−1 mS cm−1 (at 25 °C), later reaching 1 mS cm−1 through partial sub-

stitution of Zr4+ with elements like Al3+, Ga3+, or Ta5+ in 2013.[83–85] However, despite the 

large improvement in ionic conductivities, their high mechanical rigidity is still a challenge 

for processing and integrating them into SSBs.[86] 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-P2S5-LiI (0.1 mS cm−1 

at room temperature) in 1981, in 2000, the thio-LiSICON Li4−xGe1−xPxS4 (0 < x < 1) family 

has been reported with conductivities of up to 1 mS cm−1.[87,88] In 2011, a new SE, LGPS 
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was discovered as the first superionic conductor with 12 mS cm−1, which is comparable to 

that of liquid counterparts (typically around 10 mS cm−1) and has further revitalized the 

application of SSBs, which previously struggled due to lack of suitable lithium-ion conduc-

tors.[8] 

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.[80] 

In 2008, the argyrodite-type SEs (Li6PS5X, X = Cl, Br, I) were also developed in parallel 

and exhibit the highest conductivities so far achieved, exceeding 10 mS cm−1, also offering 

excellent mechanical ductility.[11,89,90] This allows for straightforward processing and liquid-

phase synthesis, facilitating scalability.[5] Moreover, some sulfide SEs can also form a 

quasi-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.[80,91] 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.[92] From the 1930’s to 1970’s, lithium halides were considered as poor ion conduc-

tors (10−4-10−3 mS cm−1).[93,94] In 2018, both Li3YCl6 and Li3YBr6 were discovered by Asano 

and co-workers, exhibiting excellent room-temperature ionic conductivities of 0.51 and 1.7 

mS cm−1, respectively.[95] 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 Li3YBr3Cl3 and Li3GdCl3Br3 

exhibited an exceptionally high conductivity of 7.6 and 11 mS cm−1, respectively.[96,97] 

Li2In1/3Sc1/3Cl4 revealed an excellent stability with high-voltage CAMs.[98] 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.[99,100] However, they still lack in stability toward moisture, anodes, such 

as Li metal, and suffer from scarce metal constituents.[101] Thus, halide SEs are suited for 

use at the cathode side rather than as separator layer. 
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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.).[16] 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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2.2.  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,[105–107] in which such disorder can be 

expressed as configurational entropy ∆𝑆conf, with the criterion of being > 1.5R. 

In statistical physics, the configurational entropy (𝑆conf) of a solid material can be calcu-

lated from the Boltzmann’s formulation of entropy: 

𝑆conf = 𝑘B ln Ω (16) 

where the number of energetically equal microstate Ω refers to the elements occupying 

the same crystallographic site and 𝑘B  represents Boltzmann constant and can be ex-

pressed as: 

Ω =
𝑁!

∏ 𝑛i!i
(17) 

with 𝑛i representing the particle number of type 𝑖 and 𝑁 the total number 𝑁 = ∑ 𝑛𝑖𝑖 . There-

fore, the number of microstates Ω 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: 

𝑆conf = 𝑘B ln [
𝑁!

∏ 𝑛ii
] ≈ −𝑅 ∑ 𝑥i ln 𝑥i

𝑖

(18) 

where 𝑅 is the ideal gas constant and 𝑥i is the molar fraction of the 𝑖-th component. For 

the individual components of a compound 𝑆conf = 0, then Δ𝑆conf is described as for the 

crystalline compound:[108] 

Δ𝑆conf = −𝑅 ∑ 𝑥i ln 𝑥i

i

− 0 = −𝑅 ∑ 𝑥i ln 𝑥i

i

(19) 

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

Δ𝑆conf = −𝑅 [(∑ 𝑥i ln 𝑥i

n

i=1

)

cation−site

+ (∑ 𝑥j ln 𝑥j

m

j=1

)

anion−site

] (20) 
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where xi and xj represent the molar fractions in the cation and anion sites, respectively.  

Generally, a material with configurational entropy ∆𝑆conf ≥ 1.5𝑅 (1.5𝑅 is defined based on 

empirical observations from HEAs) is considered as being a HEM.[16] However, the above-

mentioned definition does not automatically means entropy stabilization. Entropy stabili-

zation occurs (above a certain temperature) when both the formation enthalpy ∆𝐻f and the 

formation entropy ∆𝑆f are positive, and when temperature and entropy are large enough 

to make the Gibbs free energy ∆𝐺f negative, described by the following equation: 

∆𝐺f = ∆𝐻f − 𝑇∆𝑆f (21) 

Therefore, 𝑇∆𝑆f becomes crucial to compensate the enthalpy penalty, making ∆𝐺f nega-

tive, thereby governing the phase stability of metastable materials.[109,110] 

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.[111] 

For both cases, the configurational entropy of disordered cation distributions overcomes 

the positive enthalpy of formation. Here, interestingly, the ∆𝑆conf ≥ 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 Δ𝑆conf and entropy-stabilized oxides is illustrated in Figure 8.[113] 

The former refers to any systems with Δ𝑆conf > 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 𝛥𝑆conf 
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 ΔSconf, 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 ∆𝐺i,excess, which represents the change of inter-

actions when tailoring the ΔSconf.
[114]

 Therefore, material properties could be engineered by 

compositional or stoichiometrically changes.  

