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Abstract Pros and cons are discussed with respect to replac-
ing liquid electrolytes in Li-based batteries by solid electro-
lytes. We primarily refer to electrochemical and mechanical
parameters which are the most characteristic ones in this con-
text. Rather than giving an exhaustive overview on available
solid electrolytes, we briefly discuss various systems and
mainly concentrate on the recently found ultrafast sulfide-
based Li electrolytes as they reflect well the positive and neg-
ative aspects of using solids for high performance batteries.
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1 Introduction

As far as high power batteries are concerned there are at the
moment numerous activities to replace liquid by solid electro-
lytes (SE) [1]. Natural reasons for this are the serious safety
problems connected with the flammability of the organic liq-
uids commonly used as electrolytes, as well as chemical short-
circuits by Li dendrites if elemental Li is used as negative
electrode material. Recently various solid Li-electrolytes have
been prepared which show ionic conductivities that come
close to record values for the condensed phase [2–6].

It is pertinent to briefly recapitulate the history of modern
batteries. The first success story was based on the lead acid
accumulator using sulfuric acid as liquid electrolyte. Other

very successful systems are based on aqueous hydroxide elec-
trolytes, in particular the Ni-Cd accumulator [7, 8]. First at-
tempts to implement solid electrolytes are in primary cells
such as silver based batteries for low drain applications [9].
For heart pacemakers the safe Li||I2 cell has been employed
[9]. Here, the electrolyte is a thin LiI film formed by the Li-I2
contact. LiI does not exhibit a high conductivity but the elec-
trolyte has a reasonably low resistance owing to the small
thickness. More importantly even, the electrolyte is safe since
self-healing takes place: Should the electrodes come into con-
tact owing to mechanical failure, LiI is formed.

The development of powerful solid-state Li batteries has
also been impeded by the lack of highly conducting electro-
lytes. Li3N was a singularity in this respect, but is too reactive
and of too low an electrochemical window to be useful in
practical devices [10, 11]. At about the same time very highly
conducting Na-electrolytes have been found based on β-
Al2O3 and the NASICON structure [12–19]. While the latter
ones are hardly stable with respect to Na [20, 21], the former
ones have soon been employed in the Na-S-batteries that for a
long time had been considered for electro-traction [14]. Two
points are characteristic: (i) In order to ensure a good contact,
an operation temperature of 300 °C was envisaged at which
the electrodes are liquid. (ii) Cracking of electrolyte led to
failure and terminated the commercial development of this
system for electro-traction.

In the seventies pioneering work on intercalation was done,
bringing single phase storage mechanisms to the fore [22–25].
At the same time Li alloys have been investigated systemati-
cally [26]. Today’s triumph of Li ion batteries was only pos-
sible after high voltage cathodes such as LiCoO2 and LiFePO4

had been developed [27, 28]. Simultaneously, carbon was
explored as intercalation compound as far as the anode func-
tion is concerned, avoiding dendrite formation without sub-
stantially sacrificing cell voltage [29, 30]. It soon turned out
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that owing to the comparatively low chemical diffusion coef-
ficient of Li and the necessity of providing a sufficiently high
electroactive mass, many-particle systems of μm or even nm
size are required. To match this requirement, liquid electro-
lytes are electrolytes of choice: They provide sufficient con-
ductivity and ensure good electrolyte/electrode contacts. If
brought into contact with electrode phases of extreme chem-
ical potential typically exceeding the thermodynamic stability
window, the formation of thin passivation layers ensures ki-
netic stability [31, 32].

It is the availability of novel, highly conducting solid elec-
trolytes for Li (as well as the renewed interest in Na for which
various highly conducting solid electrolytes are available) that
brought all-solid-state cells into focus [1].

In the first part of this contribution (Section 2) the pros and
cons of solid electrolytes will be highlighted, while Part II
(Section 3) discusses Li solid electrolytes, cf. also [33, 34],
specifically the novel crystalline and highly conducting sulfide
systems, in the light of the criteria addressed in the first part.

2 Pros and cons of solid electrolytes in Li-based cells

In this part of the paper we discuss advantages and difficulties
of solid electrolytes in comparison with liquid electrolytes.
From the property standpoint we need to consider (i) electro-
chemical properties such as ionic and electronic conductivities
as well as phase transfer effects, (ii) chemical properties, (iii)
mechanical properties, and (iv) thermal properties.

2.1 Electrochemical properties

(i) Ionic Conductivity

For a long while it seemed that Li-conductors (unlike Na-
conductors) do not exhibit conductivity values higher than
10−3 S/cm at room temperature, an exception being Li3N
[33, 35]. Then, in the last few years a variety of Li-
conductors have been synthesized with unexpectedly high
values around 10−2 S/cm, matching the values of the best
liquid electrolytes. These materials are addressed in detail in
the second part of this paper.

A special problem arising in solids is the occurrence of grain
boundaries or, more generally, poor grain-to-grain contacts.
Negligible contributions require low porosity, structurally be-
nign grain boundaries and absence of depletion layers. Fig. 1
shows carrier depletion at grain boundaries owing to unfavor-
able excess charge in the grain boundary core [36]. Naturally, a
different charge can also lead to carrier accumulation. For high-
ly conducting solids the latter effect is not worthy of mention as
far as the overall conductivity is concerned, but it is a tool to
improve conductivities of poor electrolytes (cf. composite elec-
trolytes) [37]. Remarkably, by using mesoporous Al2O3 as

Bheterogeneous dopant^, room temperature values of almost
10−3 S/cm could be achieved [38, 39].

A specific problem not faced by liquids is the question of
isotropy and dimensionality of the conduction pathways. One-
dimensional conduction pathways are typically not favorable
for long-range conduction as they are easily blocked by dis-
order (e.g. in the hollandites [40]). Two-dimensional pathways
do not face this problem but still require a favorable micro-
structure for percolative reasons.

