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1 Introduction

Lithium-ion batteries are mature products in portable electronics, and are consid-
ered the most promising storage systems for automotive, and even for geographical
electric grids [1]. It is also accepted that the current research on lithium-ion batteries
will likely generate only an incremental improvement of the performances of these
storage systems, whereas any quantum jump will require a substantial change of the
cell chemistry, e.g. the development of Li-air or Li-sulphur technology [2]. On the
other hand, state-of-the-art Li-ion batteries are based on liquid (or gel) organic
electrolytes, which pose severe problems in terms of safety and cycle life.
Therefore, the replacement of the currently used organic electrolytes with inorganic
solid-state electrolytes (SSEs) is very appealing. First of all, SSEs can solve several
concerns on capacity losses, cycle life, operation temperatures, safety and reliability
better than the liquid ones [3]. In addition, they present other advantages such as
absence of leakage and pollution, and better resistance to shocks and vibrations [4].
Finally, they are generally single ion-conductors (lithium transference number equal
to one), which assure maximum electrochemical efficiency and the lowering of cell
over-potentials [5]. Lithium SSEs can find application in other technological sectors
where all-solid-state batteries and microbatteries are often mandatory, ranging from
microelectronics to sensors in medical and military fields, biomedical devices,
smart cards and other micro-devices (MEMS, NEMS), and also Radio Frequency
Identification (RFID) tags. This clearly justifies the increasing interest towards
SSEs, as shown in Fig. 1, which reports the number of papers in this topic (taken
from ISI Web of Science).
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Lithium solid-state electrolytes can be roughly divided into three main catego-
ries: (i) ceramic (CE), (ii) glasses (GL), (iii) solvent-free polymer electrolytes
(SPEs). Indeed, the most appealing class is CE, which has been the object of recent
good reviews [6–8]. These electrolytes can easily offer a relatively high conduc-
tivity (up to 10−3 Ω−1 cm−1), and have the further advantage of a thermal expansion
coefficient that can be made similar to that of ceramic electrode materials, so
avoiding cracks and losses of contact during thermal cycling. An exceptionally high
conductivity of 12 m Ω−1 cm−1 at room temperature was recently claimed for
ceramic Li10GeP2S12 [9], but this result has not yet been confirmed by independent
research. GL electrolytes gained a great deal of attention during ’80 and ’90, chiefly
because of their isotropic nature, which could allow direction-independent con-
ductivity [10], absence of grain boundaries, ease preparation of thin films and wide
attainable composition ranges [7]. At present, they are still investigated chiefly as
model systems as far as concerns the relationships between local/medium range
structure and transport properties [11], whereas possible technological applications
are limited to anode-protective coatings for Li–O2 batteries and electrolytes for
some specific applications, e.g. in rechargeable batteries for intra-corporeal bio-
medical devices. In this chapter, GL electrolytes will be chiefly considered for their
historical relevance. SPEs electrolytes are not generally reviewed as solid-state
lithium conductors because of the polymeric—and partially amorphous—nature of
the matrix [5]. On the other hand, they are practically solvent-free, and often made
in form of (nano)composites with ceramic (nano)phases (SiO2, TiO2, layered sili-
cates, etc.). Therefore, they will be considered in this chapter.

Fig. 1 Number of papers on
solid-state lithium electrolytes
(from ISI Web of Science,
September 10, 2014)
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2 Ceramic Electrolytes

Crystalline inorganic electrolytes for Li-ion batteries can be divided into four main
families of compounds, depending on their crystal structure: (1) A-site deficient
perovskite-type Li-ion conductors; (2) Garnet-type Li-ion conductors;
(3) NASICON-type Li-ion conductors; (4) LISICON-type Li-ion conductors.

These materials are generally prepared in bulk by solid-state reactions or sol-gel
recipes. Recently, high-energy ball milling has gained interest both for inducing
chemical reactivity and for particle size reduction. Thin films can be conveniently
prepared by means of advanced techniques such as atomic layer deposition,
whereas more conventional methods like r.f. magnetron sputtering are not well
suited for these multiple-cations oxides. In the following, for each of these families
we will present the main structural features, discuss the transport properties and
illustrate the possible Li-ion conduction mechanism in the system.