As described in 2.2.1., the entropy stabilization occurs when the ∆𝐻f is positive, which typ-

ically indicates metastability. Nevertheless, 𝑇∆𝑆f can compensate the enthalpy contribu-

tion, enabling the formation of a thermodynamically stable single-phase material through 

entropy-driven mechanisms. Specifically, for HEMs, ∆𝑆conf is considered to be the major 

contributor to ∆𝑆f. However, it is important to note that a high ∆𝑆conf does not always guar-

antee the formation of single-phase HEMs. In reality the ∆𝐻f, 𝑇, and most likely kinetics 

also play important roles in determining the phase stability of HEMs.[114] More interestingly, 

∆𝑆conf also can strongly affect the non-configurational contribution of entropy, such as 

electronic entropy ∆𝑆ele, thereby achieving favorable phase stability. Electronic entropy 

∆𝑆ele 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 ∆𝑆vib). Nevertheless, the excess of ∆𝑆ele  is a significant factor in driving the metal-to-

insulator transition in high-entropy materials (HEMs) and may contribute to stabilizing the 

conductive phase.[109]  

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 ∆𝑈lattice and lattice 

enthalpy ∆𝐻lattice, 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.[115] For example, the large lattice distortions 

induced by compositional complexity can intensify lattice vibrations, leading to a broader 

phonon spectrum and an increased ∆𝑆vib. This can result in ultra-low thermal conductivity 

or superfluid ion diffusion behavior. [54,57,112]  

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).[16,17] 
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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.[17] 

 

In particular, in the field of rechargeable batteries, rock-salt type high-entropy oxides 

(HEOs) are the most widely explored class of HEMs and can potentially be utilized as 

cathode, anode, and electrolyte.[116] In particular, in 2016, Bérardan et al. reported HEOs 

with a rock-salt structure, namely [Co0.2Mg0.2Cu0.2Ni0.2Zn0.2]1−x−yGaxAyO  (A = Li, Na, K).[117] 

These materials exhibit high Li-ion (>1 mS cm−1) and Na-ion conductivity (5×10−3 mS 

cm−1) 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.[10] Among the parameters, Smix (same 

description as ∆𝑆conf mentioned in this thesis) showed a more pronounced correlation with 



2 .  F u n d a m e n t a l s   

18 
 

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.   

 

Figure 10: Correlation coefficient between ionic conductivity and compositional complexity 

for 250 reported oxide lithium-ion conductors. Adapted from Y. Li et al.[10] 

 

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.[118,119] 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.[120] For HEMs, 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 (𝐸A): It is widely believed that increasing configurational entropy 

(Δ𝑆conf) will significant lower the energy barrier for ion diffusion owing to introduction of 

large lattice distortions.[16] 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.[53,57] Moreover, increasing Δ𝑆conf might potentially lower the defect for-

mation energy (𝐻form), thereby further lowering the activation energy 𝐸A (details shown as 

Equation 11). 
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(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).[121] 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.[122] 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.[123] 

(5) Tuning the (electro)chemical properties: Typically, (electro)chemical stability is related 

to the chemical composition of SE materials.[19] Given the vast chemical design space of 

HEMs, through compositional design, the (electro)chemical stability of high-entropy SEs 

could potentially be improved.[16,124]  

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, [Co0.2Mg0.2Cu0.2Ni0.2Zn0.2]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.[117] In 2017, Deng et al. 

reported the polyanionic substitution effect on ion transport in LISICON-like Li4SiO4 mate-

rials (e.g., Li4SiO4, Li3.75Si0.75P0.25O4, Li4.25Si0.75Al0.25O4, Li4Al0.33Si0.33P0.33O4, and 

Li4Al1/3Si1/6Ge1/6P1/3O4) and demonstrated the coexistence of various XO4 polyanions 

[(SiO4)4–, (PO4)3–, and (AlO4)5–] leads to lower lithium-ion transport barriers.[125] This has 

been further verified through molecular dynamic simulations and has been described as 

‘superfluid’ ion diffusion phenomenon.[126–129] In 2022, the first systematic investigation into 

the influence of high entropy on ion transport, specifically in Li-NASICON), Na-NASICON, 

and Li-garnet structures, has been reported by Zeng et al.[130] 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 

Li6La3Zr0.5Hf0.5Ta0.5Nb0.5O12. It has been shown that the pentavalent ions (e.g. Ta5+ and 

Nb5+) are only surrounded by tetravalent ions, such as Hf4+ and Zr4+, as the first-nearest 

octahedron, and the second-nearest octahedron is occupied by another pentavalent 

ion.[123] However, there was no significant improvement in ionic conductivity for 

Li6La3Zr0.5Hf0.5Ta0.5Nb0.5O12 (~0.33 mS cm−1), compared with Li6.5La3Zr1.5Ta0.5O12 (~0.24 

mS cm−1). 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) Ionic 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 Li6La3Zr0.5Hf0.5Ta0.5Nb0.5O12 (blue, labeled 

as ME-LLZO) and Li6.5La3Zr1.5Ta0.5O12 (red, labeled as Ta-LLZO), along with a crystallo-

graphic representation of ME-LLZO to show its local clustering supercell. (d) XRD patterns 

of Li7La3M2O12 (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 Li7La3M2O12. 

