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Among the electrolytes designed for all solid-state batteries, the phosphosulfide electrolytes stand out with respect to their very 
high Li-ion conductivities. However, when in contact with metallic lithium anodes, there are remaining challenges to ensure 
long-term operation stability. Both issues, the Li-ion conductivity and the electrochemical stability vs. metallic lithium, are the 
subject of this review. After introducing the background for developing all solid-state Li-ion batteries with metallic lithium anode 
and providing a brief overview on four types of phosphosulfide electrolytes, in Part I of the review a compound treatment on the 
Li–P–S and the LiSICon type electrolytes had been given. Part II of the review will continue following the same schedule by 
discussing the chemistry, structure, processing and Li-ion conductivity of the LGPS and the Argyrodite-type phosphosulfides. 
Emphasis is put on the treatise of the chemistries supported by the consideration of specific phase diagrams and intra-type com-
parisons of the Li-ion conductivities at ambient temperature. In a summarizing section, inter-type comparisons among selected 
compositions of the Li–P–S type, the LiSICon-type, the LGPS-type and the Argyrodite-type phosphosulfides are addressed for 
the two main issues for electrolytes in all solid-state batteries, the Li-ion conductivities and the electrochemical stability vs. 
metallic lithium. The review is concluded with remarks on the status and the perspectives of the research on Li-ion conducting 
phosphosulfide electrolytes.

Keywords: Lithium sulfide; LGPS; argyrodite; sulfide electrolytes; solid-state electrolytes.

1.  Introduction

Among the four types of crystalline phosphosulfide electro-
lytes, the Li–P–S- and the LiSICon-type materials go back 
to the past century.1–5 LGPS-type and Argyrodite electrolytes 
are the results of recent developments, with first reports on 
Li-ion conducting Argyrodites dating back to 20086 and on 
LGPS in 2011.7 The Li–P–S type electrolytes, characterized 

by their chemical composition exclusively containing lith-

ium, phosphorus and sulfur encompass a wide scope of struc-

tures and anion sublattice frameworks. Among them, Li3PS4, 

Li9.6P3S12 and Li7PS6 are Li–P–S archetype electrolytes of the 

other, LiSICon, LGPS and Argyrodite types, respectively.8–10 

Structural features and typical anionic frameworks are crit-

ical features for LiSICon-, LGPS- and Argyrodite-type 
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electrolytes. Most typically, constituent components in the 
LiSICon and LGPS types are metals or semimetals (semi/
metal in this text denotes semimetal and/or metal) and halo-
gens in the Argyrodite-type phosphosulfides. Within each of 
these types, a wide scope of materials have been developed 
by modifying the base materials with iso– and aliovalent cat-
ions, anions other than sulfur, both along with charge com-
pensating changes in their lithium content.11–13 The scope for 
processing routes spans from preparation to the melt and sol-
id-state routes to liquid-phase processing.14–16

Part I of this review presented the application background 
for the development of Li-ion conductive solid-state electro-
lytes for designing all solid-state Li-ion batteries with metal-
lic lithium anodes and a brief overview on the four types of 
phosphosulfide electrolytes, the Li–P–S type, the LiSICon 
type, the LGPS type and the Argyrodite type. Two of them, 
the Li–P–S-type and the LiSICon-type electrolytes, were the 
subject of detailed descriptions along with the wide variety of 
compositions there.

Part II of this review on phosphosulfide electrolytes starts 
with a detailed treatment of the LGPS and the Argyrodite 
type, while maintaining the conceptual framework follow-
ing that of Part I. According to this concept, first the chem-
istry of the materials in context with phase diagrams specific 
to these compositions are considered. Subsequently, the 
phosphosulfide electrolytes within both types are analyzed 
considering their structural characteristics, the options for 
the processing and compared with respect to their Li-ion 
conductivities at ambient temperature. A summarizing sec-
tion encompasses an inter-type comparison of the Li-ion 
conductivities for selected Li–P–S-, LiSICon-, LGPS- and 
Argyrodite-type electrolytes and a treatment related to the 
electrochemical stability of the phosphosulfides. The latter 
contains sections on theory, on experimental work on elec-
trochemical stability and interphase formation and, as a per-
spective, on the design of electrochemically stable artificial 
interlayers. Part II will be concluded with an assessment of 
the status and perspectives for future research on phospho-
sulfide electrolytes.

2.  LGPS — Type Electrolyte Materials

A breakthrough in the performance of Li-ion conduction was 
achieved in 2011 when Kamaya et al. reported a superionic 
conductor Li10GeP2S12 (LGPS) with an ambient temperature 
Li-ion conductivity of 1.2 × 10−2 S/cm.7 The building blocks 
for the structure are PS4

3− and GeS4
2− tetrahedra, the space 

group of this electrolyte material is tetragonal (P42/nmc). 
Subsequently, the label “LGPS-type superionic conductor” 
was coined by the inventors for Li-conducting phosphosul-
fide electrolytes with this space group regardless of the semi/
metal species in the composition. So far, tin and silicon have 
been proven to be low-cost substitutes for germanium within 
the LGPS-type superionic conductors.17

Since 2011, six lines of development (Fig. 1) for further 
improvement of conductivity and stability of the Li10GeP2S12 
have been pursued: (i) modifications of the stoichiometry in 
Ge-based electrolytes, (ii) the substitution of Ge by Sn or Si 
along with stoichiometry variations, (iii) the use of binary semi/
metallic or metallic components, (iv) the elimination of the 
semi/metal component via Li–P–S materials, (v) the substitu-
tion of part of the sulfur by halogens and (vi) the partial substitu-
tion of sulfur by oxygen. While the first three aimed to achieve a 
high Li-ion conductivity along with sustainable educts, the main 
objective of the latter three approaches is to improve the electro-
chemical stability while maintaining a high Li-ion conductivity.

Modifications of the original Li10GeP2S12 composition 
followed in particular the Li10+dGe1+dP2−dS12 stoichiome-
try.18,19 Maintaining a constant ratio of S:(Ge+P) of 4:1 is a 
precondition for an anion framework consisting exclusively of 
isolated PS4

3− and GeS4
2− tetrahedra, thus for preserving the 

original anionic building blocks Li10GeP2S12 structure. The 
scope for the variation in d ranges from d = 0 to d = 0.5 in the 
Li10+dGe1+dP2−dS12 solid solution series Li10.35Ge1.35P1.65S12 pro-
vides slightly enhanced performance compared to Li10GeP2S12.

The substitution of germanium with less expensive mate-
rials such as tin or silicon was a precondition in order to open 
up the perspective for a widespread application of the LGPS-
type electrolytes. Investigation of Li10SnP2S12 as tin analo-
gous material of the prototype LGPS electrolyte provided 

Fig. 1. Lines of development emerging from the prototype Li10GeP2S12 electrolyte material.
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a proof of concept, that an affordable Li-ion conductor 
using Sn as a metal component for high Li-ion conductiv-
ity might be feasible.20 Exploring the range of solid solutions 
in Li10+dM1+dP2−dS12 stoichiometry for the Si and Sn systems 
provided insight, that on the one hand for Sn as well as for Si 
LGPS-type electrolytes with P42/nmc symmetry were real-
ized over a certain compositional range, on the other hand for 
all of them the performance was by a factor of 3–4 less than 
for the original Li10GeP2S12.21

LGPS-type materials with binary semi/metal component 
by partial substitution of the Ge by Sn or Si resulted in solid 
solutions with space group P42/nmc for, both, Li10(Ge1−xSix)-
P2S12 and Li10(Ge1−xSnx)P2S12 in the complete range 0 ≤ x 
≤ 1.0.22 A maximum Li-ion conductivity at ambient tem-
perature (0.86 × 10−2 S/cm) within the Li10(Ge1−xSnx)P2S12 
series was achieved with a minor silicon content (x = 0.05) 
in Li10(Ge9.95Si0.05)P2S12, thus the approach did not lead to a 
drastic increase in sustainability. Binary compositions with 
Sn and Si semi/metal components Li10+d(SnySi1−y)1+dP2−dS12 
were largely monophasic in the composition range (−0.1 ≤ d 
≤ 0.5 and 0 ≤ y ≤ 1).23 The performance of the best material in 
this series, Li10.35(Snx0.27Si1.08)P1.65S12, was almost at the same 
level as for the original Li10GeP2S12 thus providing a sustain-
able material with extremely high conductivity.

Although in the exclusively semi/metal-based LGPS, 
extremely high Li-ion conductivities were realized, a critical 
issue for application in all solid-state batteries with Li-anode 
is the electrochemical stability that is particularly close to the 
Li/Li+ electrochemical potential. In particular, the semi/metal 
components Ge, Sn or Si are possibly reduced.17 Thus, fur-
ther modifications of the materials were addressed with the 
main objective to stabilize the LGPS-type electrolytes.

The most straightforward approach to prevent the reduc-
tion of the semi/metal is to eliminate this component from 
the composition. Within the Li–P–S system, lithium-doped 
modifications of the thio-LiSICon structured host material 
Li3PS4, in which the generation of lithium interstitials by 
substituting 5 Li+ for P5+ according to Li3+5xP1−xS4, had shown 
relatively high conductivity in particular for Li3.325P0.935S4 (x 
= 0.065).24 Research work on compositions in the vicinity of 
these materials resulted in development of Li9.6P3S12.9,17 This 
material is considered to form a stable interphase along with 
cycling in batteries with metallic lithium anode, however, 
its Li-ion conductivity is roughly an order of magnitude less 
than for the high performance semi/metal-based LGPS-type 
superionic conductors.9 Moreover, its structure, which was 
considered to be P42/nmc in 2016, is still under discussion.9

An alternative approach to stabilize the electrochemical 
stability is to substitute part of the sulfur with halogens, along 
with further adjustments of the stoichiometry. Specifically, 
chlorine was applied in the development of Si-based LGPS-
type materials in this direction, which resulted in the 

invention of the P42/nmc structured high Li-ion conductivity 
Li9.54Si1.74P1.44S11.7Cl0.3 electrolyte.9

Most recent work in order to stabilize the LGPS electro-
lytes under battery operation conditions slanted toward par-
tial substitution of sulfur by oxygen. Specifically, oxygen 
incorporation in LGPS-type electrolytes has been realized for 
Li10GeP2S12 according to Li10GeP2S12−xOx (0.3 ≤ x ≤ 0.6),25 for 
silicon-based LGPS-type materials Li9.42Si1.02P2.1S9.96O2.04,26 
as well a Li10SiP2S12−xOx (0 ≤ x ≤ 1.75),27 and for electrolytes 
from the Li3+5xP1−xS4−zSOz (0.03 ≤ x ≤ 0.08, 0.4 ≤ z ≤ 0.8) and 
Li9+dP3+d′S12−kOk systems.28,29

2.1.  Chemistry and phase relations of LGPS-type 
electrolytes

The positions of the prototype material Li10GeP2S12 and iso-
structural variations thereof consisting of lithium, semi/met-
als like Ge, Sn or Si, phosphorus and sulfur are displayed 
in a ternary Li2S–P2S5–Z diagram with Z = GeS2, SnS2 or 
SiS2 (Fig. 2). The prototype composition Li10GeP2S12 con-
tains the components Li2S:P2S5:GeS2 in 5:1:1 ratio, or nor-
malized to ∑ci = 1, the ratio of these components is given by 
0.714:0.142:0.142. For most of the materials, the contents in 
Li2S are between 0.7 and 0.8 while the amounts of P2S5 and 
GeS2 range between 0.1 and 0.2.

The presence of compositions Li10GeP2S12, Li7GePS8 
and Li3.25Ge0.25P0.75S4 in the germanium-containing materi-
als indicates that there is a certain range within the P42/nmc 
structure type that allows for moderate changes in stoichiom-
etry. In a notation normalized to S12, Li3.25Ge0.25P0.75S4 and 
Li7GePS8 correspond to compositions Li10.35Ge1.35P1.65S12 and 
Li10.5Ge1.5P1.5S12, respectively. Thus, these materials can be 
assigned to a single compositional series Li10+dGe1+dP2−dS12.18 
It originates from the approach to substitute germanium in 
the form of GeS2 by phosphorus in form of ½P2S5 while 
compensating the resulting difference charge by concomitant 
addition of ½Li2S, which corresponds to the dopant approach 
applied in the thio-LiSICon materials.30

Fig. 2. LGPS-type electrolytes with in a ternary Li2S–P2S5–Z phase dia-
gram with component Z = GeS2, SiS2 or SnS2.
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In the original reports on LGSP-type materials of this 
series, there are four different approaches and notations 
for the formal description of identical materials within this 
series, whereby the different notations used for the same 
materials reflect different aspects considering the material 
composition. This includes (i) a notation focusing on modifi-
cations of the prototype material Li10GeP2S12, (ii) a notation 
oriented toward the historical development of thio-LiSICon, 
(iii) a notation that gives the structural formulae for the com-
positions in terms corresponding to the least common inte-
gers and (iv) a notation taking structural aspects into account 
is employed.

Taking the prototype material Li10GeP2S12 as a starting point 
for the considerations, the d in the notation Li10+dGe1+dP2−d- 
S12 indicates in the first instance substitution between phos-
phorus and germanium related to the prototype Li10GeP2S12 
electrolyte. Increasing d increases Ge content and specifies, 
how much Ge is added along with the substitutions and com-
pensations defining this series to the Li10GeP2S12. In contrast, 
k in Li4−kM1−kPkS4 indicates how much phosphorus is substi-
tuted for Ge in Li4GeS4.

When given in explicit figures, the formulae Li10+dM1+dP2−d- 

S12 vs. Li4−kM1−kPkS4 differs only in normalization to S12 or 
S4 which can be easily transformed by applying a factor of 
3 (Li10GeP2S12 corresponds to Li3.333Ge0.333P0.667S4). When 
referring to the formal description of the materials series, 
however, notation as Li10+dM1+dP2−dS12 vs. Li4−kM1−kPkS4 have 
qualitatively inverse and quantitatively different relations 
concerning the parameters d and k as descriptors for the com-
positions. The quantitative relation between d and k is given 
by k = (2 − d)/3 or d = 2 − 3k.

Keeping to the notation of conventional chemistry to 
quantify the amounts in the structural formulae in terms 
of the least common integers of the constituents, some of 
the materials from the Li10+dGe1+dP2−dS12 series, such as 
Li10.5Ge1.5P1.5S12 are described as Li7GePS8. A further, less 
widespread notation of this system is to write the formulae 
for the materials composition in form of Li11 − y(Ge2 − yPy)
PS12 (0 ≤ y ≤ 2).31 In this approach, the formula distinguishes 
between phosphorus species according to their Wyckoff posi-
tions, the formal description for the Li-coefficient has to be 
adjusted accordingly. Actually, for y = 1, Li10(GeP)PS12 cor-
responds to Li10GeP2S12, while for x = 0.5 Li10.5(Ge1.5P0.5)PS12 
describes the Li10.5Ge1.5P1.5S12 (= Li3.5Ge0.5P0.5S12 = Li7GePS8) 
composition.

2.1.1.  Ge-based LGPS stoichiometry variations

Introducing Li3PS4 and Li4GeS4 into the ternary Li2S–P2S5–
GeS2 phase diagram (Fig. 3) demonstrates that the proto-
type material Li10GeP2S12 as well as the complete series 
Li10+dGe1+dP2−dS12 lie on the tie line between these compounds.

Along this Li4GeS4–Li3PS4 tie line, the binary phase dia-
gram was investigated in a temperature range up to 900°C.19 
The solidus line decreases from 840°C on the Li4GeS4 side 
to 650°C and further to 570°C toward the Li4GeS4 and the 
Li3PS4 side of the Li10GeP2S12 single-phase region, respec-
tively. For higher content of Li3PS4, it stabilizes up to k = 
0.05. For temperatures below 600°C, there are three sin-
gle-phase regions that extend for Li4GeS4 (β′) from k = 0.0 
to 0.2, for Li10GeP2S12 (G) from k = 0.45 to 0.6 Li3PS4, while 
for Li3PS4 (β), there is an almost vanishing range of solid 
solution. While the structures of both components Li4GeS4 
(β′) and Li3PS4 (β) are the same (Pnma), the structure of 
Li10GeP2S12 (G) (P42/nmc) is completely different from these 
two. These relationships are demonstrated in Fig. 4.

2.1.2.  Si- and Sn-based LGPS with stoichiometry 

variations

As for Li10+dGe1+dP2−dS12 in the corresponding phase dia-
grams Li2S–P2S5–MS2 (M = Ge, Sn or Si), all Li10+dM1+dP2−

dS12 compositions of the LGPS-type electrolytes are on the 
tie line Li4MS4–Li3PS4. The ranges for dominant monophasic 

Fig. 3. Position of the Li10GeP2S12 (LGPS) electrolyte and the Li10+dGe1+d- 

P2−dS12 series in the ternary phase diagram Li2S–P2S5–GeS2.

Fig.  4. Binary Li4GeS4–Li3PS4 phase diagram containing the Li10+dGe1+d 

P2−dS12, k is used as parameter to describe the Li10+dGe1+dP2−dS12 materials ac-
cording to the notation Li4−kGe1−kPkS4 or (1 − k)Li4GeS4–kLi3PS4. Reprinted 
with permission from Hori et al. © 2015 The American Ceramic Society.19
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Li10+dM1+dP2−dS12 are different for M = Ge, Sn or Si. The 
dominant monophasic region for the Ge-based electrolytes is  
0 ≤ d ≤ 0.35, the single-phase regions are 0.2 ≤ d ≤ 0.43 for 
Si and −0.25 ≤ d ≤ −0.01 for Sn.21 The corresponding frac-
tions of Li4MS4 and Li3PS4 are defined on the Li3PS4–Li4MS4 
tie line (Fig. 5).

2.1.3.  LGPS with binary semi/metal components

Integrating two different semi/metal elements into the LGPS-
type electrolyte materials was approached by investigating 
the series of Li10+d[SnySi1−y]1+dP2−dS12 materials and of the 
Li10[GeyM1−y]P2S12 series.22,23 In both series, the y:(1 − y) 
ratios indicate the mixing of the respective semi/metal com-
ponents, in the former the (1 + d):(2 − d) corresponds to the 
semi/metal vs. phosphorus content.

Materials with mixed semi/metal cations containing five 
elements cannot in general be displayed in a ternary phase 
diagram, however, the material’s specific compositions are 
limiting the variations of the elements related by the param-
eter d, thus the LGPS-type materials can be represented in 
a phase diagram with components Li3PS4–Li4SnS4–Li4SiS4. 
This type of diagram is most useful to enlighten the stabil-
ity range of the monophasic P42/nmc structure (Fig. 6). For 
the tin-rich materials, the stability range is at higher Li3PS4 
contents, while for the silicon-rich materials, it is at slightly 
lower Li3PS4 contents. This trend continues for both the upper 
and lower bounds of stability.

Along each tie line Li3PS4–Li4SnySi1−yS4, the Sn/Si (= y/
(1 − y) ratio is fixed, thus a corresponding representation of 
an individual tie line can be given in a ternary Li2S–P2S5–
Li4Sn0.4Si0.6S4 phase diagram (Fig. 7). Most importantly, the 
combination of Sn and Si widens the range of stable mono-
phasic P42/nmc compositions for each y ≠ 0 compared to the 
electrolytes containing either Sn or Si only. The combination of 
semi/metals component with ionic radius smaller (r(Si4+) = 0.26 
Å) and larger (r(Sn4+) = 0.55 Å) than the ionic radius of Ge4+ 
(r(Ge4+) = 0.39 Å) seems to stabilize the P42/nmc structure.21

The Li10[GeyM1−y]P2S12 series can be represented in similar 
Li3PS4–Li4GeS4–Li4MS4 (M = Si, Sn) phase diagram as well. 

These compositions lie on tie lines Li10GeP2S12–Li10SiP2S12 
and Li10GeP2S12–Li10SnP2S12, respectively (Fig. 8). As there 
is no variation in neither the lithium content nor the total 
semi/metal content in this series, all materials are displayed 
on a line parallel to the Li4GeS4–Li4MS4 axis. Solid solutions 
are formed for lower amounts of Si or Sn substitution in the 
Li10GeP2S12 base material, whereas at higher contents of Si or 
Sn Li3PS4-type secondary phase is detected.

2.1.4.  Li–P–S archetype LGPS

An LGPS-type P42/nmc-structured electrolyte containing 
exclusively lithium, phosphorus and sulfur as chemical com-
ponents with Li9.6P3S12 composition was developed in 2016.9 
Taking prototype LGPS Li10GeP2S12 as a starting point for 
analyzing the stoichiometry of Li9.6P3S12 provides some 
insights in the design concept for this material.

A full substitution of the germanium by phosphorus, 
with concomitant charge compensating decrease in lithium 

Fig.  5. Stability regions for dominant monophasic P42/nmc-structured 
Li10+dM1+dP2−dS12 (M = Ge, Sn, Si) displayed in a binary Li4MS4–Li3PS4 dia-
gram (calculated according to data in Hori et al.).21 Full lines indicate ranges 
of solid solutions with P42/nmc structure. Black, blue and red for M = Ge, 
Sn and Si, respectively. Arrows indicate regions of high LGPS phase purity.

Fig.  7. Li2S–P2S5–Sn0.4Si0.6S2 phase diagram referring to different 
Li10+d[Sn0.4Si0.6]1+dP2−dS12 on the Li3PS4–Li4Sn0.4Si0.6S4 tie line.

Fig.  6. Ternary phase diagram Li3PS4–Li4SnS4–Li4SiS4 indicating posi-
tions of Li10+d[SnySi1−y]1+dP2−dS12 and the stability range for P42/nmc phase 
materials denoted in red within the green dotted lines.
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content according to Ge4++Li+ → P5+ would result in Li9P3S12 
stoichiometry. Thus, the Li9.6P3S12 can be considered as a 
LGPS with complete substitution of its Ge by P along with 
Li-excess. The P/S ratio matches 1/4, so the conditions for 
the arrangement of all sulfur in PS4

3− tetrahedra are met. 
Considering its formula normalized to S4, i.e. Li3.2PS4, and 
recalling the Li3PS4 is a “Li2S–P2S5 tie-line composition”, the 
lithium off-stoichiometry of Li9.6P3S12 may also explain why 
it was not found in early investigations that were focusing 
on compositions synthesized from Li2S and P2S5 only, and 
a systematic material search was necessary to discover this 
electrolyte.