A great advantage of solid electrolytes is the fact that one
usually encounters single ionmotion. In a binary, for example,
it is required that only either the cation or the anion is mobile
but the counter ion is immobile, otherwise the material would
flow. In liquid electrolytes typically cations and anions are
mobile. Only space charge controlled liquid electrolytes en-
able the possibility of transport numbers approaching unity
(soggy-sand electrolytes, ion exchange membranes) [41].
Since in a Li-battery the electrodes are usually reversible for
Li+ but not for the other ions, concentration gradients build up
during operation. The precise treatment is particularly delicate
if association effects play a role [42]. This does not only lead
to losses owing to concentration polarization but may even
lead to salt precipitation under high drain (Fig. 2).

(ii) Electronic Conductivity

A very characteristic issue of solids is the occurrence of
electronic conduction. Even though preferentially very small,
it is never zero in solid electrolytes. Note that even very small
electronic conductivities can lead to perceptible self-dis-
charge, in particular if the battery is not under constant use.

Fig. 1 Depletion zones at grain boundaries (here for the case of positive core
charge). The figure is relevant for electrode/electrolyte contacts, too. Note that
such effects change the electronic conductivity as well. A favorable excess
charge may also lead to accumulation layers and enhanced conductivities
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Even though free electronic motion does not occur in liquid
electrolytes, they may show self-discharge owing to indirect
electronic conduction via redox-active ions.

(iii) Transfer Resistances

In addition to transfer resistances owing to internal bound-
aries, it is the electrode/electrolyte transfer resistance that is
crucial [7]. At a first glance solid/solid contacts offer the advan-
tage that it is not necessary for the ion to strip off a solvation
shell when going from the electrolyte into the electrode phase,
but comparable relaxation phenomena complicate the situation
in solids, too. In addition to the usual electrochemical transfer
resistance, serious resistive contributions can stem from carrier
depletion zones at the electrolyte/electrode contact [37] analo-
gously to Fig. 1. Particularly difficult is the transfer if the solid/
solid contact is not ideal as it is usually the case (cf Fig. 3). A
detailed simulation of such effects was given in refs. [43, 44]
(cf. also (iii)). Many authors aim at hybrid electrolytes, typically
liquid electrolyte cells in which solids are used as protection
layers with respect to electrode phases. Note that this involves
additional, typically very significant transfer resistances.

2.2 Chemical stability

It is an often met prejudice that solids are thermodynamically
more stable with respect to electrodes of very high or very low
Li potential. In fact, almost all relevant Li-electrolytes known so
far are thermodynamically unstable against metallic lithium.
Exceptions are the binaries which are either poorly conducting
(LiI) or highly reactive (Li3N). Li2ZrO3 seems marginally stable

but is very brittle (see Section 3.2.(ii)) [45]. Most of these elec-
trolytes, in particular the sulfides, are thermodynamically unstable
against the high voltage cathodes as well. Binaries such as LiI,
Li3P, Li2S, Li3N are stable against contact with the non-metallic
component, but naturally have a very low thermodynamic win-
dow. In Part II, calculated thermodynamic windows of various Li
compounds will be shown - here it suffices to state that, as
Fig. 4(a), (b) indicates for the example of LiI, the often used
HOMO/LUMO distance largely overestimates the stability win-
dows since it ignores chemical rearrangements and reactions dur-
ing the decomposition process. In LiI the band gap approximately
reflects the local free energy of forming neutral Li and I states
within LiI (Fig. 4(b)), while the actual decomposition involves
formation of the metallic Li phase and gaseous I2 substantially
lowering the reaction free enthalpy (Fig. 4(a)). This refers to the
Bintrinsic^ stability. The true, Bextrinsic^ stability is additionally
lowered by chemical reactions with actually present electrode
phases.

Obviously, the use of solid electrolytes also has to rely on
passivation layers as for liquid electrolytes (SEI = Solid
Electrolyte Interface). Such SEI layers must have sufficiently
high ionic conductivity so as to enable access of ions to the
electrode, but low enough electronic conductivity so as not to
grow to macroscopic dimensions. The thermodynamic effect
of the SEI in making compatible the high (low) value of the
chemical potential of Li in the anode (cathode) with the much
lower (higher) value in the electrolyte is also obvious from
Fig. 4(c) showing the situation within a thin LiI layer formed
at the contact of two neighboring phases of very high (Li) and
very low chemical potential of Li (I2). This point will be taken
up in Part II again. Substantial advantages in energy density
are only realizable if the choice of the SE allows one to use
electrodes of higher (Li-metal) or lower chemical potential
(5 V materials) than is possible with liquid electrolytes.
Whether this is kinetically achievable relies on the possibility

Fig. 3 Current path lines showing constriction and hindered phase transfer.
Such effects become much more severe in a nano-particulate network

Fig. 2 Concentration polarization of a Li-salt solution. At high values of
salt concentration (i.e. under high drain) salt precipitation may occur.
Very close to the interface space charge zones occur
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of forming well-suited passivation layers, a kinetic point that
is hard to predict and has to be tested in detail (see also
Fig. 4(c), and Fig. 7(b) below).

A natural advantage of solids seems that they suppress
dendrite formation. Many studies, however, have shown that
grain boundaries also allow for dendrite propagation [46]. Use
of thick Li-films is anyway difficult owing to the geometric
changes involved on charging and discharging; it seems fa-
vorable if only a small fraction of the film is cycled. At any
rate, dendrite formation is less probable for homogeneous
contacts and absence of higher-dimensional defects in the
electrolyte.

An uncontestable advantage of many solid electrolytes is
their stability with respect to ambient conditions. Many of
them – especially the oxides, but less so the sulfides – do
not react or only sluggishly with oxygen or water, while typ-
ical liquid electrolytes are flammable (ionic liquids).

2.3 Mechanical stability

Most serious issues in this context are connected with me-
chanical aspects. The same reasons that on the one hand

provide many pros such as single ion motion, formability,
thickness reduction, shape stability and significant increases
of volumetric stack energy density, are responsible for signif-
icant problems on the other hand. Crack formation on me-
chanical stress is a crucial point that can, depending on the
crack propagation kinetics, lead to catastrophic failure [47] (in
fact, crack formation in β-alumina was the reason that ABB
stopped production of the Na-S cells for electro-traction).