(f) Contour plots of in situ temperature-dependent XRD measurements conducted on 

Li7La3Zr0.4Hf0.4Sn0.4Sc0.4Ta0.4O12. (g) Schematic showing the crystal structure of 

Li9.54[Si0.6Ge0.4]1.74P1.44S11.1Br0.3O0.6 (LSiPSBrO). Arrhenius plots for LSiPSBrO and LGPS 

are shown in (h). (i) Design of HE layered halide SE guided by the ionic potential method. 

(j) 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 Li7La3M2O12 (M = Zr, Hf, Sn, Sc, Ta or Nb).[131] 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 

11e, 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−1 at room temperature) 

when applying the high-entropy concept.[133] Then, in 2023, a very high ionic conductivity 

has been achieved (~30 mS cm−1) at room temperature for lithium thiophosphate LGPS-

type materials with the composition Li9.54[Si0.6Ge0.4]1.74P1.44S11.1Br0.3O0.6 (LSiPSBrO) 

through tailoring the anionic sublattice (Figure 11g, h).[10] 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 Li3+mMe1+nX6, 

where Me represents one or multiple metal elements and X stands for one or multiple 

halogen elements (Figure 11i).[132] Using these principles, Li2.8In0.2Sc0.2Yb0.2Lu0.2Zr0.2Cl6 

has been designed and synthesized. However, the ionic conductivity still did not signifi-

cantly improve, compared to its counterpart Li3InCl6. 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 Li7+x−yMIV
xMV

1−xCh6−yXy (MIV = Si, Ge, Sn; MV = P, Sb; Ch = O, S, Se; 

X = Cl, Br, I, BH4; 0 ≤ x ≤ 1; 0 ≤ y ≤ 2).[47,89,134] Specifically, lithium argyrodites with the 

formula Li6PS5X (X = Cl, Br, I, referred to as LPSX) have attracted considerable interest in 

the past years.[89] The parent lithium argyrodite Li7PS6 crystallizes in an orthorhombic 

structure (α-Cu7PSe6 type, Pna21) at room temperature and shows a low ionic conductivity 

(1.6×10−3 mS cm−1).[135] At elevated temperature (483 K), it undergoes a phase transition 

to cubic symmetry (F43̅m), exhibiting high ionic conductivity (3×10−2 mS cm−1). This cubic 

structure can be stabilized at room temperature by replacement of one S2− with X− (X = Cl, 

Br, I) in Li7PS6, resulting in Li6PS5X (shown in Figure 12a-c).[89] The face-centered cubic 

(fcc) lattice (space group F4̅3m) consists of X− anions at the 4a Wyckoff position. The 

octahedral vacancies are occupied by P5+ on the Wyckoff site 4b. S2− are located on two 

crystallographic positions. Four S2− anions on 16e form the [PS4]3− tetrahedra. The residual 

“free”, non-bonded S2− 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)/S2−(4d) (referring to site inversion), which 

influences the lithium transport of the LPSX materials (illustrated in Figure 12a).[136,137] 

The anion site-inversion also affects the [PS4]3− 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 Å.[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.[91] 

T3(4c), which shares four corners with [PS4]3− tetrahedra, has also been detected in fully 

ordered (no site-inversion) cubic lithium argyrodite Li6+xP1−xSixO5Cl, exhibiting the high-

symmetry space group P213.[139]  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, f.[140] 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.[141] Nevertheless, these long intercage distances could be significantly shortened via 
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two routes. Increasing the X−(4a)/S2−(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.[143] 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.  

 

Figure 12: Unit cell of the Li6PS5X (X = Cl, Br, I) cubic polymorph. In the ordered configu-
ration: (a-c) X⁻ anions form a face-centered cubic structure, S2⁻ ions occupy half of the 
tetrahedral voids, PS4

3⁻ 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) Illustration of three different diffusion pathways: Doublet jumping (e), inter-cage 
jumping (f), and intra-cage jumping. Adapted from L. Zhou et al.[91] 

 

 

Figure 13: The relationship between ionic conductivity and anion disorder (Br⁻/S2⁻) is 
linked to the average distance of lithium distribution from the center of the cage (rmean). 
Adapted from L. Zhou et al.[11,91] 

 

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 Li6PS5X (X = Cl, Br, I), significant 

X−(4a)/S2−(4d) site inversion is observed for LPSCl (62.6%) and LPSBr (16.5%), whereas 

LPSI (0%) exhibits minor disorder due to the larger ionic radius of I−, hindering exchange 

with S2−.[136,137] Moreover, this inversion can be significantly increased by aliovalent sub-

stitution on the phosphorus site, such as in Li6+xP1−xGexS5I, resulting in improved ionic 

conductivity (~5 mS cm−1).[12,145] Additionally, the ionic conductivity can be enhanced in 

aliovalent-substituted lithium argyrodites with the formula Li6+xMxSb1–xS5I (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.[11] Further-

more, direct modification of site inversion can be achieved by replacing the free S2−(4d) in 

LPSCl with Cl−, resulting in halogen-rich Li5.5PS4.5Cl1.5 showing very high ionic conductivity 

at room temperature, attributed to high vacancy density through anion sublattice engineer-

ing.[90] Moreover, the X−(4a)/S2−(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 