2.1.5.  Halogen-doped LGPS

The first halogen containing P42/nmc-structured LGPS-type 
electrolyte Li9.54Si1.74P1.44S11.7Cl0.3 was developed in 2016.9 It 
can be considered as derived from Si-based LGPS by chlo-
rine doping, replacing small part of the sulfur by chlorine. 
The additional (negative) charges introduced by the chlorine 
are compensated to some part by a higher total Si+P con-
tent than in standard Li10+dM1+dP2−dS12 and by an adjust-
ment in Li-content. In standard Li10+dM1+dP2−dS12, such as 
Li10.35Si1.35P1.65S12, the S+P content sums up to 3, whereas 
in the Li9.54Si1.74P1.44S11.7Cl0.3, both silicon and phosphorus 
content are substantially higher in chlorine free Si-based 
LGPS. Thus, in Li9.54Si1.74P1.44S11.7Cl0.3 neither the (Si+P)/S 
= 3.18/11.7 nor the (Si+P)/(S+Cl) = 3.18/12 ratio of the 
Li9.54Si1.74P1.44S11.7Cl0.3 electrolyte matches the 1/4 ratio that 
is required for forming exclusively PS4

3− and SiS4
2− polyan-

ions that were considered as a characteristic for the LGPS 
structure.

Detailed investigations of structure, microstructure and 
processing procedures will be necessary to clarify how 

the electrolyte nominal stoichiometry transforms to form 
P42/nmc structured LGPS. Core-shell morphology with 
Si- and Cl-rich compositions in the outer shell and small 
amounts of Argyrodite secondary phase are launched as 
tentative explanations.17 Applying the same stoichiometry, 
Li9.54Si1.74P1.44S11.7X0.3 for other halogens (X = F, Cl, Br, I) 
was reported to result in LGPS-type electrolytes as well.32 
Fluorine-doped tin-based electrolyte with nominal compo-
sition Li9.95SnP2S11.95F0.05 shows P42/nmc structure as the 
main component and ca. 5% Li2SnS3 secondary phase.33 
Considering the nominal composition, the (Sn+P)/(S+F) 
ratio matches 1/4, however, taking into account the secondary 
phase with Sn/S = 1/3, the actual (Sn+P)/(S+F) for the P42/
nmc is slightly higher than 1/4 also for this material.

Most recent attempts to synthesize halogen-doped LGPS-
type electrolyte are directed toward semi/metal free composi-
tions in the system (1 − x − y) Li2S–xP2S5–yLiX focusing on 
arrange of Li2S/P2S5 ratios around 75/25 with halogen sub-
stitution X (X = Br, I) of less than 10% related to sulfur.34 A 
systematic material search was exploring the compositional 
range 0.15 < x < 0.25 and 0.05 < y < 0.20 with synthesis con-
ditions kept in a narrow temperature window between 200°C 
and 220°C, as amorphous material below and β-Li3PS4 above 
these temperature boundaries is produced. On synthesis of 
the compositions of bromine- and iodine-doped materi-
als Li10P3S12Br and Li10.25P3S12.25I0.75, at 210°C and 205°C, 
respectively, P42/nmc-structured phosphosulfide electrolytes 
are formed.34

Considering phase compositions at synthesis temperatures 
220°C and 200°C for the Br- and I-doped materials, the struc-
tures of Li10P3S12Br and Li10.25P3S12.25I0.75 were not clearly 
identified. At these temperatures, products of the synthesis 
compositions with higher Li2S content yield residual Li2S 
starting material as the main phase component. Deviation of 
the Li10P3S12Br and Li10.25P3S12.25I0.75 stoichiometry results in 
LiX, β-Li3PS4, Li6PS5X or phase mixtures thereof depending 
on the fractions of Li2S, P2S5 and LiX in the educts (Fig. 9).

2.1.6.  Oxygen-substituted LGPS

Oxygen substitution for sulfur in LGPS-type electrolytes has 
been attempted in Ge-based, Si-based, as well as in semimet-
al-free Li–P–S form LGPS and Si–Cl co-doped LGPS.35 The 
substitution of oxygen for sulfur is isovalent, thus the mod-
ification in this component per se does not require further 
adjustments of stoichiometry.

In Ge-based LGPS, stable solid solutions when partially 
substituting sulfur by oxygen according to Li10GeP2S12−xOx 
were found in the solid solution range from 0 < x < 0.9.25 
Higher oxygen contents resulted in the formation of Li3PO4. 
The largest part of the oxygen is integrated in mixed P/
(S/O)4

3− tetrahedra, smaller part of it also substitutes sulfur in 

Fig. 8. Ternary phase diagram Li3PS4–Li4GeS4–Li4MS4 (M = Si, Sn) indi-
cating the positions of Li10[GeyM1−y]P2S12 (M = Si, Sn) on the Li10GeP2S12–
Li10MP2S12 tie line.21
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Ge/(S/O)4
2−. The limited solubility of oxygen is attributed in 

part to the large difference in the ionic radii between oxygen 
(1.84 A) and sulfur (1.38 A).25

Oxygen incorporation works in silicon-based LGPS as 
well.26 LGPS-type electrolyte Li9.42Si1.02P2.1S9.96O2.04 and 
Li9.6Si1.02P2.064S9.96O2.04 were successfully synthesized apply-
ing quenching. Remarkably, the oxygen content in these 
Si-based electrolyte is much higher for the oxygen-substi-
tuted Ge-based LGPS. However, the (P+Si)/(S+O) ratio has 
to be shifted to fractions higher than 1/4. Attempts to syn-
thesize pure phase P42/nmc structured electrolyte applying 
stoichiometries corresponding to the tie line Li3PS4–Li4Si2O2 

compositions in a Li2S–P2S2–SiO2 phase diagram did not pro-
vide phase pure P42/nmc electrolytes.

Exploring a wide compositional range of oxygen-substi-
tuted Li–P–S–O materials Li9+15xP3−3xS12−3zO3z with x and z 
ranging from 0.03 ≤ x ≤ 0.08 and 0 ≤ z ≤ 1, respectively, in 
some of the electrolytes among this scope LGPS-type P42/
nmc structure was identified as majority phase.28 The sub-
series of Li9+15xP3−3xS12−3zO3z with x = 0 can be considered as a 
Li3PS4–Li3PO4 binary material. For a more general overview 
on the stoichiometries, the materials can be represented in a 
ternary Li2S–P2S5–P2O5 phase diagram (Fig. 10). In such dia-
gram, the materials realized in the Li9PS12−3zO3z (Li3PS4−zOz) 
subseries with 0 ≤ z ≤ 1 covers the first quarter of Li3PS4–
Li3PO4 tie line toward its Li3PS4 side. All other materials 
subseries with constant Li and P contents (i.e. x constant but 
nonzero) lie along lines parallel to the Li3PS4–Li3PO4 tie line.

The phase compositions are subject to changes along 
with increasing oxygen content. Specifically, for the 
Li10.15P2.79S12−3zO3z (Li3.35P0.93S4−zOz) (x = 0.07) materials 
subseries, three regions can be distinguished. With oxygen 
contents up to z = 0.3, mostly γ-Li3PS4 along with Li7PS6 
minority phase is identified in the materials. The region 
with P42/nmc-structured LGPS-type majority phase extends 
from oxygen contents z = 0.4–0.6 (Li10.15P2.79S10.8O1.2 to 
Li10.15P2.79S10.2O1.8). With the presence of a higher oxygen 
content, the appearance of a phase hitherto not identified 
is observed. More general, considering the complete range 
of compositions, the LGPS-type electrolytes exist in the 
range over x = 0.03–0.08 and for z = 0.4–0.8.28 Thus, while 
within the electrolytes in the Li3PS4–Li3PO4 subseries (x = 
0) with their P/(S+O) ratios 1/4 no materials with P42/nmc 
structure were identified, along with moderate reduction of 
the phosphorus content (x > 0) and corresponding lower P/
(S+O) ratios LGPS-type electrolytes could be realized in this 
system.

An extended investigation of semi/metal free oxygen- 
substituted LGPS was recently carried out analyzing a 

Fig. 9. Quasi-ternary systems Li2S–P2S5–LiX and magnified views around 
the sample compositions showing the product phases obtained at synthesis 
temperatures of 493 K and 473 K for (a) X = Br and (b) X = I. Reprinted with 
permission from Ref. 34. Copyright © 2022 American Chemical Society.

Fig. 10. Ternary Li2S–P2S5–P2O5 phase diagram indicating the positions of materials of the Li3PS4-zOz and the Li3.35P0.93S4-zOz subseries.28
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L9+dP3+d′S12−kOk series.36 The target P42/nmc was formed over 
the nominal composition range k = 0.6, 0.3 > d > 0.9 and 
−0.075 < d′ < 0.075, thus for materials with phosphorus con-
tents varying from to L9+dP2.925S11.4O0.6 to L9+dP3.075S11.4O0.6 
and P/(S+O) ratios lower as well as higher than 1/4. 
Experimentally, a lower limit of k = 0.45 was determined for 
the formation of the LGPS phase. As diffraction results indi-
cate that the oxygen occupies exclusively S1 sites the hypoth-
esis that maximum oxygen substitution that allows for P42/
nmc structure is k = 4.

The semimetal/halogen co-doped LGPS-type electro-
lyte Li9.54Si1.77P1.44S11.7Cl0.3 has also been used a base com-
position for modification by oxygen substitution.35 Keeping 
the Li, the Si and the Cl fractions in the composition con-
stant, high phase purity LGPS was synthesized within this 
Li9.54Si1.77P1.44S11.7−zCl0.3Oz (0 < z < 1.5) series for z = 0.15, 0.3 
and 0.6. Compared to the oxygen-free composition, the sub-
stitution on oxygen stabilized the P42/nmc structure in these 
electrolytes on processing. Increase in oxygen content, how-
ever, results in the presence of substantial amounts of sec-
ondary phases. Argyrodite-type secondary phase was found 
in Li9.54Si1.77P1.44S10.8Cl0.3O0.9 (z = 0.9) while LiSICon-type 
Li4Si0.4P0.6S4 were detected in the Li9.54Si1.77P1.44S10.2Cl0.3O1.5 
(z = 1.5) material.

2.2.  LGPS-type structure

Characteristic for the structure of LGPS-type electrolytes is 
the space group P42/nmc. In the case of Li10GeP2S12 mate-
rials, the temperature-dependent phase diagram Li3PS4 and 
Li4GeS4 demonstrates that below the solidus line there are 
no high-temperature phases with different structures (Fig. 4). 
The structure of LGPS electrolytes consists of anion building 
blocks of isolated tetrahedra formed by phosphorus and/or 
semi/metals PS4

3− and MS4
2− (M = Ge, Si, Sn). These compo-

nents form the anionic skeleton of the structure. The Li-ions 

are distributed within the interspaces between the building 
blocks of the skeleton (Fig. 11).

There are two different sites for the phosphorus or semi/
metal centers of the tetrahedra (Wyckoff positions 4d and 
2d). In LGPS, the [P1/Ge1]S4 4d positions are shared by 
phosphorus and germanium, whereas the [P2]S4 2d posi-
tion is occupied exclusively by phosphorus. The lithium is 
distributed among four different sites, two of them, Li1 and 
Li3 on 16h position, and Li2 and Li4 on 4d and 4c positions, 
respectively. The lithium atoms can be considered as coor-
dinated by a neighboring sulfur atom forming coordination 
polyhedral. Thereby, Li1 and Li3 are relatively close to the 
coordinated sulfur atoms and form an edge-shared tetrahedral 
chain along the c-axis (Fig. 11(a2)). In the case of the Li2 
and Li4 sites, the sulfur atoms are more remote, neverthe-
less these lithium atoms can be regarded as six-coordinated, 
forming [Li2]S6 and [Li4]S6 octahedra. These octahedra are 
connected to [Li3]S4 or [Li1]S4 via edge-sharing. These con-
nected  lithium-sulfur polyhedra form chains within the a–b 
plane (Figs. 11(a3) and 11(a4)).18

The chains or channels in the interspaces of this anion 
framework are considered to be pathways for the lithium 
transport. From a merely structural point of view, the width 
of the channels for the lithium transport and the absence of 
bottlenecks are the descriptors of the conditions for transport 
in the channels. The channel width is related on the one hand 
to the lattice spacing, on the other hand to the volume of the 
PS4

3− and MS4
2− polyhedra. Detailed work has been done 

with respect to the comparison of the lattice parameters for 
the different types of LGPS.

Modification of the stoichiometry of the prototype elec-
trolyte Li10GeP2S12 according to Li10+dGe1+dP2−dS12 for (−0.1 
≤ d ≤ 0.5) leads to an increase in lattice parameters a and 
c along with an increase in d, i.e. an increasing germanium 
content along with a diminution in the phosphorus content 
(Fig. 12).18 Along with an increased Ge:P ratio as realized 

Fig. 11. Illustration of the original LGPS Crystal structure. (a1) Overview of the Li sites (with unit cell) within the tetrahedral skeleton. (a2) Arrangement of 
connected polyhedral units with Li sites as their center (e.g. [Li1]S4 and [Li3]S4). A section of the unit cell is shown in (a3) [Li3]S4 and [Li2]S6 and (a4) [Li1]
S4 and [Li4]S6. Reprinted with permission from Kato et al. © 2020 Wiley-VCH GmbH.17
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by the Li7GeP2S8 electrolyte, the lattice parameter a does not 
change significantly vs. the lattice parameter for Li10GeP2S12, 
but the c-axis for the former material is substantially elon-
gated (Table 1).31

The influence of the semi/metal component and 
temperature on lattice parameters was compared for 
Li10.05Ge1.05P1.95S12, Li10.35Si1.35P1.65S12 and Li9.81Sn0.81P2.19S12 
(Fig. 13).38 The lattice parameters increase slightly, and the 
lattice parameter c is more pronounced in a sequence from 
Si to Ge to Sn. Along with higher temperature, both lattice 
parameters a and c increase. Quantitatively, the changes for 
the two parameters are not proportional, leading to a decrease 
in the c/a lattice distortion with an increase in temperature. 
However, as the stoichiometry of the materials is not the 
same, it is difficult to attribute the differences among the 
materials at a given temperature unequivocally to the type of 
semi/metal.

Clear evidence for the impact of the type of semi/metal 
results from a compound analysis of the systems Li10+dM1+d- 

P2−dS12 with M = Ge, Sn or Si (Fig. 14).21 In addition to the 
cell volumes, the data include information on the volumes 
of the polyhedrals PS4, (M/P)S4 and the LiS6 octahedra. 
Within the respective ranges of solid solutions, the lattice 
volumes are the smallest for the silicon-based and the larg-
est for the tin-based LGPS electrolytes. The volumes for 

the germanium-based LGPS electrolytes are approximately 
halfway between them. Overall, the differences in lattice 
volumes depending on the semi/metal component reflect the 
ionic radii of these elements Si4+, Ge4+ and Sn4+ with 0.26 Å, 
0.39 Å and 0.55 Å, respectively.

Analysis of the structure of the mixed cation systems 
germanium–silicon and germanium–tin for compositions 
Li10(Ge1−xSix)P2S12 and Li10(Ge1−xSnx)P2S12 (0 ≤ x ≤1) pro-
vided single-phase solid solutions with space group P42/nmc. 
Si-substitution of Ge reduced the lattice parameters, whereas 
lattice parameters were increased by substitution of Ge by Sn 
(Fig. 15).22

Trends in lattice parameters along with the partial substi-
tution of oxygen for sulfur were investigated for Ge-based 

Fig. 12. Lattice parameters and cell volume for Li10+dGe1+dP2−dS12 (−0.1 ≤ 
d ≤ 0.5). Reproduced from Ref. 18 with permission from the Royal Society 
of Chemistry © 2013.

Table 1. Lattice parameters and cell volume for Li10GeP2S12 vs. Li7GeP2S8.

Material a (Å) c (Å) V (Å3) Ref.

Li10GeP2S12 8.717 12.634 960.008  7
Li10GeP2S12 8.708 12.615 956.586 37
Li10GeP2S12 8.714 12.607 957.297 31
Li7GeP2S8 8.718 12.660 962.205 31

Fig. 13. Lattice parameters for Li10.05Ge1.05P1.95S12, Li10.35Si1.35P1.65S12 and 
Li9.81Sn0.81P2.19S12 at different temperatures. Reproduced with permission of 
the International Union of Crystallography.38

Fig. 14. (a) Lattice parameters and (b) volume of the polyhedral units PS4, 
(M/P)S4 and LiS6 for Li4−kM1−kPkS4 (M = Ge, Sn or Si). Original work nor-
malizes sulfur content to S4. Lower and upper bound k-values of 0.525 and 
0.75 correspond in the Li10+dM1+dP2−dS12 notation to d-values of 0.425 and 
−0.25, respectively. Reproduced from Ref. 21 with permission from the Roy-
al Society of Chemistry © 2014.
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Li10GeP2S12−xOx (0.3 ≤ x ≤ 0.6) and Si-based Li10SiP2S12−xOx  
(0.0 ≤ x ≤ 1.75) electrolytes.25,27 In both materials, lattice 
parameters, a and c decrease along with higher oxygen 
 content (Fig. 16) according to the ionic radii change from 
S2− toward the smaller O2− radii.

2.3.  LGPS-type processing

Solid-state routes with educts, like Li2S, P2S5 and semi/met-
al-disulfides GeS2, SiS2 or SnS2, are the most widespread 
processes for the synthesis of LGPS materials.7,9,18,20,30,31,37–41 
Alternatively, LGPS can be synthesized from the elements 
Li, Ge, P and S.42 This approach, however, requires a quite 
large sulfur excess in the educt stoichiometry (Li:Ge:P:S of 
10:1:2:24) for Li10GeP2S12. A wide scope for the devices used 
for milling and the milling duration as well as for the setting 
of the heat treatment step is reported. Milling process condi-
tions range from 30 min milling time in a vibrational mill to 
40 h mixing and grinding in a planetary ball mill.7,21 Although 
the temperatures applied for oxygen free materials in the heat 
treatment step with maximum temperatures around 550°C 
are quite similar, the dwell times vary from 8 h to 72 h.7,21 An 
investigation of the impact of sintering temperatures in the 
range between 500°C and 650°C along with a 2 h dwell time 
on Li-ion conductivity for Li10SnP2S12, prepared by a sol-
id-state route using nanocrystalline SnS2 from hydrothermal 
synthesis, showed a maximum conductivity at Ts = 600°C.43 
With respect to this result, one has to take into account that 
the dwell time in these experiments is substantially shorter 
than in most other processes applied to LGPS-type materials 
(typically 8–72 h). The heat treatments are generally carried 
out in quartz tubes sealed under Argon atmosphere, evacu-
ated (vacuum sealed) quartz tubes,7,9,18,20,30,31,37–41 or in an 
Ar-protected tube furnace.42

Even though synthesis along with nonrate controlled cool-
ing is possible,37 in most reports emphasis is put on the impor-
tance of slow cooling rates (1°C/h). Major issues of concern 
for synthesizing monophasic LGPS electrolytes are the for-
mation of secondary phases, the formation of glass phase 
and the loss of sulfur during heat treatment. If these issues 
become critical, it depends on the composition of the electro-
lyte materials, the choice of raw materials, the heat treatment 
conditions and also the form, pelletized or loose powder, in 
which the homogenized educts are heat treated. The trend for 
solid-state processing parameters seems to develop toward 
long milling, long dwell times during and slow cooling rates 
after heat treatment. This holds in the first instance for the 
materials with semi/metal cations as the only dopants.

Preparation conditions for merely Li–P–S-based and 
semi/metal-halogen-doped and Li–P–S are similar with 
respect to milling, but different with respect to the tempera-
tures. The LGPS-type Li9.6P3S12 is prepared by 120 h ball 

Fig. 15. Lattice parameters of Li10(Ge1−xSix)P2S12 and Li10(Ge1−xSnx)P2S12 
for the compositions 0 ≤ x ≤ 1.0, central data are for Li10GeP2S12, increasing 
Si content is shown toward the left, increasing Sn content toward the right. 
Reprinted with permission from Kato et al. © 2014 Elsevier.22

Fig. 16. Lattice parameters and cell volumes for (a) Li10SiP2S12−xOx (0.0 ≤ x 
≤ 1.75) depending on oxygen content. Reprinted with permission from Ref. 
27. Copyright © 2019 American Chemical Society. (b) Lattice parameters 
and cell volumes for Li10GeP2S12−xOx for x = 0, 0.3 and 0.6. Reprinted with 
permission from Sun et al. © 2016 Elsevier.25
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milling and heat treatment at 230°C–260°C for 4 h in the 
furnace.9 Along with Li2S, P2S5 and LiBr or LiI educts, low 
(200°C–220°C) temperatures are also applied for the synthe-
sis of P42/nmc-structured Li10P3S12Br and Li10.25P3S12.25I0.75.34 
Extended milling times (40 h) and moderate heat treatment 
times (8 h) at relatively low temperatures (475°C) for the heat 
treatment were applied to synthesize Li9.54Si1.74P1.44S11.7Cl0.3 
from educts P2S5, SiS2 and LiCl.9

In contrast to the oxygen-free LGPS electrolytes, 
the temperatures for the LGPS materials incorporating 
Li2O or SiO2 as oxygen sources are substantially higher 
(1000°C).25,26 Moreover, cooling by quenching is reported for 
Li9.42Si1.02P2.1S9.96O2.04 and its solid solutions.26

2.4.  LGPS type conductivity

In the past 10 years after the first publication on an LGPS-type 
Li-ionic superconductor, the ongoing research activities have 
provided a wide scope of new material developments and 
results related to this type of electrolyte.7 On a microscopic 
scale, the conduction pathways for Li-ions and the tools to 
control them are still under discussion, and on the macro-
scopic scale, the research on high performance, resource effi-
cient and stable LGPS electrolytes is ongoing.