Poor contact to other solid phases is the second severe
point. Within the material this is responsible for grain bound-
ary resistances already mentioned; at the electrode/electrolyte
interface it is the unfavorable contact behavior and the low
mechanical stability and flexibility that not only cause high
transfer resistances but eventually cell failure. In particular in
high performance batteries where electrodes are composed of
a multi-particulate network for which contact to the electrolyte
is required on the nano-scale, it is hard to imagine how a
sufficient wetting is to be realized at least with brittle ceramics.
Recent publications [48, 49] promise overcoming of such
problems by using assisting interlayers and a well-suited pore
structure. Soft polymers or glassy phases are certainly much
better candidates from the mere mechanical viewpoint. Even
if such a good contact is established, e.g., via glassy electro-
lytes, the contacts need to be flexible not only in the course of
further processing but also upon the volume changes during
performance.

2.4 Thermal properties

Insufficient matching of thermal expansion coefficients causes
mechanical problems if temperature variations are involved in
the fabrication process [47]. Otherwise the typically higher
thermal conductivity of solids – when compared to liquids –
is an advantage as hot-spot effects are mitigated.

In addition, the higher thermal stability of solids is an ad-
vantage that may eventually enable overcoming the most se-
vere drawbacks by allowing performance at elevated
temperature.

3 Lithium superionic conductors

3.1 General overview

While Li ion conduction in solids has been a ubiquitous topic
in solid-state ionics since the early days of the field, Li solid
electrolytes had not been considered serious competitors to
liquid electrolytes in practical electrochemical devices until
very recently. Out of the three strategies to realize highly
conducting solid electrolytes, viz. enhancing the carrier con-
centration by homogeneous (i) or heterogeneous doping (ii)
[37–39] and synthesizing superionic compounds (iii) [33], it is
the third that made the running.

Fig. 4 (a) shows the thermodynamic window of LiI (μ: chemical
potential, ~μ: electrochemical potential); (b) shows that this window is
largely overestimated by the band gap; (c) gives the chemical potentials
of Li, Li+ and e− for a LiI film thin enough as to allow for electronic
equilibration. (In the space charge zones close to the contacts the μ-values
for ions and electrons deviate from the course shown.) Fig. 4(c) is also
meaningful in indicating the stabilization effect achieved by ionically
conducting passivation layers (SEI)

J Electroceram (2017) 38:128–141 131



Recent developments in novel glassy Li ion conductors in-
cluding various oxynitrides, prominently represented by LiPON,
and oxysulfides are manifold, some of them characterized by
high conductivities [34]. Yet, apart from LiPON (which however
has not a very high conductivity), systematic investigations
regarding long-time stability are lacking. The same holds true
for the partly very high Li conductivities (10−3–10−2 S/cm)
achieved in glass-ceramics in the Li2S–P2S5 system [50].

For this reason, and also for the sake of conciseness, we will
not consider amorphous SE in greater detail. Likewise, equally
highly conducting rotator phases (typically Li2SO4) will not be
treated here, as they are not of direct relevance for batteries.

As crystalline ion conductors, on the other hand, offer the
advantage of high structural definition enabling well-defined
ionic transport pathways in solids with mobile ionic sublattices
embedded in a rigid anionic backbone, they are the best candi-
dates for the study of single ion conduction. Examples are cop-
per and silver superionic conductors prominently represented
by Rb4Cu16I7Cl13 and RbAg4I5, with Cu and Ag conductivities
higher than in any copper or silver-based vitreous system.

In spite of such examples, Li conductivities in crystalline
solids have fallen short of their Cu and Ag analogues for
decades. One of the earliest examples of crystalline oxide Li
ion conductors was described in the system Li16–2xDx(TO4)4,
where D is a divalent cation such as Mg2+ or Zn2+, T is a
tetravalent cation (Si4+ or Ge4+) and 0 < x < 4. The prototype
Li14ZnGe4O16, reported by Hong in 1978 [51] and known as
LISICON (LIthium SuperIonic CONductor), features a rigid
rigid three-dimensional (3D) structure with orthorhombic
symmetry (space group Pnma) related to γ-Li3PO4. The an-
ionic framework with composition Li11Zn(GeO4)4 hosts the
three remaining Li ions on two interstitial sites with 55% (4c)
and 16% (4a) occupancy, forming a highly mobile sublattice
that shows only weak bonding with the rigid anionic frame-
work. Like in β-alumina, the ionic transport in LISICON is
largely two-dimensional (2D). Reported conductivities vary
widely between 10−6 at room temperature [52] and
1.3 × 10−1 S/cm at 300 °C [51]. An obvious drawback is
LISICON’s high reactivity towards metallic Li as well as the
fact that it readily reacts with atmospheric CO2, leading to a
decrease in conductivity over time.

Crystalline oxide-based Li ion conductors with relevant
room temperature conductivities approaching 10−3 S/cm have
been identified in three materials systems: the LLTO,
NASICON-derived and garnet-type families of compounds.
To date, one of the best oxide Li ion conductors is the solid
s o l u t i o n l i t h i um l a n t h a n um t i t a n a t e ( LLTO )
Li3xLa(2/3)−x□(1/3)−2xTiO3 (0.06 < x < 0.16, highest Li conduc-
tivity of 1.4 × 10−3 S/cm observed for x = 0.11) [53], which is
der ived f rom the paren t ABO3- type perovsk i te
La(2/3)□(1/3)TiO3 [54]. Substitution of La by Li and the pres-
ence of a large A-site vacancy concentration in the tetragonal
perovskite structure allows for facile diffusion of Li through

vacant A-site cages, separated by oxygen bottlenecks. The
static La disorder and slight tilting of the TiO6 octahedra,
along with the effect of temperature on the aperture size of
the square-planar oxygen windows lead to a crossover from
2Dmotion at T < 200 K to 3D diffusion at T > 200 K [55, 56].
Although LLTO has high Li conductivity and excellent ther-
mal andmoisture stability, there are two severe drawbacks that
impair its use in practical thin film batteries with Li metal as
anode: First, the high grain boundary resistance leading to
much lower conductivities in polycrystalline ceramic samples
as compared to single crystals, and second, the easily reduc-
ible Ti4+ ions may lead to interfacial electronic conductivity
and even internal shortcuts.