Li5.5PS4.5Cl1.5.[142,146,147] External pressure does not affect the site inversion, but instead 

increases internal strain, which in turn enhances Li+ conductivity.[148]  
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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 LPSCl and LPSBr, 

are not favorable for Li+ transport. It has been found that glassy or nanocrystalline LPSCl 

and LPSBr consistently exhibit lower ionic conductivity compared to their well-crystallized 

counterparts.[149,150] Specifically, for LPSBr, the relationship between microstructure (site 

inversion), macrostructure (grain boundaries), and transport properties has been investi-

gated by Sadowski and Albe.[151] Unlike bulk diffusion, low site inversion tends to deterio-

rate Li+ transport, although it enhances grain-boundary transport.[151] 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.[69,71,141]  It 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.[54,58] 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 Li6PS5X (X = Cl, Br, I) 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.[136] A similar behavior has been observed in 

Li6PS5−xSexI.[155] Also, regarding the paddle-wheel effect in lithium argyrodites, there is 

ongoing debate about the existence of PS4
3⁻ unit rotation and whether such rotation could 

facilitate lithium diffusion.[45,47]  

 

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.[155]   
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2.3.2. Electrochemical and (chemo)mechanical properties in lithium argyrodites enabling 

all-solid-state batteries 

The lithium argyrodite LPSCl 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 LPSCl, are briefly discussed below.  

Like all sulfide SEs, LPSCl 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, LPSCl starts to decompose to LiCl 

and Li3PS4, above 2.5 V vs. Li+/Li, further degrading to P2Sx and Sx upon 3 V vs. Li+/Li (see 

Figure 15a).[156] The oxidation process can be simplified by the following reactions: 

Li6PS5Cl → LiCl + Li3PS4 + S + 2Li+ + 2𝑒− (22) 

Li3PS4 → 0.5P2S5 + 1.5S + 3Li+ + 3𝑒− (23) 

 

 

Figure 15: a) Cyclic voltammograms for the initial two cycles of Li6PS5Cl. (b) Schematic 
illustration of the electrochemical and chemical decomposition processes of Li6PS5Cl dur-
ing oxidation. Figures adapted from D. S. Tan et al and L. Zhou et al.[91,156] 

 

When mixing LPSCl 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.[157–159] 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.[160] The direct contact between LPSCl 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 LPSCl.[162]  
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LPSCl reduces to sulfur and phosphorus species, like Li2S and Li3P [163], at approxi-

mately 1.08 V vs. Li+/Li, as shown in Figure 16a, according to: 

Li6PS5Cl + 8Li+ + 8𝑒− → LiCl + Li3P + 5Li2S (24) 

This reaction has been later investigated by Wagemaker et al. They mention that the de-

composition process occurs through an intermediate phase Li11PS5Cl, rather than directly 

to the products.[164] In addition, argyrodites can also react with lithium metal chemically, 

forming Li3P, Li2S, and LiCl as follows (Figure 16a): 

Li6PS5Cl + 8Li → LiCl + Li3P + 5Li2S (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).[163]  

 

Figure 16: a) Schematic illustration of electrochemical and chemical decomposition for 
Li6PS5Cl during reduction. b) SEI resistance increase for Li6PS5Cl, Li6PS5Br, and Li6PS5I 
after contact with Li metal. Figures adapted from L. Zhou et al. and S. Wenzel et al.[91,164] 

 

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.[152,165]  

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–1 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. ΔSconf,cation and ΔSconf,anion) to 

achieve ΔSconf > 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 ΔSconf,cation (see Publications II and III). 

3) tailoring anion site inversion via halogen substitution at the 4d and 4a sites leading to 

an increase in ΔSconf,anion  (see Publication IV).  

 

Figure 17: Schematic showing crystal structure of lithium argyrodites with the general for-
mula Li6+xAB5X 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 I explores high-entropy lithium argyrodites by modifying the compositions de-

rived from Li6PS5X (X=Cl, Br, I) through multiple anion and cation substitutions. These 

high-entropy lithium argyrodites (Li6PS5[Cl0.33Br0.33I0.33], Li6P[S2.5Se2.5][Cl0.33Br0.33I0.33], and 

Li6.5[Ge0.5P0.5][S2.5Se2.5][Cl0.33Br0.33I0.33]) were synthesized by solid-state reaction, involv-

ing high-energy milling followed by annealing at temperatures of ≥ 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 31P MAS NMR spec-

troscopy revealing an unequal distribution of elements over the respective crystallographic 

sites. The ion transport was characterized using EIS and 7Li PFG NMR spectroscopy, 

demonstrating that the compositional disorder marginally affects the room-temperature 

ionic conductivity (∼1 mS cm–1) 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 III, 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 7Li 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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3.2. Publication II: A High-Entropy Multicationic Substituted Lithium Argyrodite Su-

perionic Solid Electrolytes 

Publication II presents the study of a novel high-entropy lithium argyrodite 

(Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I) through multication substitution on the tetrahedral site 

(Wyckoff position 4d), exhibiting high ionic conductivity (> 10 mS cm-1 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 31P MAS NMR 

spectroscopy, revealing high S2‒/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 Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I 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). 

 

 

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 Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I 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. 

Schäfer carried out the 7Li 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. Schäfer, 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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3.3. Publication III: Tuning Lithium-Ion Mobility in Argyrodite Solid Electrolytes via 

Entropy Engineering 

Publication III, a follow-up to Publication II (3.2.), further explores complex substituted lith-

ium argyrodites (Table 1) through varying the stoichiometry of 

Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (details see Publication II), achieving the highest bulk ionic 

conductivity around 18 mS cm−1 for Li6.66[P0.167Si0.5Ge0.167Sb0.167]S5I. Using powder diffrac-

tion techniques (NPD and SXRD), 6Li MAS-NMR and charge transport characterization 

(EIS and 7Li 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−1), 

while an increase in ΔSconf 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.  