Briefly summarizing the issues regarding Li-ion conduc-
tivity on an atomistic scale, the LGPS anion lattice frame-
work consists of PS4

3− and GeS4
2− tetrahedra, while Li-ions 

are distributed on four different sites within this framework. 
The lithium can be considered to be a part of four and six 
coordinated LiS4 and LiS6 units. The Li-conduction in LGPS 
depends on the connectivity between these tetrahedral and 
octahedral units. In the case of two of the four Li-positions, 
it seems to be proven that their edge-sharing tetrahedra form 
Li-conducting chains in c-direction. The realization of chains 
formed by the octahedral LiS6 together with tetrahedral units, 
which may result in conduction pathways in the a–b direc-
tion, is still under discussion.

The discussion of the conductivity on a macroscopic 
scale focusing on the performance of the electrolytes will be 
split into three subtopics before summarizing the results in 
a concluding section. On the one hand, the first part will be 
concerned with modifications of the germanium-based pro-
totype materials with respect to stoichiometry, taking into 
account the effects of the different procedures for preparation 
of the samples for the conductivity measurements. On the 
other hand, this part focuses on a comparison of two types 
of Li–Ge–P–S materials with highly similar chemical com-
positions, the LGPS-type electrolytes and the electrolytes 
originally considered as thio-LiSICon. In the second part, 
the influence of the semi/metal providing the MS4

-2 tetrahe-
dra — Ge vs. Si vs. Sn — on the Li-ion conductivity will 
be analyzed. The third part deals with the impact of anion 

substitution by oxygen or halogen incorporation for sulfur in 
the LGPS-type materials on their Li-ion conductivity.

2.4.1.  Germanium-based LGPS

With respect to modifications of the stoichiometry of germani-
um-based LGPS, research is focused on the Li10+dM1+dP2-dS12 
stoichiometry. The phases in this series of materials can 
be presented as a mixture of Li3PS4 and Li4GeS4, which 
in turn are binary mixtures of Li2S and P25 or Li2S and 
GeS2, respectively. According to investigations of a series 
in Li10+dGe1+dP2-dS12 with -0.1 ≤ x ≤ 0.5, single-phase P42/
nmc LGPS exists within a compositional range of 0 ≤ d ≤ 
0.35.18 All compounds within this compositional range have 
a similar high level of conductivity, i.e. differing less than 
one order of magnitude (Fig. 17). Moreover, Li-ion conduc-
tivity of Li10.35Ge1.35P1.65S12 even higher than those that was 
found for the LGPS prototype. Differences of ambient tem-
perature Li-ion conductivity of 3–5 × 10-3 S/cm arise with 
respect to conductivity measurements on sintered samples vs. 
compressed powders.18 Attempts to reproduce materials from 
the Li10+dGe1+dP2-dS12 series were in large part successful, 
resulting in electrolytes with only relatively small reduction 
in performance (Fig. 17) when compared to those prepared 
by the group of the inventors of the LGPS at Tokyo Institute 
of Technology.31,42,47,48

Considering the relatively good stability of processing of 
the Li10+dGe1+dP2-dS12 series, it seems quite puzzling, that for 
electrolytes with compositions Li4−kGe1−kPkS4, analyzed in 
2001 by the Tokyo Institute of Technology, structure and per-
formance differ.30 Given in terms of the Li10+dGe1+dP2-dS12, the 
Li4-kGe1-kPkS4 compositional range 0.5 ≤ k ≤ 0.7 corresponds 
to -0.1 ≤ d ≤ 0.5. Although the 2001 Li4-kGe1-kPkS4 series 
materials were the best performing electrolytes at that time, 

Fig.  17. Ambient temperature Li-ion conductivity for Li10+dGe1+dP2-dS12 
electrolytes18 comparing conductivity for sintered ceramics vs. cold pressed 
pellets. Data on conductivities shown are from Kwon (black and blue 
squares) D: Kuhn et al.,44 ∇: Bron et al.45 and ○: Zhang et al.46
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their Li-ion conductivities are roughly an order of magnitude 
lower than those of the LGPS-type electrolytes (Fig. 18).

Moreover, the structure of the former electrolytes, orig-
inally approached by fitting according to a LiSICon-like 
monoclinic P21/m space group, is not completely understood 
up to today.17 Although arguing on the differences between 
these two series of materials is up to some extent specula-
tive, a possible reason might be the differences in tempera-
tures for the heat treatments. While the Li10+dGe1+dP2−dS12 
LGPS P42/nmc electrolytes were prepared at temperatures of 
550°C,18 the temperature during the synthesis of the original 
Li4-kGe1-kPkS4 was 700°C.30 According to the binary Li3PS4–
Li4GeS4 phase diagram, temperatures higher than 550–650°C 
approximately exceed the solidus of compositions Li4-kGe1-k 

PkS4 (0.45 ≤ k ≤ 0.65).19 Thus, for synthesis of the original  
Li4-kGe1-kPkS4 2001 series, most probably a liquid-phase 
intermediate stage was involved, whereas the synthesis of the 
Li10+dGe1+dP2-dS12 LGPS should remain, at least in large, in 
the solid-state regime.

2.4.2.  Ge vs. Si vs. Sn — The influence of the semi/metal 

base in LGPS

Motivated by the substitution of rare expensive germanium 
by resource-efficient semi/metals, LGPS-type electrolytes 
based on Si and Sn semi/metal components were developed. 
The ambient temperature Li-ion conductivities of the Si- and 
Sn-containing electrolytes are very high, although they do 
not reach the level of the best Ge-based LGPS compositions. 
Figure 19(a) provides an overview of the Li10+dM1+dP2-dS12 
electrolytes within a scope limited to materials considered to 
be almost single phase.

For the electrolytes with a single semi/metal component, 
Li10+dSi1+dP2-dS12 and Li10+dSn1+dP2-dS12, the ambient tempera-
ture Li-ion conductivities for the highest performing materi-
als of these series are 6.7 × 10-3 S/cm for Li10.35Si1.35P1.65S12 
and 5.0 × 10-3 S/cm for Li9.81Sn0.81P2.19S12, both at levels well 
below 10-2 S/cm.21 Slightly higher Li-ion conductivities at 
ambient temperature in the GexSn1-x and GexSi1-x based LGPS 
are in particular at compositions Li10Ge0.95Si0.05P2S12 and 
Li10Ge0.95Sn0.05P2S12 (8.6 × 10-3 S/cm for Li10Ge0.95Si0.05P2S12) 
(Fig. 19(a)).22 Due to the relatively high germanium fraction 
in the semi/metal components of these materials, they do not 
provide an actual substitution for the exclusively germani-
um-based LGPS on a technical level. However, a very high 
performance germanium free electrolyte in the LGPS struc-
ture with an ambient temperature Li-ion conductivity of 1.1 
× 10-2 S/cm can be realized with a binary [SnySi1-y]1+δ compo-
nent, such as for Li10.35Sn0.27Si1.08P1.65S12.23

2.4.3.  Oxygen substitution in LGPS

Issues with respect to the electrochemical stability of the 
LGPS materials promoted further research on this type 
of  electrolyte. Motivated by the result from theory, that 

Fig.  18. Ambient temperature Li-ion conductivity of P42/nmc structured 
Li4-kGe1-kPkS4 sintered pellets18 vs. Li4-kGe1-kPkS4 with very similar chemical 
composition, originally considered as thio-LiSICon.30

(a) (b)

Fig. 19. Ambient temperature Li-ion conductivity of semi/metal-based LGPS electrolytes with M = Ge, Sn, Si and Sn0.2Si0.8. The symbols for the LGPS 
electrolytes with M = GexSn1−x and GexSi1−x denote upper and the lower bounds of Li-ion conductivities realized with the electrolytes. The compositions for 
the LGPS are plotted in terms of the (a) d-parameters for Li10+dSi1+dP2−dS12 and (b) k-parameters for Li4−kGe1−kPkS4. Data and references are found in Table 2.
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oxygen-based Li10MP2X12 electrolyte materials have wider 
band gaps, and thus a higher electrochemical stability win-
dow than their sulfur-based counterparts, approaches for par-
tial substitution of the sulfur by oxygen in these materials 
were forwarded. The approaches to develop oxygen-doped 
LGPS materials differ with respect to the semi/metal base 
component and the contents of the substituting oxygen. 
Considering the effects of isovalent substitution of sulfur by 
oxygen, it is established that the oxygen is replacing sulfur 
at one specific site, in the Li-S1 tetahedron, among three 
crystallographically equivalent sites.17 The impact of oxygen 
incorporation on Li-ion conductivity, however, is quite differ-
ent for Ge-based LGPS with low and for Si-based LGPS with 
high oxygen contents.

In the LGPS with Si as the semi/metal component, 
Li9.42Si1.02P2.1S9.96O2.04, the ambient temperature Li-ionic con-
ductivity is 3.2 × 10−4 S/cm,26 which is substantially lower than 
the Li-ionic conductivity of a Si-based oxygen-free electro-
lyte, which amounts to 6.7 × 10-3 S/cm for Li10.35Si1.35P1.65S12.21 
The oxygen content in the Li9.42Si1.02P2.1S9.96O2.04 material is 
relatively high. In contrast, an ambient temperature Li-ion 
conductivity close to those of the corresponding oxygen-free 
Ge-based LGPS materials was found for Li10GeP2S11.7O0.3 for 
which, while keeping the oxygen content moderately low, 
has an ambient temperature Li-ion conductivity of 1.03 × 
10-2 S/cm.23 In general, oxygen substitution seems to lower 
the Li-ion conductivity in LGPS electrolytes. With high oxy-
gen substation, the crystalline LGPS-like phases degrade and 
generate the oxygen-rich Li3PO4 phase which has a lower 
Li-ion conductivity.27 At lower oxygen substitution levels, the 
reduction in Li-ion conductivity may be due to the slight con-
traction of lattice parameters along with a strong electrostatic 
attraction between Li-ions and oxygen atoms.25 Another con-
tributing factor could be the smaller lattice volumes of the 
oxysulfides formed.28

2.4.4.  Summary on conductivity in LGPS

A summary of some of the best performing LGPS-type electro-
lytes is provided in Fig. 20. Most materials that rely exclusively 
on a semi/metal modification of the phosphosulfide framework 
are among the electrolytes with Li-ion conductivities close to 
or slightly higher than 10-2 S/cm at ambient temperature. All 
these materials are Li10+dM1+dP2-dS12 type. Thereby, the high-
est Li-ion conductivities are realized with germanium-based 
electrolytes Li10.35Ge1.35P1.65S12 and Li10GeP2S12 with slightly 
advantageous performances of the former at ambient tempera-
ture, and for the latter at elevated temperatures. Among the 
LGPS electrolytes with resource efficient semi/metal base, 
Li10Si0.5Sn0.5P2S12 has an ambient temperature Li-ion conduc-
tivity most close to those of the Ge-based LGPS materials. 
The ambient temperature Li-ion conductivity of Li9.6P3S12 is 

almost an order of magnitude lower than those of the semi/
metal-containing LGPS electrolytes.

Very different effect on the Li-ion conductivity results 
from the substitutions in the anions. Substitution of sulfur 
by relatively high amounts of oxygen in semi/metal free and 

Fig. 20. Li-ion conductivity vs. temperature plots for the LGPS-type elec-
trolytes including the Li9.6P3S12 and Li9.54Si1.74P1.44S11.7Cl0.3 LGPS. Reprinted 
with permission from Kato et al. © 2016 Springer Nature.9

Table 2. Li-ion conductivity and activation energies of LGPS type struc-
tures at ambient temperature unless otherwise stated. * Denotes results from 
simulation.

Stoichiometry σ (S/cm) Ea (eV) Ref.

Li3.25Ge0.25P0.75S4 2.2 × 10−3 0.207 30
Li3.25Ge0.25P0.75S4 1.82 × 10−4 (30°C) 0.42 39

Li10.35Ge1.35P1.65S12 1.42 × 10−2 0.27 18
Li10GeP2S12 *1.3 × 10−2 *0.21 ± 0.04 40
Li10GeP2S12 1.2 × 10−2 0.249 7
Li10GeP2S12 9.00 × 10−3 0.22 31
Li10GeP2S12 3.27 × 10−3 0.264 42
Li10GeP2S12 1.6 × 10−3 — 49

Li10GeP2S11.7O0.3 1.03 × 10−2 0.207 25
Li10GeP2S11.4O0.6 8.43 × 10−3 0.218 25
Li10GeP2O12 *3.0 × 10−5 *0.363 40

Li9.54Si1.74P1.44S11.7Cl0.3 2.5 × 10−2 — 9
Li10SiP2S12 *2.3 × 10−2 *0.20 ± 0.03 40
Li10Ge0.95Si0.05P2S12 8.6 × 10−3 0.244 22
Li10.35Si1.35P1.65S12 6.7 × 10−3 0.27 21

Li10SiP2S11.3O0.7 3.1 ± 0.4 × 10−3 0.33 ± 0.015 27
Li9.42Si1.02P2.1S9.96O2.04 3.2 × 10−4 0.349 26

Li11Si2PS12 (calculated) ~0.8 × 10−2 0.20 50

Li10SnP2S12 *6.00 × 10−3 *0.24 ± 0.03 40
Li10SnP2S12 4.00 × 10−3 — 20
Li9.81Sn0.81P2.19S12 5.00 × 10−3 — 21

Li11AlP2S12 *3.3 × 10−2 *0.18 ± 0.06 40
Li11AlP2S12 8.02 × 10−4 0.263 51

Li3Y(PS4)2 *2.16 × 10−3 *0.278 52

Li7GePS8 7.00 × 10−3 0.22 31

Li10.35Sn0.27Si1.08P1.65S12 1.1 × 10−2 0.197 23
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Si-based LGPS results in Li-ion conductivities of more than 
one and almost two orders of magnitude lower than for the 
corresponding oxygen-free electrolytes. In contrast, Ge-based 
LGPS with moderate oxygen contents has a Li-ion conduc-
tivity that only slightly differs from that of the  oxygen-free 
material. The most pronounced progress, however, is pro-
vided by the integration of halogen components in the LGPS. 
Development of Si-based LGPS with moderate halogen con-
tent along with modified stoichiometry resulted in the high 
performance electrolyte Li9.54Si1.74P1.44S11.7Cl0.3 with to-date 
the highest Li-ion conductivity of 2.53 × 10−2 S/cm at 90% 
pellet density and 1.40 × 10−2 S/cm for a 75% dense powder 
compact at ambient temperature.9

3.  Argyrodite-Type Electrolyte Materials

Originating from two sources — the knowledge of the natu-
rally occurring mineral Argyrodite (Ag8GeS6), first described 
in 1886,53 and reports that Li7PS6 had been synthesized3 — the 
first fully crystalline Li-based Argyrodites were synthesized 
and investigated with respect to their Li-ion conductivities in 
2008 by Deiseroth et al.6 The Argyrodite Li7PS6 consisting 
of Li, P and S only, at ambient temperature adopts the ort-
horhombic low temperature modification with space group 
Pna21. The characteristic structure for Argyrodite electro-
lytes is, however, the cubic high temperature modification 
(space group F-43m), which is stabilized by integrating a 
halogen component in the composition.

Materials with compositions Li6PS5X with X = Cl, Br or 
I can be considered as the typical Argyrodite electrolytes. 
Until recently, research on Li-ion conducting electrolytes was 
focused almost exclusively on such compositions, including 
materials with mixed halogen components.54,55 Current fol-
low-up investigations are concerned with the development 
of Argyrodite electrolytes containing semi/metal compo-
nents as well.6 Thus, taking Li7PS6 as a starting point for the 

research on true phosphorus-containing Argyrodites, three 
lines of development are approached: (i) halogen-based 
Argyrodites,54–59 (ii) electrolytes based on halogen-containing  
materials with additional semi/metal components60–62  
and (iii) halogen-free Argyrodites based on Li, P, S and semi-
metal29,63 (Fig. 21). In addition to these lines, there is ongoing 
experimental work on phosphorous-free Argyrodite electro-
lytes based on Li, S and a semi/metal component.44

Alternative to the classification by the constitutive elements, 
the different types of Argyrodites can be described in terms of 
dopant strategies with respect to Li7PS5. According to this point 
of view, the Li6PS5X Argyrodites result from aliovalent dop-
ing of Li7PS5 by halogens replacing sulfur with concomitant 
charge compensation by the reduction of the lithium content. 
Integrating semi/metals follows different strategies, aliovalent 
doping with semi/metals for phosphorus balanced by corre-
sponding increase in lithium to Li7+xMxPS6 or aliovalent dop-
ing with semi/metals for lithium with a corresponding decrease 
in lithium content. In addition to these two approaches, mixed 
substitution concepts are under investigation as well.63

In recent approaches, combined application of halogen 
and semi/metal doping is applied. Thereby, the stoichiometry 
of the materials under investigation intends to replace phos-
phorus by the semi/metal and sulfur by the halogens along 
with an adjustment of lithium to balance the charges for both 
aliovalent dopants. A limiting condition for the dopant strat-
egies is to maintain the cubic F-43m structure. In contrast to 
doping approaches for other materials, where the creation of 
vacancies or interstitials is the focus of strategy and analysis, 
creating disorder in the structure is a major objective of the 
dopant strategy in Argyrodites.

3.1.  Chemistry and phase relations of Argyrodites

Li7PS6, the Argyrodite-structured electrolyte of the Li2S:P2S5 
type consists of these components in a 7:1 (or 87.5:12.5) 

Fig. 21. Dopant strategies for Li-ion conducting Argyrodite-structured electrolytes.
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ratio. Among the established structures in the Li2S:P2S5 sys-
tem, Li7PS6 has the highest relative content of Li2S and is 
represented on the Li2S–P2S5 tie line close to Li2S in a Li2S–
P2S5–LiX ternary phase diagram (Fig. 22). Neighboring 
toward the more P2S5 rich side of the tie line are the Li-doped 
modifications of Li3PS4, the Li3+xP1-xS4 electrolyte materials. 
Considering the sulfur and phosphorus contents in Li7PS6, its 
S:P ratio of 6:1 indicates that not all anionic species can be 
present in the form of ortho-thiophosphate tetrahedral moi-
eties. The anionic species existent in Li7PS6 are isolated PS4

3− 
tetrahedra and free S2− in a 1:2 ratio. There are two different 
crystallographic sites for the S2− anion species.

These basic facts regarding the structure in combination 
with the ionic radii provide the base for the development of 
the different dopant strategies by halogens, semi/metals or 
combinations thereof. The ionic radii for the Li7PS6 and com-
mon halogen and semi/metal dopants for Argyrodite electro-
lytes are compiled in Table 3.

3.1.1.  Halogen-substituted Li7PS6–Li6PS5X (X = Cl, Br, I)

Doping with halogens is typical for Argyrodite electrolytes. 
Argyrodite-structured Li6PS5X (X = Cl, Br, I), or in a more 

general form Li7-zPS6-zXz, emerges from the aliovalent dopant 
approach according to which in Li7PS6 halogens replace part 
of the sulfur. The ionic radii of the halogen anions Br−, Cl− 
and I− are similar to the S2− ionic radius. Consequently, the 
halogens tend to replace the sites of free S2− anions, although 
according to different patterns with respect to the crystallo-
graphic sites depending on the halogen species. The change 
in negative charge, from S2− to X−, is balanced by a reduction 
of Li+ in the compositions. The properties of the halogen-sub-
stituted Li6PS5X crucially depend on the degree of disorder 
of S2− and X− between the crystallographic sites for the free 
sulfur anions.

Halogen-doped Argyrodites Li6PS5Br, Li6PS5Cl and 
Li6PS5I consist of Li2S, P2S5 and LiX in 5:1:2 ratio corre-
sponding to their 0.625:0.125:0.25 constituent molar frac-
tions. The structure also allows for a mixed halogen anion 
doping with contents summing up to 1 mole.54,55 Variation 
of the chlorine anion content from 0.5 moles up to 1.5 moles 
Cl per formula unit, i.e. Li5.5PS4.5Cl1.5 provides single-phase 
Argyrodite with cubic F-43m symmetry.57,59

Related to the corresponding ternary phase diagram, 
the design principle for halogen-type Argyrodites can be 
described by compositions with constant P2S5 fraction in 
which Li2S is exchanged by LiX, while the sum of the frac-
tions of these two components remains constant at 0.875. 
Li6PS5X is represented on a tie line from LiX to Li10P2S10 
in the phase diagram (Fig. 22). The latter material with 5:1 
Li2S:P2S5 ratio is one of the compositions (x = 0.2) for the 
Li-doped Li3PS4 series, Li3+5xP1-xS4 (Li10P2S10 = Li4P0.8S4).24

Neighboring the halogen-doped Argyrodites, that is when 
reducing the Li2S content from 2.75 for Li6.25PS5.25Cl0.75  
(z = 0.75) to 1.5 (Li2S:P2S5:LiCl ratios of 2.75:0.5:0.75 vs. 
1.5:0.5:0.75), a new chlorothiophosphate structure with com-
position Li3.25PS4Cl0.75 (= Li15P4S16Cl3) and space group I-43d 
was discoverd.64

3.1.2.  Argyrodites based on Li, P, S and semi/metal

The evaluation of aliovalent dopant effects by semi/metals 
in Li7PS6 is challenging. Considering the ionic radii of Ge4+ 
and Si4+ with r = 0.39 and 0.26, respectively, they may either 
occupy Li+ (r = 0.59 Å) or P5+ (r = 0.17 Å) sites. From the 
structure analysis of LGPS, it is known that GeS4

2− and SiS4
2− 

tetrahedra are formed when the sulfur content is exceeding 
the amount required for the formation of PS4

3− tetrahedra.
Along with low dopant levels, the approach to replace 

part of the phosphorus by Ge or Si works quite well. The 
doping strategy includes a concomitant increase in lithium 
content in order to compensate for the reduction in positive 
charges emerging from the substitution of Ge4+ or Si4+ for 
P5+. Electrolytes in the series of Li7+xMxP1−xS6 crystallize in 
F43m Argyrodite type for 0 ≤ x ≤ 0.4 with a slight residual 

Table 3. Ionic radii for Li, P, S and common dopant ions for Argyrodite 
electrolytes.

Anion Radius (Å) Ref. Cation Radius (Å) Ref.