Li conductors with NASICON-type structure are com-
posed of a 3D anionic network with rhombohedral symmetry
composed of corner-sharing AO6 octahedra and PO4 tetrahe-
dra, similar to that in Na3Zr2PSi2O12. Substituting Ti in lithi-
um titanium phosphate LiTi2(PO4)3 by trivalent cations with
slightly smaller (Al3+) or larger radii such as Ga3+, In3+, Sc3+,
Y3+, and La3+, yields substitutional variants with bulk conduc-
tivities as high as 3 × 10−3 S/cm at room temperature for the
x = 0.3 member Li1.3Al0.3Ti1.7(PO4)3 (LATP) [57].

As for LLTO ceramics, a major drawback for Li conductors
with NASICON-type structure is the fact that Ti4+ is easily
reduced to Ti3+ in contact with Li, leading to phases with
significant electronic conductivity.

More recently, Li ion conductors with garnet-type structure
derived from the prototype Li5La3M2O12 (M = Ta, Nb) [58]
have been discovered, featuring a broad substitutional range
and Li conductivities up to 4.0 × 10−5 S/cm at room temperature
for the Ba-doped variant Li6SrLa2Ta2O12 [59]. The highest Li
conductivities amongst the garnet-type Li ion conductors so far
were found in the highly Li-stuffed system Li7La3Zr2O12

(LLZO) with conductivities reaching 1 × 10−3 S/cm upon par-
tial replacement of Zr by Te, Ta or Nb [60].

The negligible electronic conductivity, high chemical sta-
bility and large electrochemical window (> 6 V vs Li; kinetic
durability/inertness against molten Li) are clearly assets that
are currently hard to achieve in other Li SE systems.

It has been realized early on that larger and more polarizable
anions tend to enhance the mobility of the cationic species
substantially. Replacing oxygen in oxide Li ion conductors by
sulfur has led to the discovery of sulfide-based glassy ceramics
with Li conductivities in the range of 10−4 to 10−3 S/cm at room
temperature, for example in solid solution members of the sys-
tems Li2S-SiS2-LiI [61] or Li2S-SiS2-Li3PO4 [62]. This
Bdesign^ principle – the replacement of oxygen by sulfur in
tetrahedral anionic sublattices featuring strongly covalent bond-
ing, combined with aliovalent cation substitution to dope the
system either with Li vacancies or Li interstitials –was used by
Kanno and co-workers to prepare the first crystalline sulfide-
based Li ion conductor with conductivities exceeding 1×10−3 S/
cm in 2001 [63]. The solid solution Li4–xGe1–xPxS4 was
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obtained by aliovalent substitution Ge4+ + Li+ ⟷ P5+ in the
solid solution Li2S-GeS2-P2S5. The end members Li4GeS4 and
Li3PS4 are isotypic with orthorhombic γ-Li3PO4, while a
monoclinic superstructure was found for solid solution mem-
bers Li4-xGe1-xPxS4 with x > 0.6, corresponding to different
types of cation ordering [63]. Overall, the 3D framework struc-
ture of thio-LISICON is very closely related to that of its oxide
counterpart LISICON. As in the latter, the best performing thio-
LISICON solid solutionmember (σ = 2.2 × 10−3 S/cm at 25 °C)
with the composition Li3.25Ge0.25P0.75S4 is a vacancy-doped
system; aliovalent cation substitution of Ge4+ with trivalent
cations such as Al3+ leads to interstitial ion-doped systems such
as Li4+xSi1–xAlxS4 and Li4+xGe1–xGaxS4 with slighly lower con-
ductivities. The solid solution member x = 0.6 in Li4–xSi1–xPxS4
shows an ionic conductivity of 6.4 × 10−4 S/cm [64]. Further
desirable properties of the thio-LISICONS are (i) negligible
electronic conductivity, (ii) thermal stability up to 500 °C (with-
out phase transitions), (iii) high apparent, i.e. kinetic chemical
stability (no reaction with Li metal) and (iv) a large nominal
electrochemical stability window between 0 and 5 V vs Li/Li+.

More recently, Li argyrodites have been identified as po-
tentially fast chalcogenide-based Li ion conductors. Like their
Cu and Ag analogues, Li argyrodites crystallize in tetrahedral
close-packed structures of the anions with topologies similar
to those of the cubic Laves phase MgCu2 with Li randomly
distributed across tetrahedral interstitials in the cubic high

temperature modification (space group F
–
43m). Li argyrodites

are generally represented by the formulas Li7PCh6 or
Li7–xBCh6–xXx (B = P, As; Ch = S, Se; X = Cl, Br, I;
0 < x ≤ 1), which indicates the large scope of substitutional
patterns by both aliovalent and isovalent substitutions on both
the cation and anion sublattices [65, 66]. Li argyrodites have
been reported to show Li conductivities in the range of
10−3 – 10−2 S/cm by Deiseroth and co-workers [67, 68].
Together with the observed excellent electrochemical inert-
ness between 0 and 7 V vs Li/Li+ as well as the low electronic
conductivity of <10−10 S/cm [69], the argyrodites show per-
formance parameters roughly en par with those of the thio-
LISICONs.

3.2 LGPS solid electrolytes

While the thio-LISICONs and Li argyrodites still lag behind
in terms of the conductivities seen in liquid electrolytes, the
recent discovery of a new generation of thio-LISICONs - the
LGPS family of compounds - has closed this gap. The tetrag-
onal compound Li10GeP2S12 (LGPS) with P42/nmc symmetry
was found by Kanno et al. to show Li ion conductivities as
high as 1.2 × 10−2 S/cm at room temperature, which is one
order of magnitude larger than those found in thio-LISICONS
and puts the Li ion conductivity of LGPS en par with those
achieved in common liquid electrolytes [2].

It is obvious that this disruptive increase in ionic conduc-
tivity found in a crystalline SE will breathe new life into the
community’s efforts to reduce all-solid-state Li batteries to
practice. We will therefore take a closer look at this promising
new SE and discuss pertinent properties of LGPS and its con-
geners with a view towards their use as practical SEs in all-
solid-state Li batteries. Where applicable, we will refer to the
key issues of Li solid electrolytes – electrochemical proper-
ties, chemical stability, mechanical stability and thermal prop-
erties – as discussed in the first part of this review.