2.1 A-Site Deficient Perovskite-Type Li-Ion Conductors

Compounds belonging to the solid solution of general formula Li3xLa(2/3)−xϒ(1/3)−2x

TiO3 (with ϒ indicating cationic vacancies on the A site) have been shown to
possess a perovskite-type structure in a wide range of composition, extending
approximately in the range 0.04 < x < 0.17 [12]. Lithium ion conductivity in bulk
materials of the lithium lanthanum titanate family (LLTO) was found to be extre-
mely promising (of the order of 10−3 Ω−1 cm−1 at room temperature), [13] largely
dependent upon composition, and reaching a maximum of 1.1 × 10−3 Ω−1 cm−1 at
room temperature for x = 0.11 [14]. Depending on composition and synthetic
conditions, in addition to the perfectly cubic perovskite structure, tetragonal,
orthorhombic and hexagonal distorted perovskite-type structures were also pro-
posed to account for the structural features of this family. Indeed, the structural
description of LLTO is still controversial, as also within a certain symmetry fre-
quently more than one space group was proposed. Such an ambiguity mainly
derives from the difficulties in identifying the Li positions, as well as the distri-
bution of intrinsic cation vacancies. Figure 2 shows, as an example, the crystal
structures of four polymorphs likely attributed to the LLTO family. As a rough
guide, Li-poor compositions (x < 0.1) are generally reported to crystallize with
orthorhombic symmetry (Fig. 2c), while for Li-rich compositions the tetragonal
symmetry is preferentially reported (Fig. 2b) [15]. Both the systems are charac-
terized by layers with large La-site occupancies, alternating with partially Li/La
occupied layers characterized by a larger concentration of cationic vacancies [16].
The cubic symmetry (Fig. 2a) was obtained for specific compositions through
quenching of the high temperature polymorph [17, 15 and references therein],
whereas the hexagonal polymorph (Fig. 2d) was proposed for the La0.5Li0.5TiO3

composition [18]. For a comprehensive structural survey, the reader is referred to
specific review papers on the LLTO family (e.g. Ref. [4] and references therein).
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One important feature to note regarding the structural description of LLTO is
that, for each polymorph, the crystallographic sites pertaining to La3+ and Li+ are
characterized by a partial site occupancy, in addition to a certain number of vacant
positions, depending on composition. The presence of such a structural disorder on
the La/Li crystallographic sites and, above all, of cationic vacancies, is considered
by most authors at the origin of the high conductivity values of LLTO at room
temperature [17], as the most likely mechanism for Li diffusion in the system is
suggested to be vacancy-mediated. A jump from a Li site into an adjacent vacant
site requires that the Li ions pass through a square-type bottleneck as sketched in
Fig. 3. Activation energy for Li ion migration in the system are correlated to the
bottleneck size, i.e. the migration space available at the saddle point configuration.

TheArrhenius plot of conductivity for variousLLTOcompositions invariably shows
a change in activation energy alongwith temperature [13, 17, 19 and references therein].

Fig. 2 Structural representation of the four main polymorphs of LLTO. a Cubic, space group
Pm3m [13]; b tetragonal, space group P4/mmm [78]; c orthorhombic, space group Cmmm [79];
d hexagonal, space group R-3c [18]. Legend: green—lanthanum, violet—lithium, pale blue—
titanium, red—oxygen, grey—cationic vacancies (Color figure online)
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Two main regions can be identified: a low temperature region (below approxi-
mately 130 °C) following an Arrhenius-type behavior and a high temperature
region where conductivity data are more correctly described by a Vogel-Tammann-
Fulcher (VTF) type behavior. Such a deviation from linearity is attributed to a pro-
gressive tilting and rotation of the TiO6 octahedra that may result in a progressive
change with temperature of the available migration space for Li ion diffusion at the
saddle point configuration. Activation energies for Li diffusion usually reported are
around 0.3 eV, with differences due to composition and preparation methods [17]. The
degree of ordering of the Li/La cations and vacancies strongly influences the transport
properties of the materials, with higher conductivity generally found for the most
disordered systems [20]. Interestingly, such a degree of order can be reversiblymodified
by careful temperature annealing in the 600–1150 °C range, thus partially allowing a
modulation of the transport properties at a specific composition.