S2− 1.84 54 Li+ 0.59 29
Cl− 1.81 54 P5+ 0.17 29
Br− 1.95 54 Ge4+ 0.39 29
I− 2.16 54 Si4+ 0.26 29

Sn4+ 0.55 29

Fig.  22. Phase diagram Li2S–P2S5–LiX (X = Br, Cl, I) showing halo-
gen-doped Argyrodite materials Li6PS5X with tie line LiX to Li10P2S10 (= 
Li4P0.8S4) and the chlorine-doped Li5.5PS4.5Cl1.5 at the solubility limit of the 
F-43m phase for halogens.
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amount of Li2S.65 The phase with maximum semi/metal con-
tent in this series is Li7.4M0.4P0.6S6. The same concept applied 
to silicon doping also promotes high temperature Argyrodite 
majority phase formation. Within another approach inves-
tigating the Li2zSiP2S7+z series, where the Li2S content was 
varied at constant silicon and phosphorus contents in the 
range of 5 ≤ z ≤ 14, the compound with Li22SiP2S18 (z = 11) 
composition is mainly F-43m-type material along with low 
content of secondary phases.66 When normalized to S6, the 
composition, which was denoted as Li22SiP2S18 in the original 
paper, reads as Li7.33Si0.33P0.66S6. A comparison with the for-
mula Li7+xMxP1−xS6 for x = 0.33 indicates that Li7.33Si0.33P0.66S6 
is derived from the Li7PS6 composition, where silicon is 
replaced by phosphorus with charge compensation via addi-
tional lithium. Similar to the germanium-bearing phases, sili-
con is exclusively substituting phosphorus at low semi/metal 
content.

In a ternary Li2S–P2S5–GeS2 phase diagram, the electro-
lytes Li7+xMxP1−xS6 are on the tie line between Li7PS6 and 
Li8GeS6 (Fig. 23). However, the established Argyrodite com-
positions do not cover the complete scope and are limited to 
the Li7PS6-rich part only. Li8GeS6 itself, however, is not an 
Argyrodite instead it is a lithium thio-germanate.46,67

The site occupancy of the semi/metal components changes 
for the higher dopant concentrations. Inoue et  al. explored 
materials based on Li2S, P2S5 and GeS2 in search for phos-
phosulfide Argyrodites by synthesizing a total of 17 compo-
sitions. This resulted in materials concentrated on or close to 
the tie line described by Li7−4yGe3+yPS12 in partial formation 
of Argyrodite (Fig. 24).63 Most of them, however, contained 
substantial amounts of secondary phases. In materials with 
stoichiometries close to Li7Ge3PS12, the secondary phase 

content is very low, thus this composition can be considered 
as an Argyrodite-type electrolyte.

Recalculating the underlying dopant concept results in 
Argyrodite structure from the stoichiometry of Li7Ge3PS12 
reveals that the stoichiometry intends to use a part of the 
Ge to replace phosphorus, while the other part is designed 
to substitute lithium. Considering the formula of Li7Ge3PS12 
normalized to S6, Li3.5Ge1.5P0.5S6 or (Li3.5Ge)(Ge0.5P0.5)S6, it 
is indicated that 0.5 moles of the Ge-dopant substitute phos-
phorus, while 1 mole of Ge4+ occupies lithium sites. The 
occupancy of 0.5 moles of Ge4+ on the P5+ sites corresponds 
well to the solubility limit indicated for the substitution pat-
tern in the investigations of the Argyrodites with low dop-
ant content.65 The changes in the Li-content compared to 
Li7PS6 results from the charge balancing for the P5+ substitu-
tion which would increase the lithium content by 0.5 moles, 
and the charge compensation for the Li+ substitution implies 
a decrease in lithium content by 4 moles per formula unit. 
Thus, at higher contents of Ge in the Argyrodites, there are 
two different doping mechanisms resulting in the substitution 
of Ge in both phosphorus and lithium sites.

The region for the Argyrodite-containing compositions 
is indicated in a ternary Li2S–P2S5–GeS2 phase diagram 
(Fig. 24). The fractions Li2S:P2S5:GeS2 for the Argyrodite 
Li7Ge3P2S12 (Li3.5Ge1.5P0.5S6) are 0.50:0.07:0.43. This com-
position is displayed in the ternary Li2S–P2S5–Ge2S phase 
diagram on the Li7PS6–GeS2 tie line with fractions 0.25:0.75 
(Fig. 24).

Very recent work forwarded a novel type of phosphosul-
fide lithium conductor of the cubic Argyrodite type based on 
binary semi/metal components Sn and Si, resulting in elec-
trolyte Li6.96Sn1.55Si1.71P0.8S12.29 Summing up the semi/metal  

Fig. 23. Ternary Li2S−P2S5−GeS2 phase diagram indicating the regions for Argyrodite-containing compositions (blue symbols) as opposed to compositions 
where no formation of Argyrodite is observed (black symbols). The position of Li7Ge3P2S12 is indicated by the red symbol. Stoichiometric ratios calculated 
from Table 1 from Inoue et al.60
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content and normalizing to S6, the stoichiometry for 
Li6.96Sn1.55Si1.71P0.8S12 can be given as Li3.48Sn0.775Si0.855P0.4S6 
or Li3.48M1.63P0.4S6, which is close to, but not identical to the 
stoichiometry of the Ge-based Li3.5Ge1.5P0.5S6 (Li7Ge3PS12) 
electrolyte. In contrast to the latter material, in Li3.48M1.63P0.4S6, 
the total semi/metal fraction is higher. Moreover, the concept 
with respect to the distribution of the semi/metal on Ge- and 
P-sites is different from that prevailing in Li3.5Ge1.5P0.5S6 
(Li7Ge3PS12). While in the Ge-doped material, the fraction of 
Ge on P-sites is 0.33 (corresponding to a ratio between Ge on P 
vs. Ge on Li sites of 0.5:1). A higher fraction of 0.37 for Si/Sn 
on P-sites is realized in the Li3.48Sn0.775Si0.855P0.4S6 electrolyte. 
The fractions Li2S:P2S5:MS2 (M = Sn0.475Si0.525S2 or GeS2) are 
0.487:0.056:0.457 compared to fractions 0.50:0.07:0.43 for 
the germanium-based Argyrodite Li7Ge3P2S12. Considering 
the differences in ionic radii between Ge4+ vs. Si4+ and Sn4+, 
slightly different stoichiometry is required for matching 
the stabilization of the high temperature Argyrodite phase. 
However, the general substitution pattern according to which 

part of the semi/metal substitutes for phosphorus and another 
part for lithium when doping with semi/metals at higher dop-
ant levels also holds for this material.

A doping strategy to yield high temperature Argyrodite 
electrolytes along with exclusive substitution of the dop-
ant for lithium is not established for Ge and Si but applied 
in case of iron (Fe2+) as dopant.68 Subject of investigations 
was iron-doping of Li7PS6 along with the reduction in lith-
ium accounting for charge balance according to Li7−2xFexPS6, 
specifically for x = 0.5, Li6Fe0.5PS6. While in the semi/metal 
dopant strategies replacing phosphorus and the mixed-site 
semi/metal dopant approaches, occupancy of lithium sites 
is exceeding the occupancy in Li7PS6. In doping approaches 
replacing Li+ by higher valent (Fe2+) cations, the site occu-
pancy is reduced. Consequently, there will be vacancies on 
lithium sites. Along with this strategy Li6Fe0.5PS6 crystallizes 
in cubic F-43m Argyrodite structure. Thus, although along 
with a different species of dopant, doping with metals on the 
lithium site is also an option for the modification of Li7PS6 
that may lead to the stabilization of the high temperature 
Argyrodite structure.

In summary, depending on the type of semi/metal and the 
dopant level, the site occupancy of the semi/metal can be on 
phosphorus, on lithium sites or in a configuration mixed on 
both sites. While the first case applies to Ge- and Si-doping at 
low levels, the third configuration is gathered at higher dop-
ant levels for these elements. An exclusive occupation of the 
lithium sites by the dopant in the Argyrodite structure is real-
ized when doping with 0.5 moles of iron.

3.1.3.  Phosphorous-free electrolytes based on Li, S and 

a semi/metal component

Argyrodite-structured Li-conducting electrolytes also form 
within the Li4SiS4–Li5AlS4 binary system. Examination 
of these phosphorus-free electrolyte materials along the 

Fig. 24. Ternary Li2S−P2S5–GeS2 phase diagram indicating the two sub-
stantially different regions for Ge-stabilized Argyrodites.

Fig. 25. Ternary Li2S−Al2S3−SiS2 phase diagram indicating the regions for thio-LiSICon-type Li4SiS4 and Li5AlS4 and Argyrodite-type materials.
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Li4SiS4–Li5AlS4 tie line in a Li2S–SiS2–Al2S3 phase diagram 
with general stoichiometry Li4+xSi1−xAlxS4 revealed a region 
with Argyrodite-type materials, which is located close to the 
Li2S–SiS2 axis in this diagram (Fig. 25).44 Along the com-
plete Li4SiS4–Li5AlS4 tie-line, three regions were identified. 
The Argyrodite region extends over a very narrow range 
around Li4.1Si0.9Al0.1S4 from (0.09 ≤ x ≤ 0.17), while Li5AlS4-
type materials are formed for 0.3 ≤ x ≤ 0.8 and in the Si-rich 
region, synthesis results in thio-LiSICon Li4SiS4.

3.1.4.  Halogen-containing Argyrodites with additional 

semi/metal components

A quite recent approach for synthesis of F-43m Argyrodites 
is the combined doping of Li7PS6 by halogens and semi/met-
als. Till date, the investigations focused on compositions with 
1 mole halogen substituting sulfur in Li7PS6 along with semi/
metal doping at varying contents and concomitant balancing 
of the charges by adjustment of the lithium content according 
to Li6+yMyP1−yS5X (M = Ge, Si, Sn).55,61,62 Thereby, as indi-
cated by the stoichiometry, the amounts of semi/metal dopant 
are kept low enough to remain within the solubility limit for 
these elements on the phosphorus site. Combination of Si and 
Br dopants Li6+ySiyP1−yS5Br with Si-contents10 up to x = 0.35 
results in a F-43m major phase along with secondary phases 
contents less than 3% of Li3OBr and LiBr. However, attempts 
to incorporate germanium into Li6PS5Br are not successful 
so far.61

In contrast, all of the most common semi/metal dop-
ants for phosphosulfides, M (M= Ge, Sn, and Si), form 
Argyrodite-type solid solutions with the iodine-doped mate-
rial Li6+yMyP1−yS5I.60,62 The solubility behavior is different for 
Ge, Sn and Si. While the solubility for Ge4+ in the P5+ position 
is up to y = 0.8, whereas for Sn4+, the solubility is limited to y 
= 0.2 only. For Si4+, it is difficult to determine a distinct limit 
for its solubility, the incorporation of Si in the Li6+ySiyP1−yS5I 
lattice seems to be ongoing along with secondary phase for-
mation up to more than a content of y = 0.5 Si. The changes in 
properties and performance along with doping are larger for 
the iodine-based Argyrodites than for the bromine material.

3.2.  Argyrodite structure

The naturally occurring mineral Argyrodite (Ag8GeS6) and 
its structure were first described in 1886.53 The phospho-
sulfide Argyrodite Li7PS6 crystallizes in an orthorhombic 
space group Pna21 or a cubic space group F-43m depending 
on temperature.10 The phase transition temperature between 
the low temperature Pna21 and the high temperature F-43m 
is ~210°C. The structural building blocks of the anionic 
framework are isolated ortho-thiophosphate PS4

3− tetrahedra  
and S2− anions with a ratio of 1:2.45 In the F-43m structure  

(Z = 4), the PS4
3− tetrahedra, with P in 4b and S in 16e posi-

tion, are in the unit cell-center and in the middle of all 12 
edges. These positions correspond to octahedral voids of 
the cubic face-centered anion lattice formed by the S2− in 4a 
sites. The other part of the S2− anions is located in tetrahedral 
voids at 4d positions. There are two distinct positions for the 
lithium, 24g and 48h. The lattice parameter of Li7PS6 F-43m 
phase is a = 9.993 Å at 230°C.10 Considering the structure 
from another point of view, the 16e sulfur in the PS4

3− tetrahe-
dra forms the first, the S2− free sulfur on 4d forms the second, 
and the free sulfur on 4d forms the third sulfur coordination 
sphere for the phosphorus (Fig. 26).

3.2.1.  Halogen-substituted Li7PS6–Li6PS5X (X = Cl, Br, I)

The halogen-doped phosphosulfides are stable in the high 
temperature F-43m phase at ambient temperature. The hal-
ogen anions Cl−, Br− or I− occupy the free sulfur positions. 
However, depending on the halogen-nature, they settle into 
different crystallographic sites. Chlorine and bromine are 
distributed over the 4a and 4d positions, whereas iodine is 
located exclusively in the 4a position. The distribution of the 
halogens over the sites, in particular the ordering of the anion 
sub-lattice for I− doped vs. the disordered sub-lattices for Cl− 
and Br− doped Argyrodites, has far-reaching consequences 
for the properties of the materials. This is due to the fact that 
disorder induced softening of the lattice plays a major role 

Fig. 26. Crystal structure of cubic Argyrodite showing (a) the unit cell (Z 
= 4) and (b) local arrangement of lithium-forming polyhedral centered by S 
(4d). Reproduced from Ref. 54 with permission from the Royal Society of 
Chemistry © 2019.
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for the Li-ion transport properties of the material. While the 
ionic radii of Cl− 1.81 Å and Br− 1.95 Å are relatively close 
to the radius of S2− (1.84 Å), the ionic radius for I− is substan-
tially larger (2.16 Å). Thus, the iodine does not dwell on the 
Li-cage instead is limited to the 4a position.54

The lattice constants are also substantially influenced 
by the type of halogen dopant. The lattice parameter for the 
Argyrodites doped with a single halogen species at a dop-
ant content of one mole increases with the ionic radius of 
Cl−, Br− and L− from 9.857 Å for Li6PS5Cl over 9.986 Å for 
Li6PS5Br to 10.145 Å for Li6PS5I, respectively. The phospho-
sulfide Argyrodites with mixed halogen content of 1 mole in 
total also match pretty well into this scheme (Fig. 27).51,54,55 
Moreover, lattice parameters from liquid phase synthesized 
Li6PS5ClxBr1−x are highly similar to those for solid-state syn-
thesized material.51

Along with higher halogen content in Li7−xPS6−xClx, the 
site occupancies for Cl− are increasing. Thereby, the addi-
tional Cl− distributes to both 4a and 4d sites. Compared to 
Li6PS5Cl in Li5.5PS4.5Cl1.5, the occupancy on 4a site by Cl− is 
enhanced from 0.385 to 0.615, the fraction of Cl− on the 4d site 
rises from 0.615 to 0.835, both coupled with a corresponding 
reduction in S2− occupancy of the respective sites.55,57 The dif-
ference in ionic radii of Cl− vs. to S2− is small, therefore, the 
decrease in lattice parameter from 9.8598(4) Å for Li6PS5Cl 
to 9.8061(1) Å for Li5.5PS4.5Cl1.5 is in most part due to the Li+ 
vacancies.57

3.2.2.  Argyrodites based on Li, P, S and semi/metal

Doping with semi/metals also stabilizes the cubic high tem-
perature Argyrodite phase. The analysis of the influence of 
semi/metal doping has to at first take the site occupancy of 
the dopant into account. At low concentrations of germa-
nium and silicon, these dopants substitute exclusively for 

phosphorus. With dopant contents of 0.25 moles Ge or Si, 
corresponding to Li7.25Ge0.25P0.75S6 and Li7.25Si0.25P0.75S6, the 
lattice parameters are a = 9.9543(1) Å and a = 9.9461(1) Å, 
respectively.65 Lattice parameters for both, measured at ambi-
ent temperature, are smaller than the lattice parameter given 
for the high temperature Li7PS6 phase, however, the param-
eters for Li7PS6 was determined at 230°C.10 Thus, this com-
parison does not provide the full picture on the impact of the 
semimetal doping.

However, consideration of the compositional range from 
0.1 moles to 0.35 moles of Si and Ge indicates that along with 
increasing dopant content the lattice parameter increases, and 
for a given dopant content, the lattice parameter along with 
Ge-doping is larger than that for Si-doping.65 As the ionic 
radii of both, Ge4+ and Si4+ are larger than the P5+ radius, 
it supports the trend of the lattice parameters in this series. 
At higher dopant occupancies, and concomitant to that, the 
influence of the semi/metal doping becomes different from 
the trends observed for the low-level dopant content. The 
mixed site occupancy with Ge substituting P5+ and Li+ can be 
derived from the analysis of the stoichiometry of Li7Ge3PS12 
and is also confirmed by structural analysis. The structure of 
this material is cubic. Refinements revealed that Ge occu-
pies 4b sites in the center of the (Ge/P)S4 tetrahedra. With 
respect to the other part of the germanium substitution, it 
is confirmed by the structural analysis that it is also distrib-
uted within the 48h sites, with Li and Ge occupation of 0.42 
and 0.08, respectively. Analysis of the lattice parameter with 
respect to the ionic radii reveals that there are counteract-
ing effects of the replacement in the two sites. Substitution 
of Ge for P (0.39 Å vs. 0.17 Å) tends to increase the lattice 
parameter whereas substitution of Ge for Li reduces the lat-
tice parameter. Overall, the substitution pattern results in a 
relatively small lattice parameter a = 9.78525(5) Å.

(a) (b) (c)

Fig. 27. Lattice parameters of Li6PS5X with X = Cl, Br I and mixtures thereof vs. mean ionic radius of the halogen anions. (a) plotted from data from Hang-
hofer et al.51 (b) plotted from data from Kraft et al.52 (c) plotted from data from Zhou et al.48
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In the cubic Argyrodite-type Li6.96Sn1.55Si1.71P0.8S12, the 
lattice constant is a = 9.842074(18) Å, which is also much 
smaller than those of the low-doped semi/metal bearing 
materials. Similar to Li7Ge3PS12, the semi/metal dopants 
occupy in part P5+, and partially Li+ sites. Due to the mixed 
cation composition, the site occupancy is even more complex 
in the former material, however, owing to the very similar 
ionic radii of Li+ (0.59 Å) and Sn4+ (0.55 Å), the Sn frac-
tion of the dopant is likely to occupy preferably the lithium 
sites.29

3.2.3.  Halogen-containing Argyrodites with additional 

semi/metal components

A very recent approach to phosphosulfide electrolytes with 
high-temperature Argyrodite structure is co-doping Li7PS6 
with halogens and semi/metal. Research in these materials 
has so far focused on the compositions Li6+xP1−xMxS5X with 
semi/metal contents below their solubility limits on the P5+ 
(4b) site and 1 molar doping by halogens.60–62 There is a dif-
ferent impact from the semi/metal co-dopant depending on 
the type of halogen dopant. On doping the phosphosulfide 
Argyrodite with I− only, an ordered lattice with exclusive 
site occupancy on S2− (4a) sites by the iodine is formed. The 
co-doping of Li6PS5I induces structural disorder in terms of 
the occupancy of the free sulfur S2− positions by the iodine. 
Starting from co-dopant levels of 0.2 moles tin or germanium 
approximately, the iodine is no longer limited to lattice posi-
tion onto the S2− (4a) site, but distributes between S2− (4a) 
and S2− (4d) positions (Fig. 28(a)). The disorder induced by 
the formation of GeS4

2− or SnS4
2− tetrahedra enables partial 

exchange of sulfur and iodine between the 4a and the 4d sites, 
thus generating further disorder in the structure Li6+xP1−x 

MxS5I with concomitant softening of the lattice.

Substitution of all three major tetravalent dopant ions 
for phosphosulfides, Ge4+, Si4+ and Sn4+, leads to a pro-
nounced increase in the lattice parameters of Li6+xP1−xMxS5I 
(Fig. 28(b)). This increase scales with the ionic radius of the 
dopant ion. The plateaus for the increase in lattice parameters 
with dopant content indicate the solubility limits of 0.8 moles 
for Ge and 0.3 moles for Sn. In the case of Si, no distinct 
plateau can be identified. In this material, the lattice param-
eters for Si-contents higher than 0.3 moles increase further, 
which is interpreted to indicate, that part of, but not all sili-
con is integrated in the lattice and concomitant formation of 
secondary phases occurs. Overall, along with the co-doping 
approach, there are two co-acting factors of influence from 
the differences in ionic radii between dopants I− and Si4+ and 
hosting ions S2− and P5+ leading to an increase in lattice spac-
ing. The widening in combination with the disorder-induced 
softening of the lattice thus merging two of the dopant strat-
egies for Argyrodites to enhance the mobility of Li-ions in 
the lattice.

Although from a stoichiometry point of view, the doping 
of Li6PS5I and Li6PS5Br with Si is analogous, the impact 
on the structure is different. In the dopant-free Li6PS5I, the 
free S2− and the I− anions are exclusively on the 4d and 4a 
sites, respectively.54 The substitution of phosphorous by sili-
con induces major disorder distributing both anions on both 
sites, amounting to a 4d site occupancy of the I− anions up to 
12% at a Si-content of 0.5 moles. In contrast, substantial site 
disorder is already present in the semi/metal free Li6PS5Br 
wherein the site disorder Br−/S2− is 22%.55,62 In this material, 
there are only minor effects from doping with silicon on the 
site disorder.61

However, Si-doping in Li6+xP1−xSixS5Br leads to an 
increase in the lattice parameter that is more pronounced 
than that for Li6+xP1−xSixS5I (Fig. 29). The lattice spacing of 

(a) (b)

Fig. 28. (a) Site disorder (occupancy of 4a sites by iodine anions in terms of the ratio I−/S2− on 4a sites for Li6+xP1−xMxS5I (M = Ge, Si). (b) Lattice parameters 
of the cubic F-43m Argyrodites Li6+xP1−xMxS5I (M = Ge, Si, Sn) depending on dopant content. Reprinted with permission from Ref. 62. Copyright © 2019 
American Chemical Society.
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Li6+xP1−xSixS5Br increases from 9.975 Å for Li6PS5Br with 
Si-content up to its solubility limit of 0.35 moles to 10.05 Å 
for Li6.3P0.7Si0.3S5Br by ≈ 0.075 Å. The same amount of 
Si-doping in Li6+xP1−xSixS5I effects cause an increase of the 
lattice parameter on ≈ 0.05 Å. Impact from Si-doping on 
the properties for the Br-based Li6+xP1−xSixS5Br can maybe 
attributed to the enhanced Li-ion content in the 24g site or the 
widening of the lattice parameters.61

3.3.  Argyrodite processing

Considerable research activity is ongoing related to the pro-
cessing of Argyrodite phosphosulfide electrolytes. Thereby, 
in particular with respect to the halogen-based materials, 
both, solid-state routes and liquid-phase synthesis are subject 
to current investigations and development.