 

 

Figure 20: Table of Contents (TOC) of Publication III. 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 III, 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 7Li 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, e202404874. Copyright © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH.  
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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 

Li5.5PS4.5ClxBr1.5-x with a fixed Li content. In these materials, a very high ionic conductivity 

was achieved for Li5.5PS4.5Cl0.8Br0.7 (~9 mS cm−1 from EIS and ~22 mS cm−1 from 7Li PFG-

NMR, ΔSconf = 1.98R) by tuning the anion disorder between sulfur, chlorine and bromine, 

distributed over two crystallographic sites (4a and 4d). Through NPD combined with 31P 

MAS NMR spectroscopy, the occupancy of S2−/Cl−/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. Li5.5PS4.5Cl0.8Br0.7 displays the maximum ΔSconf based on the calcu-

lation, which also exhibits the highest ionic conductivity, suggesting a direct correlation 

between ΔSconf and lithium transport properties. Moreover, Li5.5PS4.5Cl0.8Br0.7 was used as 

the solid electrolyte in SSB cells with single-crystal LiNi0.9Co0.06Mn0.04O2 (s-NCM90) as a 

CAM, showing nearly no capacity decay after 700 cycles.  

 

 

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. Schäfer 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, e202314155. Copyright © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH.  
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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 III 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 Li6PS5Cl 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 (Li5.5PS4.5Cl0.8Br0.7) and 

Li6PS5Cl. At 25 °C and high current rates, both anion and cation substitution make lithium 

argyrodites superior to the commercialized Li6PS5Cl. 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 Li5.5PS4.5Cl0.8Br0.7, a superionic 

high-entropy solid electrolyte.  

 

 

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. 

Batteries & Supercaps 2024, 7, e202400112. Copyright © 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH 
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4. Conclusions and perspectives 

Throughout this thesis, I 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 ΔSconf can be deconvoluted into two 

contributions, including cation mixing (ΔSconf,cation), and anion mixing (ΔSconf,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 

ΔSconf > 1.5R can be achieved mainly through three approaches:  

1) Both, anion and cation substitutions were combined (i.e. ΔSconf,cation and ΔSconf,anion) to 

achieve ΔSconf> 1.5R (see Publication I).  

2) Introducing a complex cation substitution at the 4b site increasing ΔSconf,cation (see Pub-

lications II and III). 

3) Tailoring anion site inversion via halogen substitution at the 4d and 4a sites leading to 

an increase in ΔSconf,anion  (see Publication IV).  

Starting from the possibility of applying the high-entropy concept to lithium argyrodites 

through modification of Li6PS5X (X=Cl, Br, I) through approach 1), the highest configura-

tional entropy was achieved for Li6.5[Ge0.5P0.5][S2.5Se2.5][Cl0.33Br0.33I0.33] reaching  ΔSconf = 

2.98R. However, the ionic conductivity (~ 1 mS cm−1 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.[18] 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 

Li6.5[Ge0.5P0.5][S2.5Se2.5][Cl0.33Br0.33I0.33], elemental redistribution on 4a and 4d sites (38% 

I/ 34% Br/ 28% Se and 33% Cl/ 67% Se, respectively) was found through MAS-NMR and 

NPD data analysis.  

Following this,  in Publication II and III, compositional complex cation substituted lithium 

argyrodites (referring to approach 2) have been synthesized adopting the general formula 

Li6+x[M1aM2bM3cM4d]S5I, with M being P, Si, Ge, and Sb, achieving high ionic conductivi-

ties (≥ 10 mS cm−1) in Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (EQ), Li6.66[P0.167Si0.5Ge0.167Sb0.167]S5I 

(Si0.5) and Li6.66[P0.167Si0.167Ge0.5Sb0.167]S5I (Ge0.5).[19,21] 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−1 (for P0.75 and Sb0.75) to above 10 mS cm−1 (for Si0.5 and 

Ge0.5) when the Li content varied from 6.17 (for P0.75 and Sb0.75) to 6.66 (for Si0.5 and Ge0.5) 

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 

ΔSconf showed similar very low activation energy (around 0.21 eV), yet significant differ-

ences in ionic conductivity (1.91 mS cm−1 for P0.5 and 14.6 mS cm−1 for Ge0.5), 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 μ > 10−6 cm2 

V−1 s−1, one order of magnitude higher compared to common highly conducting lithium 

argyrodites. To rationalize this, one can assume an increased configurational entropy 

ΔSconf leads to an increased vibrational entropy ΔSvib. 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 ΔSconf,cation engineering, alternatively, high-entropy lithium argyrodites (ΔSconf 

> 1.5R) can also be achieved through tuning ΔSconf,anion. In Publication IV, isovalent substi-

tuted halogen-rich high-entropy argyrodites with a fixed Li content Li5.5PS4.5ClxBr1.5-x (x = 

0-1.5) have been investigated.[20] 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, Li5.5PS4.5Cl0.8Br0.7 demonstrated both the highest ionic conduc-

tivity (~9 mS cm−1 from EIS and ~22 mS cm−1 from PFG-NMR) and a maximum ΔSconf 

(1.98R), hinting at a possible direct correlation between ΔSconf and lithium transport again 

possibly attributed to the beneficial phonon-ion interactions.  