(i) Structural and electrochemical properties

Structure, diffusion mechanism, and ionic conductivity In
LGPS, the 3D lattice is composed of one-dimensional (1D)
chains of edge-sharing (Ge,P)S4 tetrahedra and LiS6 octahedra
running along the [001]-direction, which are surrounded by
mobile Li ions; PS4 tetrahedra bridge those chains along the
[110] direction (Fig. 5) [2]. While in LGPS the 2b sites are
occupied by P only, there is mixed (Ge, P) occupancy of the
(larger) 4d site, determined by the stoichiometry of the solid
solution. For example, in the Ge compound the occupancy
(GexP1–x) of the 4d site can be varied in the range of
0.5 ≤ x(Ge) ≤ 0.75, corresponding to Li7GePS8 and
Li10GeP2S12 as the end members of the solid solution [3].

The aliovalent substitution Ge4+ + Li+ ⟷ P5+ introduces
vacant Li sites which enable fast Li diffusion in the channels
running along the c direction. This predominant diffusion
pathway has given rise to the notion that Li diffusion in
LPGS-type materials is inherently one-dimensional. In gener-
al, low-dimensional or even single-file diffusion in ionic con-
ductors is problematic, as it can easily lead to blocking effects
in non-ideal samples, as discussed in Part I. However, the
notion of 1D conductivity in LGPS primarily arose from the
fact that in early powder diffraction studies only three Li po-
sitions had been identified, of which one was assumed to be
essentially immobile (Li2). As suggested by calculations by
Adams and Rao, a fourth Li position (Li4) was later identified
experimentally by single-crystal analysis [70]. Li4 connects
the Li3 − [Li1 − Li1] − Li3 diffusion channels along c and
opens up the possibility for Li diffusion also in the a-b plane.
Indeed, Janek, Zeier and co-workers [71] confirmed the sig-
nificant contribution of the in-plane Li diffusion (along
Li3 − [Li2 − Li2] − Li3 and Li4 − [Li1 − Li1] − Li4) pathways
by neutron powder diffraction combined with a maximum
entropy analysis. Hence, they demonstrated that already at
room temperature a quasi 3D diffusion mechanism is opera-
tive in LGPS, with the 3D character of Li diffusion further
increasing at higher T [71, 72] (Fig. 6).

In spite of the similar chemical composition and structure
of the thio-LISICONs and LGPS-type compounds, the Li con-
ductivity in the latter is one order of magnitude higher. It is
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instructive to look at this striking difference in more detail: In
line with recent calculations by Wang et al. [73], the topology
of the sulfide sublattice and the resulting Li migration paths
and their energy landscape are important descriptors for the
observed Li conductivities. Essentially all fast Li ion conduc-
tors in the sulfide glasses, glass-ceramics and crystalline sul-
fide systems are characterized by predominantly tetrahedral
coordination of Li and the anionic framework constituents
such as P, Ge, Si etc. However, while the orthorhombic ter-
naries such as γ-Li3PS4 and Li4GeS4, from which the thio-
LISICON structure derives, have a have a distorted hcp sulfur
sublattice, the one in LGPS closely matches a bcc sulfur
sublattice. In contrast to hcp and fcc sublattices where long
range Li diffusion includes octahedral (O) sites, leading to
higher energy barriers, Li migration in the bcc-type lattice
predominantly occurs between tetrahedral (T) sites with min-
imal calculated and experimentally observed activation

energies for the T-T trajectories of 0.15 eV [73] and 0.22–
0.24 eV, respectively [2, 3]. The bcc sublattice is also found
in the glass-ceramic conductor Li7P3S11 (Li2S–P2S5 sys-
tem) which likewise shows extremely high ionic con-
ductivities of 1.7 × 10−2 S/cm and a very low activation
energy of 0.176 eV [50]. It is this difference in the
activation energies for the T-T vs T-O-T paths that can
account for changes in the Li conductivity at RT by
three orders of magnitude. This does not only empha-
size the important role of the framework structure and
topology in identifying fast ionic conductors, but also
demonstrates a powerful Bdesign^ principle which we
have at our disposal for crystalline, rather than amor-
phous ion conductors.

Composition and phase stability Like in the thio-LISICON
system, LGPS-type ionic conductors span a fairly broad range
of compositions and allow for iso- and aliovalent substitu-
tions. These have been realized for example in the systems
Li2S – SiS2 – P2S5, Li2S – SnS2 – P2S5, Li2S – Al2S3 – P2S5
and mixtures thereof [74], or the anion- and mixed
anion-cation doped systems Li2S – GeSe2 – P2S5 or Li2S –
(1-z) GeS2 – z SnSe2 – P2S5 [75]. In most cases, however,
admixtures of the orthorhombic thio-LISICON modification
were present or exclusively formed as in the case of
Li11AlP2S12, reflected by significantly lower conductivities
[76]. Theoretical calculations by Ceder and co-workers sug-
gest – and this is not surprising in view of the large carrier
concentrations –that both iso- and aliovalent cation substitu-
tions in the LGPS-type compounds do not lead to drastic
changes in both diffusivity and activation energy
(EA ( L i 1 1A l P 2 S 1 2 ) = 0 . 1 8 ± 0 . 0 6 eV v s EA

( L i 1 0 S i P 2 S 1 2 ) = 0 . 2 0 ± 0 . 0 3 e V v s E A

( L i 1 0 G e P 2 S 1 2 ) = 0 . 2 1 ± 0 . 0 4 e V v s E A

(Li10SnP2S12) = 0.24 ± 0.03 eV) [77]. Furthermore, the cal-
culations suggest that anion substitution will have a
slightly more pronounced effect than cation substitution
as the former influences the channel size more strongly,
which is an important parameter for Li ion diffusivity.
The calculations indicate that while in the hypothetical
Li10GeP2O12 the diffusivity is expected to be signifi-
cantly lower with activation energies around 0.36 eV,
the selenium analogue Li10GeP2Se12 is expected to
show only slightly improved conductivities with activa-
tion energies being the same as those in LGPS within
the error bar [77]. These findings suggest that both the
carrier concentration and channel size in LGPS is close
to their optimal values with little room for significant
improvements in the Li conductivity by compositional
variations.