For solid-state processes, as for most other phosphosul-
fide electrolyte materials, educts are Li2S, P2S5 with addition 
of lithium-halides LiBr, LiCl and LiI as source for the halo-
gen component, respectively. The two essential steps of the 
solid-state route must be carried out in an inert environment 
due to the sensitivity of the materials. Thereby, the process 
parameters for both steps, the homogenizing and grinding 
the starting materials via ball-milling and the subsequent 
heat-treatment of the mixtures at elevated temperatures have 
to be matched to each other.

Considering heat-treatment and milling conditions, there 
are two strategies for obtaining phase pure materials. On the 
one hand, mixing or very moderate milling conditions cou-
pled with relatively high temperatures and very long times 
for the heat treatment are applied in order to obtain phase 
pure materials.6,69,70 Mixing of the educts followed by a heat 
treatment at 550°C/168 h or 1 h ball milling at 110 rpm can 
be combined with a heat treatment at 550°C/10 h result in 
phase pure materials.6,70 On the other hand Argyrodites can 

also be  obtained by intense ball milling with subsequent 
heat treatment at lower temperatures or reduced dwell times. 
Along with ball milling at 500 rpm for 8 h, Li6PS5Br and 
Li6PS5I were prepared at 300°C and 350°C with dwell times 
5 h and 15 h, respectively.58,70 However, even with intense 
ball milling under optimized conditions at 700 rpm, a mini-
mum heat treatment temperature of 500°C is needed.59

Most important, however, are the cooling rates, which 
prove to be relevant for the degree of disorder of site-disor-
der on the 4a and 4d sites, which in turn is considered to be 
a main factor of influence on the conductivity.71,72 Analysis 
of Li6PS5Br synthesized at 550°C/30 min, slow cooled and 
reheated subsequently to temperatures of 350–550°C and 
quenched thereafter to freeze the high temperature state, 
indicated a systematic trend of the disorder parameter 
(Fig. 30(a)). Right after the first slow cooling from 500°C/30 
min step, the materials show an almost ordered structure with 
10% disorder. Increasing disorder is generated by the second 
step heat treatments. The degree of disorder increases with 
temperature and amounts up to 39% after the heating step 
to 550°C. Concomitant with the increase in disorder, there 
are changes in the lithium substructure and a decrease in the 
lattice parameter.72

Considering common processing temperatures at 550°C 
for Li6PS5Br, Li6PS5Cl and Li6PS5I, the aggregate state of the 
materials during processing might be different depending on 
the type of halogen. Assuming that the P2S5 reacts readily 
with Li2S during the milling procedure or at relatively low 
temperature to form Li3PS4, this intermediate is in solid state 
up to 700°C.19 So, conditions for a true solid-state reaction 
might be given by the melting points of the lithium-halides. 
While the melting point for LiBr is at 550°C, Lil melts at 
489°C, thus at considerably lower temperature, whereas LiCl 
with a melting temperature of 650°C is in solid state at a 
550°C heat treatment (Fig. 30(b)). Analysis of the reaction 
conditions with respect to liquid-phase formation might be an 
approach for further understanding of the product properties.

Considerably higher processing temperatures than those 
used for the halogen-type Argyrodites have to be applied on 
of Al-stabilized Argyrodite electrolytes. The melt quenching 
route for preparation of Li4+xAlxSi1−xS4 included two tempera-
ture steps after vibration mixing at 370 rpm for 30 min, in 
which the first temperature step was at 1000°C with 5 h dwell 
time. Following ice water quench, the material was then 
regrounded and subjected to a final heat treatment at 200°C 
for 10 h.44 Heating at 870°C for 8 h was applied for the syn-
thesis of Li7Ge3PS12.63 In contrast, the process temperatures 
for Argyrodites with tin and silicon as the stabilizing elements 
Li6.96Sn1.55Si1.71P0.8S12 are much more moderate in the same 
temperature range as for the halogen-based Argyrodites. 
After 380 rpm ball milling for 40 h, heat treatment of appro-
priate mixtures of Li2S, P2S5, SiS2 and SnS2 at 500°C for 5 h 
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Fig. 29. Lattice parameters of the cubic F-43m Argyrodites Li6+xP1−xSixS5- 

Br61 and Li6+xP1−xSixS5I.62

2240002.indd   212240002.indd   21 01/19/23   1:29:36 PM01/19/23   1:29:36 PM

Fu
nc

t. 
M

at
er

. L
et

t. 
20

22
.1

5.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 F

O
R

SC
H

U
N

G
SZ

E
N

T
R

U
M

 J
U

E
L

IC
H

 G
m

bH
 o

n 
02

/2
3/

23
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



X. Lu et al.

2240002-22

FA WSPC/249-FML 2240002 ISSN: 1793-6047

was sufficient to provide phase pure Argyrodite-structured 
electrolytes.29

Liquid-phase synthesis of halogen-based materials is fac-
ing the challenge to meet simultaneously the solubility, the 
stability, the solvent complexation and the crystallization 
of the three reactants Li2S, P2S5 and the halogenides LiBr, 
LiCl or LiI, respectively.16 In particular, solvents that are 
capable to form PS4

3− to initiate the reaction do mostly not 
allow for co-crystallization of S2− and halogen anions. On the 
other hand, solvents suitable for co-crystallization of these 
anions in many cases tend to react with the precursors. An 
approach to address these issues is, in the first instance, to use 
a two-step procedure, as applied for the synthesis Li6PS5Br. 
Thereby in the first step, Li2S and P2S5 are reacted in tetrahy-
drofuran (THF) to form Li3PS4-THF complexes. The product 
of this reaction is then further reacted with Li2S and LiBr in 
ethanol (EtOH).73

The same process methodology was applied to synthe-
size Li6PS5Cl, Li6PS5I and Li6−yPS5−yCl1+y.51 By means of an 
alternative approach with sequential addition of the reac-
tants, Li6PS5Cl was prepared by first mixing and stirring 
Li2S and LiCl, and then subsequently adding P2S5 using 
ethyl acetate (EA) as a solvent.74 The synthesis resulted in 
20–30 µm sized particles with rod-like morphology com-
posed of nanosized subparticles. In a third type of approach, 
EP was used as the solvent while the reaction was supported 
by ultrasonication to synthesize Li6PS5Br from Li2S, P2S5 
and LiBr powders. The ultrasonication promotes the reac-
tion between Li2S and P2S5 to form PS4

3− unit and results 
in α-Li3PS4 precursor. By means of addition of ethanol to 
the white suspension, the α-Li3PS4 precursor, Li2S and LiBr 
dissolve to PS4

3−, Li+, S2− and Br− ion species. Li6PS5Br pre-
cipitates on heat treatment by evaporation of EP-ethanol 
solvent.75

(a) (b)

Fig. 30. (a) Degree of site disorder on 4a and 4d sites and lattice parameter for Li6PS5Br depending on quenching temperature.71,72 (b) Melting points of 
reactants and intermediates for various halogen-stabilized Argyrodite synthesis.

(a) (b)

Fig. 31. Relations between configurational order/disorder of the anion substructure and static order/disorder of the Li sites: (a) ordered anion substructure and 
(b) disordered anion substructure. In the ordered substructure, the Li sites move toward S2− (blue) and away from X− (yellow) anions resulting in an ordered 
nonpercolating network of short site−site distances. In the disordered substructure, the movement of the Li-sites toward S2− and away from X− forms a perco-
lating network of short site–site distances. Reprinted with permission from Ref. 78. Copyright © 2021 American Chemical Society.78
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3.4.  Argyrodite conductivity

Among the modifications of the Argyrodites, particularly the 
high temperature cubic modification with space group F-43m 
is considered favorable for Li-ionic conductivity. Extensive 
investigations have been carried out on the main factors of 
influence and the mechanisms for Li-ion conduction in the 
prototype Argyrodite materials Li6PS5X (X = Cl, Br, I), that 
is materials that were stabilized in the F-43m structure by 
substitution of sulfur by halogens. In these materials, the 
Li-ion conductivity is related to Li vacancies emerging from 
reduced Li-content and, in particular, to the X−/S2− anion dis-
order, which in turn modulates the lithium substructure.76,77 In 
anion-ordered systems, Li-ions form cage-like substructures 
with inactive critical site−site pathways and lithium motion 
is largely restricted within these structures (Fig. 31(a)). In 
contrast, in anion-disordered systems, modified Li-positions 
result in delocalized Li-density and activation of site−site 
pathways, thus forming a percolating three-dimensional dif-
fusion network (Fig. 31(b)).77,78 Much less is known about the 
Li-transport mechanisms in semi/metal-based Argyrodites.

According to the different types of elements for stabilizing 
the F-43m structure in the Argyrodite, the discussion of the 
conductivity is grouped into three sections; halogen-based 
Argyrodites, semi/metal-based Argyrodites and Argyrodites 
in which combined semi/metal and halogen substitution 
provides the presence of the cubic structure. The section is 
concluded with a comparison of the results for the Li-ion 
conductivities with respect to the different dopants.

3.4.1.  Halogen-based Argyrodites

Direct comparison of results for 1 mole halogen content:
Chlorine, bromine and iodine are suitable to stabilize the 
cubic F-43m structure when substituted sulfur in a Li7PS6 
Argyrodite framework. The analysis of similarities and dif-
ferences that leads to the specific Li-ion conductivities for 
each of the materials have been the subject of many investiga-
tions. Research work mostly focused on a one molar content 
of the halogens, i.e. compositions of Li6PS5X with X = Cl, 
Br, I as well as modifications thereof via mixed-halogen dop-
ing. Experimental work dedicated to comparison of Li-ion 
conductivities depending on the type of halogens used for the 
doping evidenced high Li-ion conductivities in the range 10−3 
S/cm for Li6PS5Br and Li6PS5Cl and some orders of magni-
tude lower Li-ion conductivity for Li6PS5l (Table 4).

The starting point for analyzing the differences in Li-ion 
conductivity for Br, and Cl vs. I based Argyrodites are the 
differences in structure related to the X−/S2− disorder on the 
4c site. Disorder leads to Li-substructures to be modified in 
a way that favors the intercage jumps of the Li-ions which 
are necessary for its long range transport. The degree of dis-
order scales with the ionic radii of the halogen ionic species. 

Concomitant to the influence on disorder and Li-substructure, 
the type of halogen ion impacts also the lattice volume, which 
increases the intercage jump distances.55 The combined 
effects of disorder and lattice spacing result in a modified 
Li-substructure with flattened energy landscape. The sub-
structures are described in part of the investigations by dif-
ferences in the occupation of specific Li-positions,6,76,82 while 
another part emphasizes the inhomogeneous distribution of 
local anionic charge, and the resulting spatially diffuse lith-
ium distributions.77,78 Corresponding to the degree of disorder 
and its implications, the Li-ion conductivity decreases in the 
order Li6PS5Cl → Li6PS5Br → Li6PS5I.

Further evidence for the high degree of order being the 
limiting factor for the Li-ion conductivity in Li6PS5l when 
prepared by conventional processing is provided by exper-
iments introducing structural disorder in these materials by 
means of post-preparation high energy ball milling. Applying 
this approach to initially microcrystalline Li6PS5l prepared 
by a solid-state route results in a structurally distorted mate-
rial with a ambient temperature Li-ion conductivity of 0.5 
× 10−3 S/cm, which is two orders of magnitude higher than 
that of the original microcrystalline material.83 Similarly, 
kinetic freezing of the site disorder in Li6PS5Br by quenching 
after heat treatment leads to an enhancement of conductivi-
ties compared to the slow- and standard-cooled material by 
approximately a factor of 2.71

Mixed halogens with cation radius as parameter: The 
trend that chlorine promotes the Li-ion conductivity the most, 
while iodine leads to low Li-ion conductivity, maintains also 
for Argyrodites with mixed halogen doping with conduc-
tivity scaling inversely to halogen anion radii (Fig. 32(a)). 
Comparisons addressing a total halogen content of 1 mole 
demonstrate the effects of the different halogen species and 
mixtures thereof. The Li-ion conductivities are correlated to 
the X−/S2− site disorder and scale inversely with the lattice 
parameter (Fig. 32(b)).

Li-conductivity depending on the halogen content:
Considering the range for the halogen contents provid-
ing Argyrodites in the F-43m structure, investigations of 

Table 4. Ambient temperature Li-ion conductivity for Li6PS5X (X = Cl, 
Br, I) — The table contains only those results in which Argyrodites with all 
three halogens Cl, Br and I were prepared by the same research group with 
the same synthetic method.

σ (mS/cm)

Synthesis method Ref.X = Cl X = Br X = I

3.4 2.2 0. 00107 54
1.8 1.3 0.015 SS, Li2S-excess 79
0.74 0.72 0.00046 Annealed 80
2.0 1.1 0.0012 55
0.34 0.31 0.029 Liquid phase 81
0.95 0.82 0.37 Mechanical mill 73
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Cl-substituted Argyrodites demonstrated a lower bound 
of at least 0.5 moles to be sufficient to stabilize the high 
temperature modification.59 However, the most interesting 
with respect to high Li-ion conductivities in Li7−xPS6−xXx 
is the range with halogen contents 1 < x < 2. In Cl-doped 
Argyrodite, along with the chlorine content moderately 
exceeding 1 mole per formula unit, the Li-ion conduc-
tivities are enhanced up to almost an order of magnitude 
compared to Li6PS5Cl (Fig. 33). A maximum ambient tem-
perature Li-ion conductivity amounting up to 9 × 10−3 S/cm 
and 6 × 10−3 S/cm, respectively, were identified at x = 1.557 
and x = 1.3.58

3.4.2.  Semimetal-stabilized Argyrodites

The conductivities of the semi/metal stabilized Argyrodites 
face different conditions with respect to the structural sur-
roundings depending on the semi/metal content in the elec-
trolytes. At low Si4+ or Ge4+ content, these ions substitute for 
phosphorus P5+, form SiP4

3− or GeP4
3− tetrahedra contributing 

to the anion framework while the Li+ content is enhanced 
compared to nonmodified Li7PS6. In contrast, for higher 
semi/metal content, part of the semi/metal occupies Li+ sites 
along with reduced lithium content.

The doping approach to replace phosphorus by semi/
metals stabilizes the cubic phase that already occurs at small 
amounts of semi/metals and provides ambient temperature 
Li-ion conductivities in the range of 1–2 × 10−3 S/cm.65 The 
highest ambient temperature Li-ion conductivities among 
these electrolytes are realized by Ge-doping according to 
Li7+xGexP1−xS6 at contents x = 0.25–0.30 (Fig. 34). The con-
ductivities for Li7+xSixP1−xS6 are quite stable within a large 
part of the Argyrodite stability range (0.2 > x > 0.4) at 1.0–
1.2 × 10−3 S/cm with a slight maximum at x = 0.35. Higher 
Li-ion conductivities were obtained with the composition 
Li7.33Si0.33P0.66S6 denoted Li2zSiP2S7+z (z = 11) Li22SiP2S18 in 
the original paper, where σ is 3.2 mS/cm at ambient tem-
peratures.66 Although still proving good Li-conducting prop-
erties, the conductivity of the Argyrodite doped with Fe2+ 

(a) (b)

Fig. 32. (a) Ambient temperature Li-ion conductivity for Argyrodites stabilized by halogens with an overall halogen content of 1 mole.54,55 (b) Lattice param-
eters and disorder parameters for the 1 mole halogen stabilized Argyrodites.55

Fig. 33. Li-ion conductivities of Li7−xPS6−xClx depending on x for chlorine 
contents higher than 1 mol.57,58

Fig. 34. Li-ion conductivities of Li7+xGexP1−xS6 and Li7+xSixP1−xS6 (0.1 < x < 
0.4), Li7.333Si0.333P0.667S6 and Li6Fe0.5P0.5S6 for low semi/metal contents.65,66,68
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(Li6Fe0.5P0.5S6) is approximately an order of magnitude less 
than those of the Si4+ and Ge4+ doped electrolytes.68

Along with a higher dopant content, for the electrolytes 
investigated to date, the Li-ion conductivities are one order 
of magnitude lower than for the best ones of those with low 
semi/metal contents. Li-ion conductivities are 1.1 × 10−4 S/cm 
in the highly germanium-doped Li7Ge3PS12, corresponding to 
Li3.5Ge1.5P0.5S6

63 and 8.5 × 10−5 S/cm in Li6.96Sn1.55Si1.71P0.8S12 
(Li3.48Sn0.775Si0.855P0.4S6) Argyrodite stabilized by binary 
semi/metals silicon and tin.29

3.4.3.  Semimetal plus halogen-stabilized Argyrodites

Co-doping halogen-stabilized Argyrodites with semi/met-
als according to the compositions Li6+xMxP1−xS5X (X = Cl, 
Br, I) was addressed for the combinations of bromine-based 
Argyrodites with Si61 and for iodine-based Argyrodites with 
M = Ge, Si and Sn co-dopants.60,62 The original idea behind 
the co-doping approach was to enhance the structural disorder 
of I−/S2− sites. The impact of the co-doping in first instance 
crucially depends on the type of halogen in the Argyrodite.

A moderate increase in the Li-ion conductivity with 
Si-content was found for bromine-based Argyrodites 
Li6+xSixP1−xS5Br, leading to the highest ambient temperature 
Li-ion conductivity within this series of material for x = 0.35 
corresponding to increase by a multiple of three from 0.7 × 
10−3 S/cm to 2.3 × 10−3 S/cm compared to the Si free mate-
rial Li6PS5Br (Fig. 35(a)).61 In contrast, co-doping of iodine-
based semi/metals Si, Sn and Ge results in an increase of 
conductivity up to several orders of magnitude. Thereby, the 
conductivities scales with the semi/metal co-dopant content 

(Fig. 35(b)). Differences in the maximum solubility of semi/
metals depending on semi/metal type limit the conductivity 
performance of the specific materials. While with x = 0.2, 
there is only little solubility for Sn (Li6+xSnxP1−xS5I), the solu-
bility limits are enhanced to x = 0.45 for Si and to x = 0.8 for 
Ge providing electrolytes with compositions Li6+xSixP1−xS5I 
and Li6+xGexP1−xS5I, respectively. Accordingly, the maximum 
conductivities can be observed in the germanium co-doped 
electrolytes Li6.6Ge0.8P0.4S5I, where the ambient tempera-
ture Li-ion conductivity amounts to 5.4 × 10−3 S/cm in a 
cold pressed state vs. conductivities of 1 × 10−4 S/cm and 
2 × 10−3 S/cm for the best tin and silicon co-doped materi-
als, respectively. Although an increase in site disorder along 
with co-dopant content was detected, the main impact on the 
enhanced conductivity is attributed to the modifications in 
Li-substructure.62

3.4.4.  Overall comparison of Argyrodite Li-ion 

conductivities

A compilation of the results on Li-ion conductivities of the 
three most discussed types of Argyrodites, halogen stabi-
lized, semi/metal stabilized and the halogen-semi/metal 
co-doped electrolytes is given in Fig. 36 and Table 5 with 
distinction made for the processing type (solid state vs. liq-
uid phase). Maximum conductivities for the best electrolytes 
from each of these groups are in the range of 10−2 S/cm for 
the halogen stabilized and the halogen semi/metal co-doped 
Argyrodites, while they are at least an order of magnitude less 
for exclusively semi/metal-doped electrolytes. An evaluation 
of these results based on the mere numbers on conductivity 

(a) (b)

Fig. 35. (a) Ambient temperature lithium-ion conductivity of Li6+xSixP1−xS5Br depending on Si content. Reproduced from Ref. 61 with permission from the 
Royal Society of Chemistry © 2013. (b) Ambient temperature lithium-ion conductivity of Li6+xMxP1−xS5I depending on semi/metal content M with M = Ge, Si, 
Sn. Reprinted with permission from Ref. 62. Copyright © 2019 American Chemical Society.
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nevertheless seems difficult. The data on ambient tempera-
ture Li-ion conductivities for the halogen-doped electrolytes 
encompass the results of many different investigations and 
scatter over a range of approximately two orders of mag-
nitude. In contrast, there are few works on the semi/metal 
doped and the co-doped Argyrodites electrolytes, which 
probably does include materials with lower performance nor 
the optimally processed variants.

In the Li7−xPS6−xXx series, solid-state processed as well as 
liquid-phase prepared materials are among the electrolytes 
with Li-ion conductivities in both the upper and lower parts 
of the ranking. When applied to materials suitable for the spe-
cific processes, the specific processing parameters seem to 
be at least equally important as the type of processing route. 
Overall, there is agreement that the processing is one of the 
main determinants of Li-ion conductivity. The physical state 
of the sample used for the measurements is supposedly to 
be a further major factor of influence on the Li-ion conduc-
tivity. Specifically, for Li6.6Ge0.8P0.4S5I, an enhancement of 
the Li-ion conductivity from 5.4 × 10−3 S/cm for the pressed 
pellet to 18.4 × 10−3 S/cm for a sample sintered at 975°C for 
10 min was reported.60 However, with an inter-comparisons 
of different reports, systematic differences between pressed 
powders vs. sintered ceramic pellets could not be identified, 
therefore, the data evaluated in Table 5 do not allow for a 
generalization of this trend. Eliminating the aforementioned 
issues and focusing on the specific type of sample preparation, 
measurement and evaluation procedures, a comprehensive 
Round Robin study has been carried out for Li6.6P0.4Ge0.6S5I, 
Li6PS5Cl, Li6PS5Br0.75I0.25, Li6PS5Br0.25I0.75 and Li6PS5I.89 
Measurements were carried out by all participating work-
groups on materials from a single powder batch, where 
samples for the measurements were prepared, measured 
and evaluated according to the specific procedures of the 

respective group. Typically, the results on Li-ion conductivity 
were scattering by half an order of magnitude approximately, 
in some cases even more. No clear influence of pelletizing 
pressure and contacting material could be detected, while a 
weak trend with relative densities was found only for part 
of the materials.62 Thus, the study documents in depth the 
difficulty of comparing and evaluating the results on Li-ion 
conductivity measurements from different research groups.