After achieving high ionic conductivities of σion ~ 10 mS cm-1 at room temperature, via 

varying anion and cation compositions, including Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (EQ), 

Li6.67[P0.16Si0.5Ge0.16Sb0.16]S5I (Si0.5), Li6.67[P0.16Si0.16Ge0.5Sb0.16]S5I (Ge0.5) and 

Li5.5PS4.5Cl0.8Br0.7 (I-free), this renders these materials promising as solid electrolytes for 

bulk-type SSB applications.[22] 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 LPSCl.[22] 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 Cl⁻ compared to I⁻ suggest enhanced oxidation 

stability in iodine-free and LPSCl SE.[24] Li metal compatibility was characterized by using 
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symmetrical Li|SE|Li cell configurations. The total resistance difference (ΔRtotal) from inter-

phase and interface contributions after 24 hours indicates that both LPSCl 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 (ΔRtotal = 34.5 Ω). 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 LizSb) at the SE/Li interface, which could lead to contin-

uous degradation and pronounced impedance growth.[24] Finally, applied as SEs in pellet-

type SSB cells, the compositionally complex solid electrolytes outperformed the reference 

Li6PS5Cl 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 

Li5.5PS4.5Cl0.8Br0.7 (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 Li5.5PS4.5Cl0.8Br0.7 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.[18,20,21] 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.[54,57] Therefore, remaining open questions relate to how lattice dynam-

ics affect ion transport in such materials. Note that increased structural complexity (in-

creased ΔSconf) likely affects the vibrational entropy (ΔSvib), associated to phonon broad-

ening, which is known to impact ion diffusion. For lithium argyrodite Li6PS5Cl, 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.[58] 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.[17] 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.[114] However, in contrast, it 

has been reported for high-entropy lithium garnets that compositional complexity could 

lower the phase formation temperature during annealing.[131] 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 ΔSconf in equation (19), ΔSconf should include the contri-

bution of every individual element at each occupied crystallographic site, ignoring dynamic 

effects.[16] In the context of superionic conductors, this raises an issue for mobile ions, such 

as Li⁺ (note that ΔSconf, Li was not included in the calculation of ΔSconf in this thesis). From 

a crystallographic perspective, the crystallographic sites are partially occupied by Li⁺. 

ΔSconf, Li could be derived using equation (19), meaning that materials with more lithium 

positions would present higher ΔSconf, Li. Most lithium superionic conductors (LGPS, 

Li₃InCl₆, LLZO, and LPSCl) could thus be defined as high-entropy materials, as their ΔSconf, 

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 ΔSconf, Li may not be appropriate for de-

scribing such a dynamic behavior. As such, we have not included the ΔSconf, Li contribution 

in this thesis. On the other hand, for superionic conductors, ΔSconf, Li is strongly linked to 

changes in free energy due to defect formation, and ΔSconf, vacancy should similarly be con-

sidered, as it affects the concentration of charge carriers and activation energy.[26] Simply 

excluding ΔSconf, 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 

ΔSconf, Li and ΔSconf, 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  

Compositions 
σion 

/ mS cmꟷ1 

EA 

(EIS) 

/ eV 

Ref. 

Rocksalt (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)0.66Li0.33O ~1.0 (20°C) 0.20 [117] 

LIPON 
(Li0.375Sr0.4375)(Ta0.375Nb0.375Zr0.125Hf0.125)O3-d 0.256 - [133] 

(Li0.375Sr0.4375)(Ta0.45Nb0.3Zr0.125Hf0.125)O3-δ 0.204 - [133] 

Garnet 

Li6La3Zr0.5Hf0.5Ta0.5Nb0.5O12 0.33 0.44 [123] 

Li6La3Zr0.5Nb0.5Ta0.5Hf0.5O12 0.467 (23°C) 0.25 [166] 

Li6.4La3Zr0.4Ta0.4Nb0.4Y0.6W0.2O12 0.16 0.23 [167] 

Li7La3Zr0.5Hf0.5Sc0.5Nb0.5O12 0.27 - [131] 

Li7La3Zr0.4Hf0.4Sn0.4Sc0.4Ta0.4O12 0.17 0.406 [131] 

Li6.6La3Zr0.4Hf0.4Sn0.4Sc0.2Ta0.6O12 0.32 0.403 [131] 

Li5.4La3Zr0.4Hf0.4Nb0.4Ta0.4W0.4O12 0.017 - [168] 

Ga0.2Li5.75La2.5Nd0.5Nb0.65Ce0.1Zr1Ti0.25O12 0.1 - [169] 

Ga0.2Li5.75La2.5Nd0.5Nb0.35Ta0.3Ce0.1Zr0.75Hf0.25Ti0.25O12 0.2 0.33 [169] 

Sulfide 
Li9.54[Si0.6Ge0.4]1.74P1.44S11.1Br0.3O0.6 32 0.24 [10] 

Lix(Fe0.2Co0.2Ni0.2Mn0.2Zn0.2)PS3 0.4 0.38 [170] 

Halide 

LiCl−(LaCl3 ⋅ CeCl3 ⋅ ZrCl4 ⋅ AlCl3 ⋅ TaCl5)0.2 1 0.336 [171] 