In fact, the tetragonal Si- and Sn-homologues of LGPS
have recently been synthesized and their conductivities deter-
mined by impedance spectroscopy. While the conductivity

Fig. 5 Crystal structure of LGPS viewed along [100] (top) and along
[001] (bottom). PS4 and (Ge,P)S4 tetrahedra are drawn in yellow, LiS6
octahedra in blue. Li diffusion pathways are indicated by dotted lines
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(activation energy) for Li10SnP2S12 was found to be slightly
lower (higher) than that of LGPS (between 4 and 7 × 10−3 S/
cm with EA being 0.23–0.25 eV) [3, 4], PFG-NMR and 7Li
relaxometry of the compound Li11Si2PS12 suggest that the
conductivity could be even higher than that found for LGPS,
while the EA is slightly lower (0.20(1)) [3]. Note that the
tetragonal LSiPS is not accessible in phase-pure form by a
conventional solid-state synthesis. Instead, the main phase
obtained between 573 and 1023 K is the orthorhombic thio-
LISICON modification that lacks the desirable high conduc-
tivities of the tetragonal phase. Since the tetragonal modifica-
tion is slightly denser than the orthorhombic one, the former is
accessible by a high-pressure route [3]. Note that the resulting
tetragonal phase Li11Si2PS12 has a different stoichiometry
(and hence carrier concentration) than Li10GeP2S12, which
may affect the transport properties.

As obvious from their close relationship with the glassy
thiophosphate systems, LGPS-type compounds are likely to
form glassy regions next to crystalline domains which are not
detectable by powder X-ray diffraction. It is therefore impor-
tant to recognize that the observed bulk phases may in fact be
inhomogeneous glass-ceramics with significant amorphous
regions and unknown local structures, which does not only
affect the bulk conductivity as measured by impedance

spectroscopy, but also the grain boundary contributions and
interfacial characteristics when the SE is brought in contact
with electrodes.

Electronic conductivity As discussed in Part I of this review,
a good SE must have vanishingly low electronic conductivity
in order to avoid self-discharge and, hence, to extract the max-
imum energy through the external circuit, as well as to prevent
the solid components from changing chemically during oper-
ation. The electronic contribution to the overall electrical con-
ductivity in LSnPS was studied by DC polarization measure-
ments using a symmetric configuration with ion blocking Au
electrodes Au|LSnPS|Au. The polarization measurements re-
veal a vanishingly small electronic conductivity with an upper
limit of the transference number tEON of 1 ppm [3]. Negligible
electronic conductivity was previously also found for the thio-
LISICON [63] Li4–xGe1–xPxS4 and seems to hold for LGPS-
type materials in general.

(ii) (Electro)chemical stability

One of the most prominent perceived advantages of solid
electrolytes is their expected higher chemical and electro-
chemical stability as compared to liquid electrolytes [78].

Fig. 6 (a) Nuclear density maps showing the 3D Li distribution for
different sections of the unit cell as obtained by powder neutron
diffraction of LGPS. Selected slices with corresponding Li one-particle-
potential (OPP) as recalculated from negative nuclear densities along the

1D Li pathways along Li3 − [Li1 − Li1] − Li3 (b) Li4 − [Li1 − Li1] − Li4
(c) and Li3 − [Li2 − Li2] − Li3 (d) which are characterized by different
energy barriers. Adapted from Ref. [71] with permission
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LGPS-type materials – like thio-LISICONs –were reported to
exhibit an electrochemical stability window (ESW) as large as
0 to >5 V vs Li/Li+, which is highly desirable for cell designs
using Li metal as anode and high voltage cathodes such as
LixCoO2, Li(Ni1/3Mn1/3Co1/3)O2, or LiNiPO4. However, it is
obvious that the observed stability is due to kinetic inertness,
rather than thermodynamic stability.

Calculations and in situ XPSmeasurements in contact with Li
metal revealed that lithiation of LGPS already starts at 1.71 vs Li/
Li+, with the final equilibrium phases in contact with Li metal
being Li15Ge4, Li3P and Li2S [79, 80]. Similar decomposition
potentials in the cathodic limit are observed for other sulfide SEs
such as Li7P3S11 and the Argyrodites. To learn about the
Bpractical^ ESWit is therefore crucial to perform long-term elec-
trochemical measurements in contact with Li and to analyze the
reaction products at the SE – lithium interface, which are inac-
cessible when doing cyclic voltammetry scans only.

The oxidation stability of LGPS is limited to 2.14 V, with
the final delithiation products being P2S5, GeS2 and S.
Generally, all sulfide SEs are oxidized between 2 and 2.5 V
to form sulfur with relatively high decomposition energies,
thus indicating that the observed large ESW of up to more
than 5 V is purely kinetic in origin. In fact, most decomposi-
tion products at high voltages are electronically insulating
and/or are only formed at large overpotentials (especially
when the formation of gaseous products is involved), such
that the sluggish kinetics of the decomposition reactions
may provide a larger than the thermodynamic ESW.

In principle, a SE can be protected by the formation of a
stable interphase composed of the decomposition products,
which may act as a solid-electrolyte interphase (SEI). As
outlined in Part I and sketched in Fig. 4(c) and Fig. 7(b) this
interphase can act as a buffer between the high Li chemical
potential μLi of the anode and the low chemical potential μLi

at the reduction potential (cathodic stability limit) of the SE.
Depending on the decomposition products formed and its mor-
phology, the interphase can passivate the SE and explain the
compatibility observed for certain SEs in contact with Li metal.
In LGPS, however – similar to the situation in LISICON,
LLTO, LATP and other SEs – the cathodic decomposition prod-
ucts include the electronically conducting compound Li15Ge4
which may – depending on its distribution – make the forma-
tion of a thin stationary SEI layer difficult. Although in princi-
ple LSiPS faces similar issues, it has been reported that the
properties of the passivation layer in LSiPS are very different
from those in LGPS. It has been speculated that this might be
due to the more insulating silicide formed. [63].