Summarizing Li-ion conductivity measurements, one 
may note, within a series of materials prepared, measured 
and evaluated by the same group of scientists yielded quite 
subtle differences in conductivity that also correlate to defect 
chemical and structural characteristics which can be elabo-
rated. In contrast, inter-group comparison of results on Li-ion 
conductivity has to consider the complete processing, sam-
ple preparation and measurement procedures in detail, and to 

Fig. 36. Li-ion conductivities for halogen stabilized, semi/metal stabilized 
and the halogen-semi/metal co-doped Argyrodite electrolytes distinguish-
ing solid-state and liquid-phase processed electrolytes. Squares are for sol-
id-state processed, triangles for electrolytes prepared by liquid-phase synthe-
sis. Data and references can be found in Table 5.

Table 5. Li-ion conductivity and activation energies of Argyrodite struc-
tures at ambient temperature unless otherwise stated. (lq) denotes samples 
synthesized via a liquid route.

Stoichiometry σ (S/cm) Ea (eV) Ref.

Li6PS5Br 2.58 × 10−3 0.255 84
Li6PS5Br 6.2 × 10−4 0.41 85
Li6PS5Br 8.2 × 10−4 0.228 73
Li6PS5Br 7.2 × 10−4 0.17 80
Li6PS5Br 3.2 × 10−5 0.32 86
Li6PS5Br (lq) 3.1 × 10−3 0.302 87
Li6PS5Br (lq) 3.1 × 10−4 0.419 81
Li6PS5Br (lq) 2.5 × 10−4 0.311 73
Li6PS5Br (lq) 3.4 × 10−5 — 75

Li6PS5Cl0.5Br0.5 3.63 × 10−3 (32°C) 0.31 88

Li5.5PS4.5Cl1.5 1.02 × 10−2 0.27 59

Li6PS5Cl 1.33 × 10−3 0.33 85
Li6PS5Cl 9.5 × 10−4 — 73
Li6PS5Cl 7.4 × 10−4 0.11 80
Li6PS5Cl 4.6 × 10−4 0.33 85
Li6PS5Cl 3.3 × 10−5 0.38 86
Li6PS5Cl (lq) 3.4 × 10−4 0.399 81
Li6PS5Cl (lq) 1.4 × 10−5 — 73

Li6PS5Cl-LiCl (lq) 5.3 × 10−4 0.29 81

Li6PS5I 3.7 × 10−4 — 73
Li6PS5I 2.2 × 10−4 0.26 86
Li6PS5I 1.9 × 10−4 0.35 85
Li6PS5I 4.6 × 10−7 0.25 80
Li6PS5I (lq) 2.9 × 10−5 0.419 81
Li6PS5I (lq) 1.9 × 10−5 — 73

LT-Li7PS6 1.6 × 10−6 0.16 56

Li6.6P0.4Ge0.6S5I 1.84 × 10−2 0.16 60
Li6.35P0.65Si0.35S5Br 2.4 × 10−3 0.14 61
Li6.7P0.3Si0.7S5I 2.0 × 10−3 — 62
Li6.3P0.7Sn0.3S5I 1.0 × 10−4 — 62

Li7.3Ge0.3P0.7S6 1.96 × 10−3 0.197 65
Li7.35Si0.35P0.65S6 1.5 × 10−3 — 65
Li7Ge3PS12 1.1 × 10−4 0.259 63
Li6.96Sn1.55Si1.71P0.8S12 8.5 × 10−5 0.352 29
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take into account the specific conditions in order to come to a 
well-balanced evaluation of the performance.

4.  Overall Survey and Trends

Regarding properties of the electrolytes, for more than a 
decade, the focus of research was mainly on Li-ion conduc-
tivity. Along with the far-reaching improvements with respect 
to this property, the integration of solid-state electrolytes have 
become more realistic and as a consequence new challenges, 
related to how to integrate the new electrolytes into a battery, 
such as compatibility of electrolytes with other components 
and processing emerged. In this context, the stability of the 
interfaces is the issue of major concern. This summarizing 
section will be organized covering three subtopics (i) a brief 
discussion on issues on conductivity with a comparison of 
high performance electrolytes from each of the four major 
types, (ii) an analysis of the phosphosulfide electrolytes with 
respect to their stability in a battery environment focusing on 
the interface to the Li-metal anode and (iii) perspectives for 
further development of phosphosulfide electrolytes.

4.1.  Discussion and summary on Li-ion conductivities

Detailed discussion on Li-ion conductivity in this review is 
limited to the consideration of macroscopic conductivity at 
ambient temperature. The scope of the issues related to Li-ion 
conductivity is of course much wider than this. In particular, 
for a compound treatment, on an atomistic scale the relations 
between structure and conductivity of the individual elec-
trolytes must be considered. Regarding application-oriented 
features, the temperature behavior of the Li-ion conductivity 
and the dependence on processing on the macroscopic scale 
have to be reflected. Thus, before summarizing the analy-
sis on the ambient temperature conductivities basic aspects 
emerging from these issues will be briefly addressed.

4.1.1.  Relations between structure, processing and 

conductivity

The structure of phosphosulfide electrolytes consists of an 
anion framework formed by building blocks of tetrahedra con-
sisting of phosphorus and/or semi/metals, in some cases addi-
tional free sulfur anions are present which can be modified by 
dopants such as halogens or oxygen. The arrangement of the 
framework structure largely governs the symmetry of the struc-
ture and therewith the isotropic vs. anisotropic or 1D, 2D and 
3D conductivity behavior. The interspaces of this anion frame-
work are considered to be channels for the lithium transport.

Li-ion mobility is determined by the binding energies to 
their sites and the activation energy barriers to move to neigh-
boring sites. In order to consider the specific conditions for an 

individual electrolyte both the binding energies and the energy 
barriers for potential transition paths have to be evaluated. This 
typically requires advanced computational methods combined 
with detailed structural information as obtained by neutron 
diffraction and NMR. Loosely speaking, the channels for the 
Li-ion transport have to be sufficiently wide and free of bottle-
necks. To some extent, for a given structure, the energy barriers 
correlate with the lattice volumes normalized to the amount of 
sulfur (Fig. 37), but there are also limits to this correlation.

Li-ion mobility on a more extended scale is addressed by 
the analysis of the total energy landscape. Emphasis of the 
analysis shifts from consideration of the energy of the atoms 
in the immediate neighborhood of the location close to the 
hopping event to description by larger scale energy profiles in 
the lattice which are substantially influenced by disorder and 
distortion in the lattice.62

Recent approaches emphasizes the important roles of pho-
non dynamics, according to which the soft vibration or polar-
ized anion framework has been identified as basic descriptor 
for the design of superionic conductors.17,22,91–97

4.1.2.  Activation energies and temperature dependence 

of conductivities

The changes of the conductivity along with operating tem-
perature within a certain range are related to the ambient tem-
perature conductivity by the Arrhenius relation, where σT, σo, 
T, k and Ea denote the Li-ion conductivity, pre-exponential 
factor temperature (in Kelvins), Boltzmann constant and acti-
vation energy, respectively, according to

 σ σT o
aT

E

kT
⋅ = −





exp .

The activation energy is the energy required for Li-ion migra-
tion. A low activation energy indicates the ease of migration 
and a low sensitivity of the Li-ion conductivity toward tem-
perature changes and vice versa.

Fig.  37. Energy barrier change according to volume and structure of 
 various sulfur-based solid electrolytes. Reproduced from Ref. 90 © 2015 
Springer Nature.
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Inspection of the tables on conductivities and activation 
energies for the four types of electrolytes and the individ-
ual materials listed therein (Tables 4 and 5 of Part I98 and 
Tables  2 and 5 of this paper), does not show correlations 
between ambient temperature Li-ion conductivity σt and acti-
vation energy Ea. In these tables, the individual materials are 
arranged according to decreasing Li-ion conductivity, the 
activation energies do not show a corresponding increase.

Evaluating the compilation of data on LGPS types elec-
trolytes (Table 2), even when restricting the selection to those 
electrolytes for which the activation energies were deter-
mined based on data in a comparable temperature range, a 
clear trend is visible neither (Fig. 38).

Results on Li-ion conductivities and activation energies 
for Li6PS5X type Argyrodites with X = Cl, Br, I and combina-
tions of at 1M total halogen content in the Argyrodites even 
show decreasing trends for both, σt and Ea, when considering 
the sequence of materials according to their increasing lattice 
parameters from Li6PS5Cl via Li6PS5Br to Li6PS5I.55

The wide scope of Li-ion conductivities reported even for 
the nominally same materials, microstructure and preparation 
of samples used for the conductivity measurements may be 
part of the reasons for the lack of correlation, as not only the 
conditions in the bulk, but also the conductivities and activa-
tion energies at the interface sum up to the overall values for 
σt and Ea.

However, analysis during the past decades pointed out 
that considerable influence on the Li-ion conductivity might 
be attributed to the pre-exponential factor σo in the Arrhenius 
relation. The pre-exponential factor, σo = σoo exp(Sm/k) depends 
on jump frequency, mobile lithium-ion concentration σoo and 
most important on the entropy of activation Sm. The values 
for the pre-factor σo and the activation energy Ea can be cor-
related via the entropy. Decreasing activation energies Ea cor-
relating to decreasing prefactors σo of the Arrhenius relation 
are discussed under the label “Meyer–Neldel rule”.96,99

Early work on Li2+2xZn1−xGeO4 oxygen LiSICon solid solu-
tions found a decrease in pre-exponential factor σo by 6 orders 
of magnitude along with the decrease of the activation energy 
from 1.0 eV to 0.6 eV.100 Correlations between the prefactor and 
activation energy for phosphosulfides that indicate the decrease 
of both σo and Ea along with enhanced disorder of the X−/S2− 
site disorder were established for the Argyrodite electrolytes. 
The correlations apply to a series of Argyrodites doped with 
different halogens as well as to comparisons between nomi-
nally the same materials subject to different processing.55,71

Disorder with respect to the X−/S2− sites in halogen-doped 
phosphosulfide Argyrodites can be controlled by the ther-
mal process applied for synthesis or thermal post-treatment. 
Synthesizing Li6PS5Br along with low cooling rates Li6PS5Br 
results in mostly ordered materials with only small degree 
of site disorder, whereas quenching from high temperature 
induces increasing disorder along with an increase in Li-ion 
conductivity. Comparing Li6PS5Br electrolytes synthesized at 
different processing conditions by analyzing the factors gov-
erning Li-ionic conductivities yields a positive sloped and 
almost linear correlation between the log-Arrhenius prefac-
tor and the activation energy, implying that a lower activation 
energy Ea is related to a lower prefactor σo (Fig. 39).

Regarding a comparison of phosphosulfide Argyrodites 
Li6PS5ClxBr1−x and Li6PS5BrxI1−x results in corresponding 
decrease of σo and Ea for the Cl–Br dopant combinations, whereas 
for the Br–I combinations, Ea increases while σo remains almost 
constant along with higher iodine content (Fig. 40).

A Meyer–Neldel plot encompassing results on Li-ion 
conductivity, prefactor in terms of log(σo∙T) and activa-
tion energies Ea for high performance electrolytes encom-
passing phosphosulfide and garnet electrolytes indicates 

Fig. 38. Li-ion conductivities vs. activation energies for LGPS-type elec-
trolytes. Data and references can be found in Table 2.

Fig. 39. Activation energy Ea vs. prefactor σo for Li6PS5Br electrolytes with 
varying X-/S2-site disorder prepared by different thermal procedures. Re-
printed with permission from Ref. 71. Copyright © 2019 American Chem-
ical Society.
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correlations between the prefactor and the activation energy 
with log(σo  ∙  T) vs. Ea following mostly a linear relation-
ship.17 In particular for the LGPS type electrolytes, the cor-
relation is quite close when considering the temperature 
range below 350 K (Fig. 41). Toward this low temperature 
range, the activation energies are between 0.25 eV and  
0.35 eV, while the corresponding prefactors (σo∙T) range 
from 105 K S/cm to 107 K S/cm. Along with elevated  
temperatures, both Ea and σo∙T decrease substantially to 
0.15–0.2 eV and 103–104 K S/cm, respectively.17 Within 
these data for the Argyrodites, correlations can be observed 

for some subgroups while for thio-LiSICon, the correlation 
is still visible but more scatted.

Summarizing the analysis of determinants for the Li-ion 
conductivities based on the parameters in the Arrhenius rela-
tion, it can be concluded that there is in many cases substantial 
influence from the entropy contribution to Li-ion conductiv-
ity via the prefactor σo, which may be even more important 
than the effects from activation energy on the migration bar-
riers. The material design pointing to high conductivity phos-
phosulfides, therefore, has to take both, the migration barrier 
and the entropy, into account. Development of electrolytes 
toward optimizing the Li-ion conductivity via low activation 
energies (and low prefactors) vs. high prefactors (and cor-
responding high activation energies may provide the same 
ambient temperature conductivity, but may result in different 
conditions for the temperature stability, as the influence of 
the prefactor on the conductivity is linear, whereas the acti-
vation energy is exponential. If this difference is technically 
relevant, it will depend on the specific parameters, the tem-
perature range under consideration. It also has to be taken 
into account that the temperature range, for which the spe-
cific Arrhenius parametrization by σ0 and Ea holds, is in many 
cases limited.

With respect to the physical meaning, a lower activation 
energy provides easier conditions for hopping and this mobil-
ity of the Li-ions. At a given conductivity, the activation ener-
gies are lowest for LGPS followed by Argyrodites and then 
thio-LiSICons (Fig. 41). From a technical point of view, a 
lower activation energy indicates less sensitivity of the Li-ion 
conductivity to temperature variations and thus more stable 
temperature behavior of the electrolyte.

Recalling the results on synthesis methods for phospho-
sulfide electrolytes, different types of processes applied with 
identical chemical educts yield different morphologies owing 
to the tendency to form glassy phase components and, most 
importantly, to different conditions at the grain boundaries of 
ceramics. Thus, comparisons based merely on compositions 
of electrolytes do not give a realistic picture of the capability 
of the materials. Fair comparisons of the performance cannot 
be limited to chemicals but also have to take into account the 
materials aspect, i.e. the microstructures. While for some of 
the materials a microstructure almost ideal for high Li-ion 
conductivity may be obtained by a one shot experiment, for 
others it can be very tedious to accomplish a favorable micro-
structure. For the phosphosulfides, there is a lot of optimiza-
tion with respect to these issues still to be done.

4.1.3.  Inter-type comparison of conductivities for 

lithium phosphosulfide electrolytes

The status of Li-ion conductivity at ambient temperature 
is summarized in an inter-type comparison for, the Li−P−S 

Fig.  40. Activation energy Ea and prefactor σo for halogen-doped Argy-
rodite electrolytes. Reprinted with permission from Ref. 52. Copyright © 
2017 American Chemical Society.

Fig. 41. Meyer–Neldel plot of various types of electrolytes. Table 2 men-
tioned in the figure can be found in the original text and is not provided in 
this paper. Reprinted with permission from Kato et al. © 2020 Wiley-VCH 
GmbH.17
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type, the LiSICon type, the LGPS type and the Argyrodite 
type phosphosulfide electrolytes. Within each of the phos-
phosulfide types, the best-performing electrolyte of their 
most important subgroups is considered. High Li-ion con-
ductivity electrolytes can be identified in each of the four 
types of phosphosulfides with a large scope of materials with 
Li-ion conductivities exceeding 10−4 S/cm. In the Li−P−S 
system, Li7P3S11 and Li9.6P3S12 reach Li-ion conductivities 
even higher than 10−3 S/cm, while the conductivity for the 
best performing β-Li3PS4 is 3.3 × 10−4 S/cm.101 The highest 
performance for LiSICon-type electrolytes are shown by 
Li3.25Ge0.25P0.75S4 and Li3.4Si0.4P0.6S4 with Li-ion conductivi-
ties of 2.2 × 10−3 S/cm and 6.4 × 10−4 S/cm, respectively.30,102 
Li-ion conductivities higher than 10−2 S/cm are realized by 
electrolytes among the Argyrodite types and in particular 
among the LGPS-type electrolytes.

The highly Cl-doped Li5.5PS4.5Cl1.5 Argyrodite has a Li-ion 
conductivity of 1.02 × 10−2 S/cm,59 while for the more mod-
erately (1 M) halogen-doped Argyrodites, the Li-ion conduc-
tivities with 3.63 × 10−3 S/cm for Li6PS4Cl0.5Br0.5,88 2.58 × 
10−3 S/cm for Li6PS4Br and 1.33 × 10−3 S/cm for Li6PS4Cl 
are in in the range between 10−3 and 10−2 S/cm.84,85 So far, 
the highest Li-ion conductivities are provided by the elec-
trolytes of the LGPS type. Ten years after its discovery, the 
Ge-based prototype Li10GeP2S12 with its Li-ion conductivity 
of 1.2 × 10−3 S/cm is still among the fastest Li-ion conduc-
tors. However, the conductivities of the more resource effi-
cient tin- and silicon-based Li10.35Si1.35P1.65S12 (σ = 6.7 × 10−3 
S/cm)21 and Li9.81Sn0.81P2.19S12 (σ = 5.0 × 10−3 S/cm)21 variants 
are only half a magnitude less. The highest Li-ion conductiv-
ity among the phosphosulfide electrolytes is provided by a 
Cl-doped LGPS-type electrolyte Li9.54Si1.74P1.44S11.7Cl0.3 that 
amounts to 2.5 × 10−2 S/cm.9 Thus, with respect to ambient 
temperature Li-ion conductivity, a wide scope of phosphosul-
fide electrolytes is available that meets the requirements for 
operating an all solid-state Li-ion battery.

High Li-ion conductivity electrolytes can be identified 
in each of the four types of phosphosulfides. In the Li−P−S 
system, among the Argyrodite types and in particular among 
the LGPS-type electrolytes there are several with an ambi-
ent temperature Li-ion conductivities exceeding 10−2 S/cm 
(Fig. 42).

4.2.  Electrochemical stability of the lithium 
phosphosulfide electrolytes vs. metallic lithium

4.2.1.  Theoretical approaches to interface stability

From a theoretical point of view, the electrochemical sta-
bility of an electrolyte in contact with metallic lithium 
can be analyzed by three different concepts to determine 
the electrochemical stability window: the phase stability 

approach (sometimes termed thermodynamic approach103); 
the stoichiometry stability approach (sometimes termed 
topotactic approach103); and the band gap approach. The 
concepts differ with respect to the scenarios underlying the 
instability.

In the band gap approach, the reduction or oxidation of 
the electrolyte by electron transfer from or to the electrode is 
considered. The electrochemical stability window is calcu-
lated via the difference between the highest occupied molec-
ular orbital (HOMO), i.e. the valence band maximum vs. the 
lowest unoccupied molecular orbital (LUMO), i.e. the con-
duction band minimum.104 This method yields an estimate 
for the potential range of stability but not for the absolute 
position with respect to the reference electrode. Since the 
band gap method is exclusively charge transfer based, it pro-
vides an upper limit for the range within which the electro-
lyte is electrochemically stable.104–106 In contrast, the phase 
stability method and the stoichiometry stability method 
define the electrochemical stability based on a coupled trans-
fer of an electron and a Li-ion, which is necessary to pre-
serve charge neutrality and to keep the reaction running. The 
methods differ in the decomposition scenarios upon de-/lithi-
ation. The stoichiometry method assumes a decomposition 
of the electrolyte by gradual Li-transfer with solid solution 
behavior of the electrolyte and defines the electrochemical 
stability window by the Li-insertion and -extraction poten-
tials. Contrarily, the phase stability concept is based on the 
thermodynamic decomposition of the electrolyte into differ-
ent product phases and determines the electrochemical sta-
bility by evaluating the grand canonical phase diagram. Both 
the stoichiometric and the phase stability concepts yield 
the electrochemical stability window in terms of absolute 
potentials.104

Calculations of the grand canonical potential yield, for all 
types of phosphosulfide electrolytes, reduction potentials of 

Fig. 42. Summary of Li-ion conductivities for high performance electro-
lytes among the Li−P−S, LGPS, Argyrodite and thio-LiSICon type phos-
phosulfides.
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around 1.7 V vs. Li/Li+ (Figs. 43(b) and 43(d)), thus indicat-
ing that these electrolytes are not intrinsically stable in con-
tact with metallic lithium.

Li3PS4 first decomposes at 1.72 V vs. Li/Li+ to Li2S and 
P,  then passes several intermediate products along with 
reduction of the potentials, before ending up with the  stable 
decomposition products Li2S and Li3P (Figs. 42(a) and 

42(b)). The enthalpy of the lithiation reaction (1) is DH = 
−11.39 eV (−1099 kJ/mol)

 8 Li + Li3PS4 → Li3P + 4 Li2S. (1)107

The same stable interphase constituents from Li3P and 
Li2S will also be formed for all ternary Li−P−S electrolytes 
after complete lithiation, as in this system Li3P and Li2S are 
the only stable phases against Li. However, the potentials at 
which the decomposition initiates, and consequently the elec-
trochemical stability windows, are specific for each individ-
ual material. The reduction reaction Li7P3S11 starts as early as 
2.28 V vs. Li/Li+.108

The prototype electrolyte of the thio-LiSICon electro-
lytes Li4GeS4 undergoes the first step of the lithiation reac-
tion at 1.62 V, leading to the reduction toward Ge and Li2S. 
Along with lowering the potential intermediate, Li–Ge 
alloys are formed. The decomposition ends up with Li15Ge4 
and Li2S as final products (Figs. 43(c) and 43(d)). The 
enthalpy for the complete lithiation reaction (2) is −8.04 eV 
(−775 kJ/mol).

 7.75 Li + Li4GeS4 → 0.25Li15Ge4 + 4 Li2S. (2)107

The lower bound of the electrochemical stability win-
dow for Li10GeP2S12 is 1.71 V vs. Li/Li+ (Fig. 44). Final 
decomposition products at Li-potential are Li15Ge4, Li3P and 
Li2S.40,109 The decomposition energy to Li4GeS4 and Li3PS4 
is 25 meV per atom. Conditions at the interface are quite 
similar for Li10SiP2S12 and Li10SnP2S12, which decompose at 
lithium potential to Li21Si5, Li3P, Li2S and Li17Sn4, Li3P, Li2S, 
respectively.