1.5LiCl−(LaCl3 ⋅ CeCl3 ⋅ ZrCl4 ⋅ HfCl4 ⋅ AlCl3 ⋅ TaCl5)1/6 1.1 0.383 [171] 

1.5LiCl−(LaCl3 ⋅ CeCl3 ⋅ ZrCl4 ⋅ HfCl4 ⋅ TaCl5)0.2 1.8 0.318 [171] 

1.5LiCl−(LaCl3 ⋅ CeCl3 ⋅ HfCl4 ⋅ AlCl3 ⋅ TaCl5)0.2 1.3 0.364 [171] 

Li2.8In0.2Sc0.2Yb0.2Lu0.2Zr0.2Cl6 2.13 0.286 [132] 

Li2.75Y0.16Er0.16Yb0.16In0.25Zr0.25Cl6 0.849 0.338 [124] 
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Table S2 Li-ion conductivity (σion) at T = 298 K (unless otherwise noted) and activation energies (EA) of various lithium argyrodites 

determined by temperature-dependent EIS and 7Li PFG-NMR spectroscopy. Without specific notation, the lithium argyrodites crystalized 

in cubic symmetry (F43̅m) 

 

Material 
σion 

/ mS cmꟷ1 

EA (EIS) 

/ eV 

EA 

(7Li PFG-

NMR) 

/ eV 

Site-inversion at 4d 

X1
-/Ch2-/X2

- 
Li positions Ref. 

Li7-a-b-cPS6-a-bX1aX2b (X1=F, Cl, Br, I; X2=F, Cl, Br, I)  

Li7PS6 0.55 - 1 0.475 -   [172,173] 

Li6PS5Cl 1.3 - 3.4 
0.34 - 

0.38 
0.29 - 0.35 0.538(Cl-)/0.462(S2-) T5(48h), T2(48h), T4(16e)* 

[90,137,138,143,

173] 

Li6PS5Cl0.5Br0.5 ~3 0.37  - 0.211(Cl-)/0.492(S2-)/0.297(Br-) T5(48h) [136,137] 

Li6PS5Br 1.09  0.30  - 0.221(Br-)/0.779(S2-) T5(48h), T5a(24g), T2(48h) [136,137] 

Li6PS5Br0.5I0.5 10ꟷ2 0.32  0.035(Br-)/0.965(S2-) T5(48h), T5a(24g) [136,137] 

Li6PS5I 10ꟷ3 0.38 - 0.0 (I-)/1.0(S2-) T5(48h), T5a(24g) [136,137] 

Li6PS5I0.25F0.75 0.15 0.34 - - - [174] 

Li6PS5F 0.23 0.45 - - - [175] 

Li6PS5F0.5Cl0.5 0.35 0.32 - - - [175] 

Li6PS5F0.5Br0.5 0.32 0.37 - - - [175] 

Li6.75PS6.75Cl0.25 0.7 0.447 - 0.108(Cl-)/0.892(S2-) T5(48h), T2(48h) [172] 

Li6.25PS6.25Cl0.75 1.2 0.45 - 0.426(Cl-)/0.574(S2-) T5(48h), T2(48h) [172] 

Li5.75PS4.75Cl1.25 ~4.0 
0.33 - 

0.40 
0.35 0.67(CI-)/0.35(S2-) T5(48h), T2(48h) [90,172] 
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Li5.5PS4.5Cl1.5 9.4 0.29 0.29 0.9(CI-)/0.1(S2-) T5(48h), T2(48h) [20,90,172,176] 

Li5.5PS4.5Br1.3 6 0.183 - - T5(48h), T5a (24g) [177] 

Li5.5PS4.5Br1.5 10 0.188 0.24 - T5(48h), T5a(24g) [20,177] 

Li5.3PS4.3Br1.7 10 0.178 - - T5(48h), T5a(24g) [177] 

Li5.7PS4.5ClBr0.3 12 0.194 - 0.57(Cl-)/0.11(S2-)/0.32(Br-) T5(48h), T5a(24g) [178] 

Li5.5PS4.5ClBr0.5 17 0.157 - 0.5(Cl-)/0.28(S2-)/0.22(Br-) T5(48h), T5a(24g) [178] 

Li5.3PS4.3ClBr0.7 24 0.155 - 0.5(Cl-)/0.36(S2-)/0.15(Br-) T5(48h), T5a(24g) [178] 

Li5.3PS4.3Cl0.3Br1.4 17 0.197 - - T5(48h), T5a(24g) [179] 

Li5.3PS4.3Cl0.7Br 24 0.155 - - T5(48h), T5a(24g) [179] 

Li5.3PS4.3ClBr0.7 26 0.16 - - T5(48h), T5a(24g) [179] 

Li5.3PS4.3Cl0.3Br1.4 10 0.17 - - T5(48h), T5a(24g) [179] 

Li5.5PS4.5Cl0.4Br1.1 7.15 0.31 0.27 0.341(Cl-)/0.390(S2-)/0.277(Br-) T5(48h), T5a(24g) [20] 

Li5.5PS4.5Cl0.8Br0.7 9.56 0.30 0.28 0.555(Cl-)/0.289(S2-)/0.147(Br-) T5(48h), T5a(24g) [20] 

Li5.5PS4.5Cl1.2Br0.3 8.08 0.32 0.32 0.716(Cl-)/0.136(S2-)/0.145(Br-) T5(48h) [20] 