To place the ionic conductivity and stability of LGPS into
context, Table 1 provides an overview of relevant oxide,
oxynitride and sulfide SEs, their experimentally observed con-
ductivities as well as their chemical stabilities and phase equi-
libria at 0 and 5 V, according to a recent study by Mo and co-
workers as well as selected experimental data.

These data clearly indicate that none of the currently
discussed SEs has an electrochemical (thermodynamic) stabil-
ity window which is larger than 3 V, in contrast to many
(ionic) liquid electrolytes. The highest stability window is
found in LLZO which is particularly stable against reduction
(0.05 V vs Li/Li+ to 2.91 V vs Li/Li+), and the lowest stability
window found for LiPON, irrespective of its nitrogen content.
While the highest oxidation stabilities are observed for the
NASICON-type oxides LATP and LAGP (4.21 and 4.28 V,
respectively), all sulfide SEs are prone to oxidation already
between 2 to 2.5 V to form S, without any exception. At the
same time, however, LATP and LAGP are even more prone to
reduction than the sulfide SEs.

The chemical stability with respect to possible high voltage
cathode materials has been investigated for the LGPS –
LixCoO2 interface. While oxide SEs such as LLTO, LLZO
and LATP have only small decomposition free energies or
are even thermodynamically stable against LixCoO2, LGPS
and other sulfide SEs are thermodynamically highly unstable
against LiCoO2 [81]. Expected decomposition products in-
clude Co9S8 (next to Li2S, Li2SiO4, Li3PO4, Li4GeO4), which
is electronically conducting and therefore detrimental to the
long-term stability of the SE–electrode interface.

Since the electrochemical stability window of LGPS is tiny
(1.7–2.14 V vs Li/Li+) and, therefore, LGPS is expected to be
reactive with respect to essentially all high-voltage cathode ma-
terials, the application of an artificial coating layer at the cathode
as currently done for LGPS seems mandatory. These coating
layers cannot only prevent the formation of uncontrolled decom-
position products at the SE–electrode interface and the formation
of electronically conducting interphases, but they can also miti-
gate the formation of interfacial space-charge layers. Possible
coating layers – typically deposited by ALD to ensure conformal
coating and thin layer thickness – include LiNbO3, LiTaO3,
Li4Ti5O12, or Li3PO4 [81]. Although these layers show good
stability with respect to LixCoO2 and the tendency for decompo-
sition of LGPS is lower, such artificial protection layers lack the
flexibility and the self-healing ability of in-situ formed SEs. In
other words, long-term chemical compatibility of sulfide SEs
with the coating layer and the requirement for high Li conduc-
tivity across the interface remains a grand challenge.

(iii) Mechanical stability

A big asset of sulfide SEs is their mechanical softness, which
is in stark contrast to the brittleness of their oxide counterparts
which exhibit often high elastic moduli. This softness is particu-
larly useful to establish a conformal, cohesive and dense interface
with the electrode that is mechanically stable also under condi-
tions of prolonged operation. Whereas oxide SEs have to be
sintered at high temperatures to mitigate grain-boundary and
charge transfer resistances arising from non-ideal and non-
conformal contact between the grains and with the electrode,
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sulfides offer the advantage of easy processing to establish good
interfacial contact. A recent study by Tatsumisago and co-
workers showed that glassy thiophosphate SEs are amenable to
room-temperature pressure sintering due to their moderate
Young’s moduli in the range of 18–25 GPa, which is about
one third of that of an oxide glass [89]. In other words, due to
their softness, the particle size andmorphology of sulfides can be
much more easily controlled than in oxides, even without
sintering at high temperatures. Thus, pellets made from sulfide
SEs may be compressed and compacted at elevated pressures to
yield high densities of >90% and small void volumes already at
low temperatures by cold pressing, which is beneficial for pro-
viding efficient charge percolation between the SE grains and the
electrode.

An interesting question in this context is to what extent the
high-pressure treatment is applicable also to crystalline sulfide
SEs such as LGPS,without inducing severe structural collapse of
the LGPS lattice. A realistic scenario is that pressure-induced
amorphization may result in the (partial) formation of glassy
phases, leading to glass-ceramics with high-conductivity crystal-
line domains embedded in amorphous domains with potentially
moderate conductivity. In optimistic scenarios, the resultingmore
dense and compliant morphology, leading to better interfacial
contact and hence lower charge transfer resistances, lower over-
voltages and less capacity fading, may even overcompensate
(moderate) losses in conductivity.

(iv) Thermal properties and reactivity

Without doubt, the thermal stability of most SE is
significantly higher than that of their liquid counterparts.

This holds especially true for oxide SEs, but also LGPS
and other sulfide SE were found to be thermally stable
up to 400–550 °C and therefore beyond practically rel-
evant temperatures for battery operation [90]. This ap-
parent thermal stability however needs to be put into
perspective: As suggested by a T-dependent X-ray dif-
fraction study [71] and theoretical calculations [77],
LGPS may not be intrinsically stable across the entire
relevant temperature range between RT and 300 °C. In
particular, the nominal stability window may be differ-
ent (likely smaller) for different solid solution members
than currently available experimental data suggest [90].
Possible complications include the transformation of LGPS
into orthorhombic thio-LISICON phases with different stoi-
chiometry and the concomitant formation of side phases, as
already observed for LGPS by the formation of Li4P2S6 be-
tween 300 and 400 °C [71]. As the authors of that study point
out, however, it is well conceivable that the formation of de-
composition products commences already near room temper-
ature, which is particularly critical for the long-term operation
of all-solid-state batteries based on LGPS. There is therefore a
clear need for further investigations into the thermal properties
of LGPS-type materials.