Slightly higher lower bounds of the stability window than 
those for the LGPS-type electrolytes were calculated for 
Argyrodites according to the phase stability approach. The 
instability for Li6PS5Cl starts at potentials lower than 1.7 V 
vs. Li/Li+, whereby the reduction is initiated by the phospho-
rus P5+/P4+ transition (Fig. 45). The results for the stability 
window following on the phase stability approach are based 

Fig. 43. Phase diagrams of (a) Li−P−S and (c) Li−Ge−S system, and the 
equilibrium voltage profiles and phase equilibria for lithiation and delithia-
tion reactions of (b) Li3PS4 and (d) Li4GeS4. Li-stable phases that are elec-
tronic insulating (Li3P and Li2S) and that are electronic conductive (Li15Ge4) 
are colored green and red, respectively. The bottom bar in (a) and (c) rep-
resents the phase equilibria with Li metal as a function of atomic fraction 
xS and xM, where passivating and nonpassivating ranges are colored green 
and red, respectively. The lithiation and delithiation paths in (a) and (c) are 
marked as blue and orange dashed lines, respectively. These lines represent 
constant ratio of S and M atomic fraction xS to xM (M = P, Ge) but with 
varying Li content in the composition. Reprinted with permission from Zhu 
et al. © 2017 Wiley-VCH GmbH.107

Fig. 44. Calculated phase equilibria and voltage profile for the Li10GeP2S12 
electrolyte. Reprinted with permission from Han et al. © 2016 Wiley-VCH 
GmbH.109
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on an initial decomposition reaction (3).111

 2 Li6PS5Cl + 2 Li → 2 LiCl + Li4P2S6 + 4 Li2S. (3)

Final stable products for the Cl-, Br- and I-substituted 
Argyrodites are Li3P, Li2S and the lithium halide of the 
respective species, LiCl, LiBr or LiI.111–113 Specifically for 
Li6PS5Cl, the relevance of the phase stability approach for 
the actual processes at the interface is under discussion.110

In case of the Argyrodite Li6PS5Cl, the results for the sta-
bility window following on the phase stability approach are 
based on an initial decomposition reaction 2 Li6PS5Cl + 2 Li 
→ 2 LiCl + Li4P2S6 + 4 Li2S with final products Li2S, Li3P 
and LiCl.111 Calculations of the stability window following 
the stoichiometric stability approach show a substantially 
extended stability window for this scenario to 1.16 V com-
pared to the 0.3 V window calculated from phase stability 
approach.110 On reduction by cathodic potentials, the initial 
decomposition of the lithiated Li6PS5Cl is described by the 
reaction Li11PS5Cl → P + 5 Li2S + LiCl. The calculated lower 
bound for the stability window of 1.08 V is substantially 
lower than the limit of 1.7 V vs. Li/Li+ resulting from the 
phase stability approach.110,112

Calculated stability windows for selected electrolytes 
from each type of the phosphosulfide electrolytes: Li3PS4 
and Li7P3S11 for the Li–P–S type, Li4GeS4 and Li4SnS4 for 
the LiSICon type, Li10GeP2S12 and Li9.75Ge0.75P2.25S12 and 
Li6PS5Cl and Li7P2S8I for the Argyrodite type are summa-
rized in Fig. 46.

In general, the phase stability and the stoichiometric sta-
bility follow the same trends.104 However, since the phase 

stability approach doesn’t consider any kinetic stabilization 
of the phase such as nucleation generating an overpotential, 
it provides the worst case scenario, i.e. a narrow stability 
window. In contrast, the predictions via the stoichiometry 
approach, which doesn’t involve any kinetic limitations of the 
single Li-ion transfer, result in more favorable results, e.g. 
wider stability windows.103

As the band gap approach considers only the transfer of 
electrons, but not the Li-exchange, this approach describes 
the upper limit for the electrochemical stability window. 
Nevertheless, this approach is closely related to the stoichio-
metric stability method and in most cases provides similar 
results.106

All these concepts for the stability windows indicate in 
principle intrinsic properties of the bulk and entirely ignore 
kinetic effects. Based on the argument that the reaction ener-
gies are quite large, the effect of interfacial energies is mostly 
neglected. The electrochemical decomposition of the electro-
lyte typically occurs at the interface where an electron source 
is available.

Explicit interface calculations that directly consider the 
energetics of species with structural relaxations at the inter-
face in DFT supercells have been examined for Li3PS4/Li115 
and Li10GeP2S12/Li116 interfaces. Heat of formation is modi-
fied for Li3PS4 slab surfaces vs. vacuum by surface energies 
amounting to 0.012–0.020 eV/Å2 thus from 8.2 eV for the 
bulk up to 7.7 eV depending on the number of unit cell lay-
ers in the slab.115 The presence of lithium substantially alters 
the arrangement of the atoms in the surface near region com-
pared to the structures calculated for vacuum. These results 
indicate that metallic lithium will react with the Li3PS4 elec-
trolyte. Stabilization of the Li3PS4 surface structures and the 
interphase is obtained, when a two layer thin film of Li2S is 
added.115 Li10GeP2S12 interfaces were investigated for [001] 
surfaces with both, PS4- and GeS4-termination. Calculation 
of the partial densities of states (PDOS) at the interface 
indicates that the conduction band minima shifts to a lower 

Fig. 45. Calculated phase equilibria and voltage profile for the electrolyte 
Li6PS5Cl. Reproduced from Schwietert et al. © 2020 Springer Nature.110

Fig.  46. Calculated stability windows for Li–P–S type, LiSICon-type, 
LGPS-type and Argyrodite-type phosphosulfide electrolytes according to 
calculations from Zhu et al.114 (yellow) and Richards et al.111 (blue).

2240002.indd   322240002.indd   32 01/19/23   1:29:45 PM01/19/23   1:29:45 PM

Fu
nc

t. 
M

at
er

. L
et

t. 
20

22
.1

5.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 F

O
R

SC
H

U
N

G
SZ

E
N

T
R

U
M

 J
U

E
L

IC
H

 G
m

bH
 o

n 
02

/2
3/

23
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



Lithium phosphosulfide electrolytes for solid-state batteries

2240002-33

 WSPC/249-FML 2240002 ISSN: 1793-6047 FA

energy and the band gaps are slightly reduced compared to 
the bulk. In contact with lithium, the band gaps at the inter-
faces layers vanish and interfaces have metallic character.116

In order to capture kinetic effects, explicit dynamic mod-
els of the processes at the interfaces with ab initio molec-
ular dynamics were carried out for the interfaces Li7P3S11/
Li, Li10GeP2S12/Li, β-Li3PS4/Li focusing on their low index 
facets (001) and (100) matched to (100)-Li surface.117 In gen-
eral, the dynamics of interface systems can be described only 
at elevated temperatures and very small time scales (<1 ns) 
by molecular dynamics, nevertheless the pronounced driving 
force to form the reaction products LixS, LiyP and LizGe in the 
phosphosulfide electrolytes makes them appear in ab initio 
molecular dynamics simulations of crystalline Li–P–S com-
pounds or LGPS in contact with Li metal. The calculations 
indicate a sequential decomposition of the PS4 groups and, in 
case of LGPS, the GeS4 groups along with breaking the P–S 
or Ge–S bonds, respectively. The formation of LixS, LiyP and 
LizGe species is indicated by the lithium coordination num-
bers of sulfur, phosphorus and germanium at the end of the 
simulation even within 20 ps at 300 K.117

Reactivity at the interface between Li-metal and Li6PS5Cl 
investigated by ab initio molecular dynamics revealed sim-
ilar mechanisms, progressive breaking of P–S bonds, for 
the reactions of these interfaces.118 The main decomposition 
products are Li2S, Li3P, LiCl and LiP.119 Comparing alterna-
tive combinations of the surface orientations at the interface, 
Li(110)/Li6PS5Cl(110) and Li(111)/Li6PS5Cl(111) showed 
faster interface degradation vs. Li(100)/Li6PS5Cl(100) and 
Li(221)/Li6PS5Cl(100), as concluded from their higher coor-
dination numbers for P and S in Li environment.118

Recent developments in the area of machine learning 
interatomic potentials make larger length and time scales for 
molecular dynamics simulations feasible. Furthermore, they 
allow the simulation of amorphous glass-ceramic systems 
with near DFT accuracy but reasonable computational effort. 
First machine learning potentials for Li10GeP2S12

120,121 and 
the Li–P–S type electrolytes122 have extended the scope of 
molecular dynamics simulations to several nanoseconds and 
thousands of atoms spanning different phases, stoichiome-
tries and morphologies. Machine learning interatomic poten-
tials are also advancing molecular dynamics simulations of 
solid electrolyte/Li interfaces.123

While there is general agreement that interphases are 
formed on contact of phosphosulfide electrolytes with metal-
lic lithium, two aspects, the reversibility and the conductivity 
properties of the interphases, come in the focus of research 
interest. The interphases Li3P, Li2S and the Li-halides LiCl, 
LiBr and LiI are stable in contact with metallic lithium.108 
Other intermediate reaction products in the interphase, such 
as LiP7, Li3P7, LiP, metallic Ge, Ge–Li alloys LiGe and 
Li9Ge4 are not stable at low potentials.

Moreover, for all interphase components, the upper bound 
of the stability window is limited (Fig. 47). Therefore, elec-
trochemical reactions involving these materials may occur 
during cycling that contributes to the capacities of the cells 
at specific potentials. Investigations on Li6PS5Cl indicate that 
the reversibility of the reactions and their manifestation in 
additional capacity depend on the cycling range.112

Most important with respect to the evolution and the 
properties of the interface, three different types of interfaces, 
depending on the electrochemical stability and, in case of 
nonstable interfaces, the conductivity properties of inter-
phase material may form. Thus, three types of interphases 
(i) thermodynamically stable interfaces without reactions, 
(ii) nonstable interfaces forming nonpassivating interphases 
with both electronic and Li-ion conductivity (mixed conduct-
ing interphase or MCI) and (iii) nonstable interfaces result-
ing in a passivating interphase (solid electrolyte interphase 
or SEI) with negligible electronic conductivity have to be 
distinguished.124

While a thermodynamically stable interface (type i) might 
be the ideal case, avoiding side reactions, additional resis-
tances and promoting charge transfer across the interface, this 
type does not apply to phosphosulfide materials vs. metallic 
lithium. In all these electrolytes, lack of thermodynamic sta-
bility implies that an interphase is formed. The extent to what 
it grows and the consequent interphase resistance depend 
on the transport properties of the materials formed in the 
interphase.

In the case of an electronically insulating layer (type 
iii), the supply of electrons required to keep the electrolyte 
decomposition reaction ongoing is not sustained. Thus, 
the reaction stops after an interphase thickness that is high 
enough to prevent the transport of electrons is reached. As 
long as sufficient Li-ion conductivity is still provided by the 
interphase, stable cell performance can be expected, however, 

Fig.  47. Stability windows for interphase products and their intermedi-
ates at interfaces formed between phosphosulfide electrolytes and metallic 
 lithium.107–109
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along with reduced performance due to additional resistance 
caused by the interphase. In contrast, along with a formation 
of a Li-ion and electronically conducting interphase (MCI) 
(type ii), a continued decomposition reaction of the electro-
lyte will be supported, which leads to ongoing growth of the 
interphase layer, consequent increase of the resistance and 
nonstable operation of the cell (Fig. 48).125

4.2.2.  Experimental work on interface stability — 

Electrochemical methods

Scrutinizing differing results on the electrochemical stabil-
ity from early experimental works vs. the results from the-
ory resulted in pointing out different concepts underlying the 
evaluation of the electrochemical stability of electrolytes vs. 
metallic lithium. Limited electrochemical stability as cal-
culated from theoretical approaches stood in contrast with 
the wide stability range that appeared to be indicated from 
cyclic voltammetry (CV) and cycling experiments. This led 
to detailed investigations of overpotentials, and, most impor-
tantly, of the role of interphase formation. Insight is gained 
from the research clarified and promoted concepts for intrin-
sic vs. kinetic stability of the interface.

The most important techniques used to investigate the 
stability of electrolytes vs. metallic lithium by electrochem-
ical methods are CV measurements and long-term cycling 
experiment of Li/electrolyte/Li samples. CVs are in principle 
designed to determine the thermodynamic and topotactic sta-
bilities at the lower bound of the stability window providing 
experimental evidence for the results from theory while long-
term cycling experiments supply information on the kinetic 
stability of the interface growth upon contact of the electro-
lytes to metallic lithium under specific current conditions.

Cycling experiments are not very sensitive and moreover 
decomposition products may emerge right on mere contact 
between the metallic lithium and the electrolyte. Thus, evi-
dence on the presence or absence of small interface reac-
tions in the first cycles is in general not possible. Along 
with long-term cycling, however, changes in the stripping 

and plating potentials may indicate electrochemical insta-
bility. For example, other processes like dendrite growth or 
changes in contact between the lithium electrodes and the 
electrolytes during long run cycling are also possible sources 
of variations in potentials. Nevertheless, cycling experiments 
are the standard method for evaluating the kinetic stability 
of the interfaces between electrolytes and metallic lithium. 
Experimental work demonstrates that plating-stripping 
cycles of symmetric Li/electrolyte/Li samples for Li3PS4 and 
Argyrodites as Li6PS5Cl or Li5.5PS4.5Br1.5 (Fig. 49(a)) can be 
conducted along with stable potentials for many cycles,126 
whereas the same configuration with LGPS electrolyte with-
out further precautions is subject to substantial increase in 
overpotentials along with high cycle numbers (Fig. 49(b)).127

Cycling experiments of Li/electrolyte/Li samples give 
an assessment on the interface stability of the electrolytes 
vs. metallic lithium from a technical point of view. Stable 
stripping and plating potentials when cycling at a given cur-
rent density indicate the kinetic electrochemical stability at 
the specific conditions. While this approach proves stability 
in a technical sense at the specific potentials resulting from 
the experiments, thus providing a lower limit for the kinetic 
potential stability range, it does not deliver explicit values for 
the stability limiting potential.

Experimental identification of the lower bound of the 
electrochemical stability window by CVs is very challenging. 
In case of passivating products from the decomposition reac-
tion, a precondition for detecting electrochemical decomposi-
tion at the interface between electrolytes and metallic lithium 
via CV is that the extent of the reaction is high enough to 
result in measurable current (or current increase). In case 
a mixed Li-ion electronic conducting interphase forms, its 
growth kinetics have to be fast enough to provide sufficiently 
pronounced impact on the CV profile. Spotting the currents 
resulting from the formation of interphase layers with thick-
ness of several nanometers at standard sweep rates requires 
highly sensitive current measurements.

Moreover, the careful choice of appropriate refer-
ence electrode setup is required. Consequently, reports 

Fig. 48. Types of interfaces between lithium metal and a solid lithium ion conductor. (a) Nonreactive and thermodynamically stable interface; (b) reactive 
and mixed conducting interphase (MCI); (c) reactive and metastable solid-electrolyte interphase (SEI). Reprinted with permission from Wenzel et al. © 2015 
Elsevier B.V.125
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on electrochemical stability for the same type of materials 
derived from analysis of CVs vary over a wide range of 
potentials, frequently overestimating the stability window. 
An approach to improve the conditions to capture the onset 
potentials for the decomposition redox reactions correctly 
is to admix conductive carbon particles to the solid electro-
lyte working electrode in CV measurements, which results 
in enhanced currents. Another method to identify the onset 
potentials for the decomposition is to perform stepwise cyclic 
voltammetry experiments.128

When analyzing CVs, the cathodic scan may not exclusively 
detect reduction reactions of the electrolyte, but, depending 
on the previous cycling range and profile, also decomposition 
products emerging during eventual precedent anodic scans. 
Re-reduction of the corresponding oxidation products have to 
be taken into account when evaluating the CVs. Meanwhile, 
there is an evidence for reduction reactions of decomposition 
products after preceding anodic scans caused by oxidation 
of S Sx x→ −2 , that also point out the relation of the reduction 

reactions on the upper potential limits of the anodic scans for 
β-Li3PS4, LGPS and Argyrodites.109,110,113,128,129 In contrast, 
the reduction currents for initial anodic sweeps starting from 
OCV are very small, so a precise identification of the stability 
of the neat electrolyte remains challenging.109,129

4.2.3.  Experimental work on interface stability — 

Spectroscopic methods

Experimental results based on spectroscopy techniques pro-
vide results that are in general in agreement with the theo-
retical predictions. Owing to the specific characteristics and 
limitations of the individual methods, combined application 
of several spectroscopy methods is useful. X-ray photoelec-
tron spectroscopy (XPS) and Raman spectroscopy allow for 
the identification of decomposition products, but require 
an optical access to the surfaces, thus limiting the analysis 
to model-type setups, whereas impedance spectroscopy is 
applicable to more realistic cell configurations, but does not 
deliver information on the chemistry.

In β-Li3PS4, the conversion of the PS4
3− to P2S6

4− and 
Li2S at a β-Li3PS4/gold interface upon Li deposition, has 
been detected by Raman spectroscopy.130 The presence of 
the P2S6

4− indicates Li4P2S6 formation which occurs along 
with the onset of the electrolyte reduction according to the-
ory. The reactions were found to be partially reversible. Li3P 
and Li2S were identified from XPS P2p and S2p peaks on 
Li7P3S11 surfaces while sputtering thin Li-layers thereupon.125 
On analyzing the surface evolution for Li10GeP2S12 with the 
same setup, in addition to the presence of Li3P and Li2S for-
mation of Ge(4−x)+ and Ge0 was indicated from the analysis of 
Ge3d peaks while sputtering 32 nm Li-films at film −80°C.131 
The presence of the intermediate decomposition product Ge 
was ascribed to the slow kinetics due to the low temperatures 
during the experiment required to prevent from sulfur evap-
oration along with the high vacuum conditions in XPS. Li3P 
and Li2S were also detected in an analogous experiment for 
Argyrodite Li6PS5Cl electrolyte, while the identification of 
the third decomposition product predicted from theory, LiCl, 
was not unambiguously possible due to only small differ-
ences in the binding energies for Cl− in LiCl vs. Li6PS5Cl and 
the consequent overlapping of the Cl 2p signals (Fig. 50).132 
Concomitant results from impedance spectroscopy revealed 
the increase of the resistance due to the interphase layer 
growth.

Evaluating these data based on a model for diffu-
sion-driven growth of a mixed conducting phase (Wagner 
tarnishing model), yields a linear dependence of layer thick-
ness and interface resistance vs. the square root of time.132 
Approximating the Li-ion conductivity of the interphases 
with that of Li2S and extrapolating the data in accordance 
with the model indicate that for Li7P3S11 and the Li6PS5Cl 

Fig. 49. (a) Li/ Li5.5PS4.5Br1.5/Li cycling showing stable potentials over 
many cycles. Reprinted with permission from Yu et al. © 2020 Elsevier.126 
(b) Li/LGPS/Li cycling showing substantial increase in overpotentials. Re-
printed with permission from Ref. 127. Copyright © 2018 American Chem-
ical Society.
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and Li6PS5Br Argyrodites are relatively stable and long-term 
resistance and performance might be expected, whereas for 
Li10GeP2S12 a much more pronounced increase of the inter-
face resistance with time may occur (Fig. 47).132

One of the most advanced spectroscopic techniques to 
analyze the interphase formation and Li-plating is in-op-
erando XPS mimicking the operation of a cell by means of 
a virtual electrode. A flux of electrons to the electrolyte sur-
face is provided by an electron gun and builds up a charge 
on the surface, thus generating potential gradient crossways 
the cell. Along with a counter electrode capable to supply 
Li-ions (e.g. lithiated LTO), the Li-ions move to the virtual 
electrode and react combined with the electrons there. While 
in the first stages of the experiment, SEI species are formed 
as the reduction products, after building up the SEI applying 
a sufficient amount of charge the process eventually turns to 
plating of metallic Li.133 During buildup of the interphase 
layer components, Li2S, Li3P, LixP, and in case of LGPS, 
Li-Ge alloy were identified, while in case of Li6PS5Cl, no 
significant change of the Cl environment was detected. 
The difference between the electronically insulating inter-
phase layers formed on Li6PS5Cl vs. the conductive one on 
Li10GeP2S12 manifests in the overall evolution of the exper-
iment. In case of Li6PS5Cl, after built-up of a sufficiently 
thick electronically insulating SEI, the transport of electrons 
through the interphase to the electrolyte surface is no longer 
sustained, thus, there is no further growth of the interphase 
layer. The lithium ions move to the (free outer) surface of 
the interphase layer and are reduced there to metallic lith-
ium — lithium plating starts after ca. 20 min. In contrast, 
the electronically conductive interphase on Li10GeP2S12 
allows for electron transfer to the (inner) surface of the 
interphase at the electrolyte interface, thus propagating the 
reduction reaction further toward the bulk of the electrolyte. 
Consequently, no lithium plating is detected on the (outer 
free) surface.

While the in-operando, XPS experiments provide a high-
end tool to analyze the interphase evolution and Li-plating, 
the impedance spectroscopy is one of the “working horses” 
for the analysis of interface stability. Applied to symmetric 
Li/Li10GeP2S12/Li cells subject to cycling, the growth of an 
interphase layer manifests with an increase in the impedance 
(Fig. 51) along with increasing cycle number. Within a time 
span between 20 h and 110 h, the real part of the area-specific 
impedance increases from 200 Ω/cm2 to 800 Ω/cm2 owing to 
the growth of the interphase layer.134

Time-dependent increases in resistivity due to interphase 
formation were also reported for interfaces of silicon- and 
tin-based LGPS-type electrolytes with metallic lithium. 
While Li-ion conductivities of the MCI layers were deter-
mined and estimated in the range of 10−7 to 10−6 S/cm, the 
impedance analysis also indicated high electronic conduc-
tivity of 10−7 to 10−5 S/cm for Li10GeP2S12, Li10SiP2S12 and 
Li10Si0.3Sn0.7P2S12.47

Reactions at the electrode/electrolyte interface are quite 
sensitive to the individual compositions of the materials.135 
The evolution of interface resistances varies substantially 
with stoichiometry according to analysis of impedance mea-
surements for LGPS-type electrolytes using Li–Sn and Li–Si 
alloy electrodes.