Li7-a-cYcPS6-aXa (X=Cl, Br, I; Y=Al, Ca, Ga, Ag, Cu, Fe, B)  

Li6Fe0.5PS6 0.14 - - - - [180] 

Li5.7Al0.1PS5Cl 3.7 - - - - [176] 

Li5.4Al0.2PS5Cl 3.6 - - - - [176] 

Li5.7Ga0.1PS5Cl 3.9 - - - - [176] 

Li5.4Ga0.2PS5Cl 4 - - - - [176] 
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Li5.8Ca0.1PS5Cl 4.3 0.35 0.33 0.83(Cl-)/0.17(S2-) - [176] 

Li5.6Ca0.2PS5Cl 3.4 0.325 0.305  - [176] 

Li5.4Al0.2PS5Br 2.4 0.254 - 0.2(Br-)/0.8(S2-) - [181] 

Li5.4B0.2PS5Br 1.3 - - - - [181] 

Li5.45Al0.1PS4.75Cl1.25 5.7 - - - - [176] 

Li5.15Al0.2PS4.75Cl1.25 3.6 - - - - [176] 

Li5.45Ga0.1PS4.75Cl1.25 4.8 - - - - [176] 

Li5.35Ca0.1PS4.5Cl1.55 10.2 0.30 
0.257-

0.383 
0.867(Cl-)/0.133(S2-) T5(48h) [176] 

Li6.3P0.9Cu0.1S4.9Cl1.1 4.2 0.27 - - - [182] 

Li5.6Cu0.2PS4.8Br1.2  3.5 0.24 - - - [183] 

Li7-aM1M2S6-aXa (X=Cl, Br, I; M1=P, Si, Ge, Sb; M2=P, Si, Ge, Sb) 

Li7.3P0.7Si0.3S6 1.27 - - - - [184] 

Li7.3P0.7Ge0.3S6 1.96 - - - - [184] 

Li7Zn0.5SiS6 I𝟒̅ 10ꟷ4 0.66 - - 
T5(48h), T4(16e), T2(48h), T1, 

T2a 
[185] 

Li6.125P0.875Si0.125S5Br 0.8 0.19 - 0.18(Br-)/0.82(S2-) T5(48h), T5a(24g) [186] 

Li6.5P0.5Si0.5S5Br 2.2 0.26 - - - [186] 

Li6.5P0.5Si0.5S5I 2.0 0.24 - 0.10(I-)/0.90(S2-) T5(48h), T5a(24g) [187] 

Li6.7P0.3Si0.7S5I 2.0 0.22 - 0.12(I-)/0.88(S2-) T5(48h), T5a(24g) [187] 

Li6.3P0.7Sn0.3S5I 0.1 0.33 - - - [187,188] 
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Li6.6P0.4Ge0.6S5I 5.4 0.24 - 0.063(I-)/0.937(S2-) 
T5(48h), T5a(24g), T4(16e), 

T2(48h) 
[187] 

Li6.7Sb0.3Si0.7S5I 
14.8  

(302 K) 
0.25 - 0.0(I-)/1.0(S2-) 

T5(48h), T5a(24g), T4(16e), 

T3(4c) 
[11] 

Li6.4Sb0.6Ge0.4S5I 
6.3  

(302 K) 
0.23 - 0.0(I-)/1.0(S2-) T5(48h) [11] 

Li7-aM1M2Ch6-aXa (X=Cl, Br, I; M1=P, Si, Ge, Sb; M2=P, Si, Ge, Sb, Ch=O, S, Se) 

Li7PSe6 (Pna21 at RT) 
- - - - 7 Li positions [135] 

Li6PSe5I 0.28 0.285 - 0.0(I-)/1.0(Se2-) T5(48h), T5a(24g) [155] 

Li6.3Sn0.3P0.7Se5I 2.4 0.26 - 0.04(I-)/0.96(Se2-) T5(48h), T5a(24g) [188] 

Li6.05PS4.9O0.1Cl1.05 7.49 - - - - [189] 

Li6PO5Br - - - - T5a(24g) [190] 

Li6PO5Cl - - - - T5a(24g) [190] 

Li6SiO4Cl2 (Pna21)  ~10-7 0.560 - - 6 Li positions [191] 

Li6.5P0.25Si0.75O5Cl 

(P213) 
1.82 × 10–6 0.52 - - 

T5(48h), T5a(24g), T4(16e), 

T3(4c) 
[139] 
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6.2. Publication VI: Synthetic Tailoring of Ionic Conductivity in Multicationic- Sub-

stituted, High-Entropy Lithium Argyrodites Solid Electrolytes 

Publication VI is a follow-up to publication II (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 31P as well as 6Li MAS-

NMR, while surface compositions (e.g. SiOx 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 Sb3+on the particle 

surface, are associated with increased ionic conductivity and reduced electronic conduc-

tivity. Finally, moderate cooled Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I was electrochemically tested 

in pellet-type SSBs with a layered Ni-rich oxide cathode at 25 °C, and compared with the 

commercial available SE Li6PS5Cl. Although the high-entropy Li-ion conductor delivers 

larger specific capacities than Li6PS5Cl-based cells at high current rates, its lower electro-

chemical stability results in continuous capacity fading.  

 

 

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. Schäfer 

carried out the 7Li 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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