Generally, the requirements for safe operation of SEs are
multifaceted. Besides thermal stability and non-flammability
as true for most SEs, chemical and electrochemical inertness
as discussed above, resistance against dendrite formation as
well as the absence of toxic by-products in case of battery
damage are important criteria, just to name a few. For LGPS
the latter seems to be particularly critical, as most sulfides are
extremely air-sensitive and prone to fast hydrolysis when

Fig. 7 (a) Electrochemical window (solid colored bars) of representative
solid electrolytes and common binary decomposition products formed in
contact with Li metal. The oxidation potential for complete delithiation is
indicated by the dashed lines. (b) Schematic showing the change of the Li
chemical potential μLi (black line), the electrochemical potentials of the

ionic (~μLiþ , blue line) and electronic (~μe� , red line) charge carriers at the
electrode – electrolyte interface, modified by the presence of a solid
electrolyte interphase (orange). Adapted from Ref. [79]. The reader
should note that electronic equilibrium and hence component
equilibrium is usually not established throughout the electrolyte
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exposed to humid air, yielding H2S, a highly toxic volatile, as
a decomposition product.

Although long-term and safe operation of LGPS-type SEs
with minimal loss of capacity is hard to envision at present, the
right combination of materials and clever engineering of the
interfaces, along with ultra-thin film battery geometries and
proper packaging, may eventually help to unfold the full poten-
tial of ultrafast SEs such as LGPS for all-solid-state batteries.

3.3 Solid electrolytes beyond LGPS: New materials
developments

As far as all-solid-state cells are concerned, the development
of Bfast^ and at the same time stable Li solid electrolytes that
can be fashioned into compliant thin films and device geom-
etries is a key prerequisite. Therefore, the search for new and
earth-abundant solid electrolytes with improved properties
should be at the heart of research directed at practicable all-
solid-state cells. Along these lines, we mention the recent
discovery of a layered, crystalline superionic Li conductor in
the system Li-Sn-S – Li2Sn2S5, a Li-depleted version of
Li2SnS3 (Fig. 8) – which shows Li conductivities competitive
with those of LGPS (σNMR = 9 × 10−3 S/cm at RT), whilst
being reasonably stable under ambient conditions [5].

Goodenough and co-workers recently presented a new Li
solid electrolyte with a defective cubic antiperovskite struc-
ture, which is easy to make, scalable and amenable to hot
pressing, yielding 100% dense pellets already at 350 °C. The
fluorine-doped version of Li2(OH)Cl with approximate com-
position Li2(OH)0.9F0.1Cl is stable on contact with metallic Li
and shows an extremely wide ESW extending to 9 V vs Li+/
Li. While Li conductivities of 3.5 × 10−5 S/cm were deter-
mined in the dry state, several orders of magnitude higher
conductivities were observed when exposed to humid air, al-
beit at the expense of electrochemical stability [92].

A new family of potentially fast Li solid electrolytes based
on phosphidosilicates in the system Li-Si-P was recently dis-
covered by the groups of Johrendt and Fässler [93, 94].
Li2SiP2 and LiSi2P3 feature interpenetrating 3D networks of
corner-sharing SiP4 supertetrahedra while the Li ions are lo-
cated in the cavities and channels of the supertetrahedral net-
works. In contrast, Li8SiP4 is composed of isolated SiP4 tet-
rahedra surrounded by Li atoms and shows structural analo-
gies to the cubic antifluorite structure type. Li transport in
Li8SiP4 and Li2SiP2 was studied by electrochemical imped-
ance spectroscopy, revealing grain-boundary limited ionic
conductivities between 1.15(7) × 10−6 S/cm at 0 °C and
1.2(2) × 10−4 S/cm at 75 °C for Li8SiP4 and between 6.1(7)
× 10−8 S/cm at 0 °C and 6(1) × 10−6 S/cm at 75 °C for Li2SiP2
[94]. These few examples already give a flavor of the large
range of novel Li solid electrolytes yet to be uncovered, and at
the same time highlight the challenges and bottlenecks asso-
ciated with such endeavors.T
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4 Conclusion

In view of the above given discussion, the realization of all-solid-
state batteries is extremely challenging if high power applications
are concerned. For low power batteries all-solid-state thin film
systems seem appropriate, but face serious problems as well.

Considering the possibility to combine advantages of solid
and liquid state, solid-liquid composites may be a pertinent
way out, the more so since materials such as soggy-sand elec-
trolytes or polyelectrolytes have proven to exhibit not only
favorable mechanical properties, but also very high Li or Na
transport numbers. However, as they still contain liquid elec-
trolytes, they would not fully overcome the safety issues.

As far as all-solid-state cells are concerned, four rather
recently published papers shall be emphasized that offer a
glimmer of hope for their realization:

Kanno’s group reported cyclable batteries based on the new
LGPS-type Li electrolyte with nominal composition
Li9.54Si1.74P1.44S11.7Cl0.3 in a LiCoO2/solid electrolyte/Li cell
configuration using graphite as anode material. They obvious-
ly achieved a sufficient passivation and hence kinetically sta-
ble situation, which was demonstrated by an excellent cycling
performance at a high current density of 18 C at 100 °C [6].

Wachsman’s group reported a solid-state Li battery using
the thermodynamically stable garnet as electrolyte. They did
not observe dendrite growth, which they attributed to a homo-
geneous wetting of metallic lithium in contact with the garnet
electrolyte surface, mediated by an ultrathin, conformal Al2O3

ALD-coating [48]. They also report mechanically well work-
ing contacts that they attribute to the built-in pore structure.
Likewise, Rupp’s group [95] demonstrated that by engineering

the interface between the nanoporous garnet solid electrolyte c-
Li6.25Al0.25La3Zr2O12 and a nanograined Li4Ti5O12 anode sig-
nificantly lowered impedances and improved capacities were
achieved. This work highlights the important role of morphol-
ogy engineering in reducing the interfacial resistance between
electrode and solid electrolytes, which remains one of the most
severe bottlenecks in the development of all-solid-state cells.

Finally, Masquelier’s group published elegant work using
NASICON electrolytes and and sodium vanadium phosphate
(NVP) as both positive and negative electrodes, hence arriving
at an all NASICON-structured cell [96]. Nevertheless, in spite
of the favorable structural preconditions for forming well-
behaved contacts, they had to use elevated operation tempera-
tures to achieve a good performance.

These reports may be considered as pars pro toto for prom-
ises and difficulties in this exciting area.
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