Comparison of results for Li9.75Ge0.75P2.25S12, Li10.05Ge1.05-
P1.95S12 and Li10.5Ge1.5P1.5S12 LGPS-type electrolytes (denoted 
Li3.25Ge0.25P0.75S4, Li3.35Ge0.35P0.65S4 and Li3.5Ge0.5P0.5S4 in the 
original paper) indicates that for the Li9.75Ge0.75P2.25S12 elec-
trolyte with low germanium and high phosphorus content, 
there is only moderate increase in the resistance along with the 
cycle number. In contrast, high Ge-content, Li10.5Ge1.5P1.5S12, 
leads to an increase of the resistance of more than one order 
of magnitude within 20 cycles (Fig. 52).135 Although not 
obtained for metallic lithium, but for Li–Si and Li–Sn alloy 
electrodes at potentials higher than those required for Li-, the 
results qualitatively demonstrate the pronounced influence of 
the specific stoichiometry of the phosphosulfide electrolytes.

Consequences on the state of the Li-metal-phosphosulfide 
interface other than the direct ones, that result in the build-up 
of an interlayer that is resistive to Li-ion conductivity, are 
detected, when combining analysis by spectroscopy with 

Fig.  50. Simulated SEI resistance for Li6PS5I, Li10GeP2S12, Li6PS5Cl, 
Li6PS5Br and Li7P3S11 over a period of 10 years. Reprinted with permission 
from Wenzel et al. © 2018 Elsevier.132

Fig. 51. EIS measurement of impedance of uncoated LGPS. Reproduced 
from Ref. 134 with permission from the Royal Society of Chemistry © 2013.
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microscopy or tomography.133,134,136 The decomposition of 
the phosphosulfide electrolytes via reduction to Li2S, Li3P 
and lithium-halides or Li–Ge alloys imply a substantial 
volume expansion that may lead to cracks at the interface. 
The cracks will cause contact losses, lead to void forma-
tion on lithium deposition and result in inhomogeneous 
current distribution, which may give rise to the formation 
of zones with dead lithium and promote dendrite formation 
and growth, that can be considered indirect consequences of 
electrochemical instability. Thus, the design of an electro-
chemically stable interface is of utmost importance for long 
run stable operation of all solid-state batteries with Li-metal 
anode.

4.2.4.  Interface design approaches

The interface resistance emerging from the formation of the 
interphase between Li-anodes and phosphosulfide electro-
lytes and the degradation of the battery performance mani-
festing in increasing overpotentials resulting from its eventual 
growth motivate intensive investigations in interphase forma-
tion and design. The objective of the research is to develop an 
interphase that is stable along with electrochemical cycling 
by providing additional interlayers or modifying the inter-
layer formation between Li-metal anode and phosphosulfide 
electrolyte to overcome these challenges.137–139

In order to promote low resistance and long-term sta-
ble battery operation, the interlayers between Li-metal and 
electrolytes have to be electrochemically stable vs. Li/Li+, 
highly conductive for Li-ions, while at the same time being 
insulating with respect to electrons to avoid proceeding 
reduction reactions of the phosphosulfide electrolyte at the 

interface.140 However, the interlayer has not only to account 
for these issues, but also to provide and maintain good con-
tact between the electrolyte and the Li-metal anode, to ensure 
favorable conditions for deposition and dissolution of lith-
ium during plating and stripping and to establish sufficient 
resistance against dendrite growth. Moreover, facile process-
ing and the need to establish homogeneous layers along with 
scalability of the interlayer area have to be met for large-
scale implementation in batteries. Many of the development 
approaches to design the interphase try to cover these issues 
simultaneously.

Considering the electrochemical stability issue, research 
is focusing on interphase layers built up by inorganic and 
polymeric Li-conductive electronical insulators and organic/
inorganic composites, but also metallic coatings were subject 
to investigations. Insulators, inorganic Li-compounds, poly-
mers and composites thereof are the materials of choice to 
establish suitable interlayers. Concepts for the design of the 
interlayers encompass, on the one hand, protective layers that 
are a priori stable with metallic lithium as well as with the 
phosphosulfide electrolyte. On the other hand, artificial SEI 
layers formed in situ by reaction of SEI forming agents with 
the surfaces of either the Li-metal anode or the phosphosul-
fide electrolyte are applied.139

(1) Interlayers of metals and metal alloys
In spite of high electronic conductivity, metal coatings of the 
electrolytes have been used as interlayers between Li-metal 
and phosphosulfide electrolytes. Although such layers have 
stabilizing effects when compared to designs with direct 
contact between Li-metal and phosphosulfide electrolytes, 
they do not meet the challenge of electrochemical stabili-
zation of a Li-metal vs. phosphosulfide interface at Li/Li+ 
redox potential.141,142 Upon cycling, alloying and eventually 
de-alloying between the metals and lithium is induced. While 
cycling in this stage, the plating and stripping of lithium 
takes place in or from the alloy which results in an increase 
of the anode potential and a decrease in battery voltage, so 
actually the cells do not have the characteristics of cells with 
Li-metal, but with alloy electrode. When saturated with lith-
ium, as it occurs along with applying very thin metallic lay-
ers, the Li-alloy interphase is conductive. As the potential of a 
Li-electrode with Li-saturated alloy, interphase will rise back 
close to the Li-metal potential, the Li-ions at the electrolyte 
interface face almost the same conditions as in case of direct 
contact to metallic lithium.

(2) Coating by inert insulators
Al2O3 layers with 20 nm thickness on Li10SnP2S12 were 
prepared by atomic layer deposition (ALD).134 While the 
ALD coating improves cyclability compared to coating 
free Li/Li10SnP2S12/Li symmetric cells, in-operando XPS 

Fig.  52. Evolution of interphase resistance in Li9.75Ge0.75P2.25S12, 
Li10.05Ge1.05P1.95S12 and Li10.5Ge1.5P1.5S12 (denoted as Li3.25Ge0.25P0.75S4 − 
LGPS0.75, Li3.35Ge0.35P0.65S4 − LGPS0.65 and Li3.5Ge0.5P0.5S4 − LGPS0.5 in the 
original paper) along with cycle number. Reprinted with permission from 
Sakuma et al. © 2016 Elsevier.135
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demonstrated, that upon cycling LixAlyO was formed. Owing 
to the volume expansion of the interphase layer concomitant 
to this reaction, cracks in the interlayer appeared that give 
way to contact of the Li10SnP2S12 to metallic lithium result-
ing in the reduction of the Li10SnP2S12, as indicated by the 
presence of Li2S close to the interface.134 Organic interlayers, 
specifically plastic crystal electrolyte (PCE) based on suc-
cinonitrile (SN) with lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) may also stabilize the Li-metal vs. phos-
phosulfide electrolyte interface. The chemical compatibility 
between SN-PCE and Li10SnP2S12 was evidenced by Raman 
spectroscopy. Forming pellets by heating SN/LITFSI liq-
uid-like solution and infiltrating in PCE in glass fiber net-
work with subsequent assembly of Li/SN/Li10SnP2S12/SN/Li 
symmetric cell demonstrated the cycling stability of this type 
of setup.143 A modified version of this approach establishing 
an inorganic/organic composite layer by adding LiNO3 to the 
SN provides stable protective interlayers as well.143

(3) In situ interphase layers — Artificial SEI
Recent approaches are mainly concerned with binary lithium 
compounds that are formed from precursors in situ. Thereby, 
stabilizing effects are in particular expected from Li-salts 
that are electrochemically stable vs. Li/Li+ while at the same 
time being conductive for Li-ions and insulating for elec-
trons. A survey of the stability windows and the conductiv-
ities for Li-ions and electrons of the Li-salts is summarized 
in Fig. 47.

All Li-halogen salts as well as Li3N, Li3P and LiO2 are 
stable vs. metallic lithium.114 Thus, these materials are used 
as the main components of the stabilizing interphase layers. 
Among them, LiF is the salt with the widest electrochemical 
window making it also suitable for implementing high volt-
age cathodes. Li3N has the highest Li-ion conductivities up to 
10−3 S/cm compared to other binary Li-compounds and quite 
low electronic conductivity.144 Requirements to improve the 
contact between Li-metal or formation of by-products of the 
processing procedures in many of the approaches result in the 
presence of an additional polymeric component in the final 
interphase.

Following these lines, three different in situ approaches 
can be distinguished with respect to processing and reaction 
sequences.

(a) Application of interlayer precursors to Li-metal sur-
face induces a reaction between the precursor and the 
Li-metal and forms the interlayer before the subsequent 
joining of electrode and electrolyte (Fig. 53(a)). A spe-
cific variant of this approach is a process, according to 
which the interlayer is formed from products that result 
from the electrochemical reduction of the liquid electro-
lyte in an electrochemical cell (Fig. 53(b)).

(b) Deposition or infiltration of the interlayer precursors to 
the phosphosulfide electrolyte surfaces results in a reac-
tion between the interlayer precursor and the phospho-
sulfide in which the interlayer is formed followed by 
joining of electrode and electrolyte (Fig. 53(c)).

(c) Modification of the phosphosulfide with subsequent 
joining to the Li-metal electrode after which the reac-
tions to form the final interlayer take place along with 
electrochemical cycling of the cell (Fig. 53(d)).

(3a) In situ interphase layers applied to Li-metal electrode
There are numerous approaches to design stabilizing inter-
phase layers on Li-metal surfaces:

	 (i) In situ generation of binary halogen-salt layers on Li-foil 
via exposure of the lithium to evaporating iodine I2 gas 
at 150°C/6 h results in 1.08 µm LiI film formation on 
the surface.145 Applying a similar process using vapor 
from HFE, micron-scaled LiF films can be grown.145 
Both approaches provide interphase layers, which show 
enhanced cycling stability when cycled in symmetric 
cells with Li7P3S11 glass ceramic electrolyte.

	(ii) Following an ambient temperature process by spin 
coating H2PO4 in THF solution on the Li-metal surface 

Fig. 53. Types of artificial in situ interphase layers. (a) Application of in-
terlayer precursors to Li-metal surface. (b) Variant approach of electrochem-
ical layer deposition from liquid electrolyte on lithium metal surface. (c) 
Deposition or infiltration of the interlayer precursors to the phosphosulfide 
electrolyte surface. (d) Modification of the phosphosulfide with subsequent 
reaction after joining the Li-metal electrode.
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results in a LiHPO4 layer on the surface of Li-foil and 
improved cycling using Li10GeP2S12 electrolyte.127

	(iii) Li2SiS3 top layers on Li-metal surfaces can be imple-
mented via a two-step process. Dip coating of Li-metal 
in Li2S8 dissolved in THF results in a uniform Li2Sx 
layer. Subsequent addition of SiCl4 and application to 
the Li-metal provides LiCl and LixSiSy. Wash out of the 
LiCl using THF results in LixSiSy layers that proved sta-
ble when cycling with Li3PS4.146

	(iv) Composite layers including Li-salts can be established 
by decomposition of PTFE under pressure 150 MPa on 
metallic Li-surfaces. Partial defluorination reaction of 
PTFE establishes a three-component layer encompass-
ing LiF, carbon particles and a C–F bond top layer.147 
The coated Li-anodes were stable upon cycling with 
Li10GeP2S12 electrolyte.

	 (v) Polyacrylonitrile (PAN)/fluoroethylene-carbonate (FEC) 
dissolved in GBL (gamma-butyrolactone) applied by 
spin coating to Li-metal surfaces after drying at 60°C 
result in organic–inorganic composite layers of Li3N, 
LiF embedded in an organic matrix with these compo-
nents emerging from PAN, FEC and GBL reactions, 
respectively.148 These coatings improve the cycling per-
formance of symmetric cells with Li6PS5Cl electrolyte.

	(vi) Interphase layers formed via electrochemical deposi-
tion of reduction products of 1M LiTFSI in dioxalane 
(DOL)/1,2-dioxymethane (DME) liquid electrolyte on 
Li-metal consist of organic/anorganic Li-salts as com-
ponents. Specifically, the nanocomposite layers are 
built up by elastomeric organic Li-salt LiO-(CH2O)2-Li 
and inorganic LiF, -NSO2-Li and Li2O nanoparticles.149 
These layers applied on Li metal anodes efficiently sta-
bilize the interface to Li10GeP2S12 electrolyte and enable 
high cycle numbers with little increase in voltage.

(3b) In situ interphase layers generated on phosphosulfide 
electrolytes
The reaction conditions, sequence of the reactions and the 
products on formation of the interphase layers on the phos-
phosulfide electrolytes depend not only on the precursors 
used for the interlayer formation, but also on the specific 
phosphosulfide electrolyte. Via coating or infiltration of pre-
cursor solutions, such as ionic liquids, organic liquid elec-
trolytes or polymers on or in the phosphosulfide electrolyte 
pellets, stable interphase layers can be formed along with 
contact of the ionic liquid (IL) with the electrolyte or by sub-
sequent electrochemical cycling.

When applied to Li10SnP2S12 surfaces LiTFSI/Pyr13, LiF 
and CF3 are identified as reaction and decomposition prod-
ucts of IL on Li10SnP2S12 surface. Formation of a thin LiF 
layer occurs already in contact of IL with Li-metal, but 
cycling the layer is enhanced.150

In contrast, applying ionic liquid LiG(4)TFSI tetraethylen 
glycol dimethyl ether (G4), there is no reaction with Li6PS5Cl 
contact. In this process, the SEI consisting of components 
LiO-CH2On-Li and Li3N and LiF is formed via the electro-
chemical reduction of the Li(G4)TFSI electrolyte during 
cycling.151 Organic electrolytes with Li-salt, specifically 
lithium bis(fluorosulfonyl)imide (LiFSI) dissolved in DME 
were also used for infiltration of phosphosulfide electrolytes 
to generate LiF coatings. After applying the LFSI/DME to 
Li3PS4 electrolyte and vacuum drying at 120°C, on contact 
with metallic lithium, a LiF-rich layer forms at the interface 
and provides stable cycling performance.152

(3c) Electrochemical in situ interphase layers by reacting 
modified phosphosulfide electrolytes
An alternative strategy to induce protective layers on contact 
to or cycling of the interface to metallic lithium is to modify 
the phosphosulfide electrolyte instead of applying precursor 
layers. Research work following this approach encompasses 
experiments with fluorinated and nitridated Argyrodites.144,153 
Fluorination of Cl-based Argyrodite electrolyte according to 
Li6PSCl0.3F0.7 upon electrochemical cycling with metallic Li 
electrodes leads to an interphase with high LiF content in 
addition to Li3PS4 and Li2S.153 XPS depth profiling shows a 
gradient in the composition of the electrolyte according to 
which the presence of LiF is most pronounced close to the 
interface enabling highly stable cycling of symmetric Li/
Li6PSCl0.3F0.7/Li cells.

Among nitridated Argyrodites Li6+xPS5−xNxCl, the com-
position with x = 0.25 proved most useful for the formation 
of a Li3N-rich artificial SEI close to the Li-metal interface 
enabling long-term cycling of the electrolyte vs. metallic lith-
ium.144 The Li-ion conductivities are only slightly reduced 
by the fluorine and nitride modification of the Argyrodites. 
Moderately high Cl-doped Argyrodite Li5.7PSCl1.3 along with 
slow cooling after high temperature synthesis shows micro-
structures in which LiCl nanoparticles on the surfaces of the 
Argyrodite particles form an interconnecting LiCl frame-
work. After cycling, from this network, a 55-µm LiCl inter-
phase layer in the neighborhood of the Li-metal electrode 
is formed which substantially diminishes the degradation 
during cycling of Li/Li5.7PSCl1.3/Li symmetric cells.154

(4) Evaluation of interphase designs
Analytical tools to evaluate the electrochemical stability are 
in particular surface analyzing spectroscopy techniques XPS 
and Raman, which are sensitive enough to detect even small 
amounts of decomposition products. Ideal setups for the 
investigations of the interlayers are in situ XPS and in-op-
erando XPS.131,133,134 Electrochemical stability tests in the 
investigations are commonly evaluated by comparing the 
evolution of the overpotentials of symmetric Li/electrolyte/Li 
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cells with vs. without protective interlayer (Fig. 54). Thereby, 
cycling at relatively low currents, typically 0.1 mA/cm2, is 
useful to detect electrochemical instabilities, as along with 
high current also other degradation mechanisms like dendrite 
growth may arise and cover the effects from interphase for-
mation and growth.

The inter-experimental comparison between different 
electrolytes, however, has to consider also the contribution of 
the bulk electrolyte to the overpotentials which depends on the 
Li-ion conductivity of the electrolyte and the sample geom-
etry. While for cycling of electrolytes with Li-conductivities 
higher than 5 × 10−3 S/cm at 0.1 mA/cm2 using typical sam-
ple geometries, the impact of the bulk electrolyte resistance 
on the total overpotential is almost negligible, cycling at 
higher currents or using more resistive sample dimensions 
the effects have to be taken into account (Fig. 55).

In some approaches, deeper insight in the mechanisms 
was achieved from electrochemical impedance spectroscopy 
(EIS), following the evolution of the spectra with cycle num-
bers. State-of-the-art interfaces provide total overpotentials 

at 0.1 mA/cm2 between 20 mV and 100 mV in symmetric 
cell setups.

5.  Conclusions and Prospects

Part II of this review on phosphosulfides contains a thorough 
discussion of LGPS-type and Argyrodite-type electrolytes, 
before turning to an allover inter-type comparison of Li–P–S-
type, LiSICon-type, LGPS-type and Argyrodite-type electro-
lytes with respect to Li-ion conductivity and electrochemical 
stability vs. metallic lithium. The current material develop-
ment of the LGPS-type and Argyrodite-type phosphosulfides 
tends to explore a wide scope of substitution and doping 
partially replacing the characteristic elements used in the 
prototype materials, while maintaining the constitutive struc-
tural characteristics, space groups P42/nmc for LGPS-type 
and F-43m for Argyrodite-type electrolytes. Liquid-phase 
processes replacing the conventional solid-state processing 
routes are under investigation. Enhancement of Li-ion con-
ductivities to a level surmounting 10−3 S/cm, while at the 
same time using resource efficient components underlines the 
successful research work on these electrolytes.

Based on the treatise on the Li–P–S type and the LiSICon 
type in part I, and the LGPS-type and the Argyrodite-type 
electrolytes in part II, where their chemistry, structure, pro-
cessing and Li-ion conductivities were discussed in detail, 
an inter-type comparison with respect to two main features 
for the application of electrolytes in all solid-state batteries, 
the Li-ion conductivities and the electrochemical stability vs. 
metallic lithium, was addressed.

The primary objective of the research during the past 
decades, to synthesize materials with high Li-ion conduc-
tivities, has been largely achieved. In this first phase of the 
phosphosulfide electrolyte development, the focus was on 
high Li-ion conductivity and resulting in materials with high 
Li-transport performance based on resource efficient mate-
rials. High Li-ion conductivities are reported for materials 
within each of the phosphosulfide electrolyte types.

Li-ion conductivities of the thio-LiSICon Li-ion con-
ductors Li3.25Ge0.25P0.75S4 (2.2 mS/cm) exceed 10−3 S/cm.30 
Materials surmounting the 10−2 S/cm threshold, reaching 
the conductivities of liquid electrolytes, can be found in the 
LGPS system: with Ge-based Li10GeP2S12 (12 mS/cm)7; Si/
Sn-based Li10.35Sn0.27Si1.08P1.65S12 (11 mS/cm)23; Si-based 
chlorine co-doped Li9.54Si1.74P1.44S11.7Cl0.3 (25.3 mS/cm at 
90% pellet density and 14.0 mS/cm at 75% dense powder 
compact).9 In the Argyrodite system, there are high Li-ion 
conductivities for high Cl-doped Li5.5PS4.5Cl1.5 (10.2 mS/
cm).59 The Li-ion conductivity for Li–P–S-type Li7P3S11 
glass-ceramic amounts up to (17 mS/cm).156

In the past few years, the focus of research has shifted 
toward the investigations of the electrolytes with respect 

Fig.  54. Galvanostatic discharge/charge voltage profiles of Li/LPSC/Li 
(Li), PC @ Li/LPSC/PC @ Li (PC @ Li), and PPC @ Li/LPSC/PPC @ Li 
(PPC @ Li) symmetric cells with current densities of 0.1 mA cm−2 at room 
temperature. Reprinted with permission from Kato et al. © 2020 Wiley-VCH 
GmbH.155

Fig. 55. Overpotentials resulting from electrolyte layer depending on the 
Li-ion conductivity of the electrolyte for current densities, of 0.1 mA/cm2, 
0.2 mA/cm2 and 0.5 mA/cm2.
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to electrochemical stability under operation conditions for 
batteries with Li-metallic anodes. The results of the studies 
concluded that along with contact to lithium metallic anodes 
the phosphosulfide electrolytes tend to decompose. Effects of 
decomposition products are substantially different for phos-
phosulfide electrolytes that contain semi/metal components 
vs. the semi/metal free and halogen-based phosphosulfides. 
While the decomposition products of the former ones are 
electronically conductive and form interphase layers tending 
to propagate into the electrolyte, the decomposition of the 
latter ones results in insulating layers at the interface, pre-
venting further decomposition and leads to largely stable 
operation conditions.

While these issues were discussed in detail in the review, 
processing and engineering issues that will enable large-scale 
production and facile integration of the electrolytes in the 
cell environment and the batteries emerge as the upcoming 
topics for future research and development work.16,138,157–167 
Thereby, while phosphosulfide electrolytes seem to be a via-
ble approach for the realization of all solid-state lithium ion 
batteries with metallic lithium anodes, they have to compete 
in particular with polymer-ceramic hybrid electrolyte ASSB 
design.168–175

Key challenges for the phosphosulfide electrolytes, there-
fore, will be the development of liquid-phase processing that 
makes them appropriate for fabrication of thin electrolyte 
layers and coatings, techniques for the cell assembly that 
provide stable mechanical interfaces, contact and favorable 
deposition conditions for lithium on charging, and process-
ing approaches that enable handling of the phosphosulfides 
by reducing their sensitivity to oxygen and moisture making 
phosphosulfide processing and battery assembly suitable for 
mass production framework.
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