LLTO electrolytes present the advantage of being stable in dry and hydrated
atmosphere and over a wide temperature range, while being characterized by a high
electrochemical stability (>8 V) and almost pure ionic conductivity [16]. However,
two main drawbacks affect the use of LLTO electrolytes: grain boundary resistance
and electronic contribution to conductivity [7]. Grain boundary resistance can be
improved through optimization of the sintering conditions, and a certain
improvement of grain boundary contribution was reported in combination with the
introduction of silica. Due to the presence of Ti4+, LLTO is not particularly useful
in combination with highly reducing negative electrodes (typically Li metal anode),
as this would introduce a considerable electronic contribution to conductivity [21].
However, recent reports are showing its promising application as a separator for
Li-air batteries [22].

2.2 Garnet-Type Li-Ion Conductors

Compounds exhibiting the general formula LixLn3M2O12 (Ln = rare earth) belong
to the large family of garnet-type oxides, crystallizing in a cubic structure, within

Fig. 3 Schematic representation of the square-type bottleneck for tetragonal LLTO. Ti and La
ions have been omitted for clarity. Legend: violet—lithium, red—oxygen, grey—Li vacant site
(Color figure online)
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the space group Ia-3d, where the Ln, M and Li cations sit on distinct crystallo-
graphic sites. In particular, the Li environment is tetrahedral. When x is equal to 3,
each crystallographic site is fully occupied and the compounds can be called
stoichiometric garnets; when x is greater than 3, the compounds are known as
Li-stuffed garnets and may exhibit high ionic conductivity [6].

The first studied Li-stuffed garnet-type compounds were Li5La3M2O12 (M = Nb,
Ta) [23]. Such compounds deliver a bulk conductivity of about 10−6Ω−1 cm−1 at room
temperature. Their crystal structure is schematically represented in Fig. 4, together
with an example of the structure of stoichiometric garnet. In Li-stuffed garnets the Li
ions additional with respect to the stoichiometric formula are distributed, with partial
occupancy, over tetrahedral and distorted octahedral sites [24]. It is in particular the
presence of vacant crystallographic sites at these additional Li positions that allows the
migration of Li ions according to a vacancy-mediated hopping.

Various types of cationic isovalent and aliovalent substitutions are possible for
this structure, and this allows also modulating the Li content within the system.
Interestingly, an almost linear relationship between Li content and conductivity was
found for 3 < x < 7 [23, 25], although differences in transport properties may
depend on both synthesis and sintering conditions. Indeed, the thermal history of
the compound can affect the Li ions distribution among the additional Li crystal-
lographic sites available for Li-stuffed garnets. The highest bulk conductivity in the
family of garnet-type Li-ion conductors, of 10−3 Ω−1 cm−1 at room temperature,
was found for the Li6.4La3Zr1.4Ta0.6O12 composition [23].

The garnet-type Li ion conductors generally show high ionic conductivity, wide
electrochemical window and excellent stability, even in combination with metallic
Li as the anode material, thanks to the low tendency of element such as Ta, Nb and
Zr to change their oxidation state. This also ensures negligible electronic contri-
butions to the conductivity.

Fig. 4 Structural representation of the garnet-type structure (cubic, space group Ia-3d)
a stoichiometric garnet Li3La3Ta2O12; b Li-stuffed garnet Li5La3Ta2O12, showing the possible
additional positions for Li ions and the partial site occupancy for Li ions on their respective sites
[24]. Legend: green—lanthanum, violet—lithium, blue—tantalum, red—oxygen, grey—cationic
vacancies (Color figure online)
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2.3 NASICON-Type Li-Ion Conductors

Compounds of general formula LiA2(PO4)3 (A = Ti, Zr, Ge, Hf) belong to the
family of NASICON-type Li ion conductors. Most of the NASICON (Na
SuperIonic CONductors) materials crystallize in a rhombohedral three-dimensional
(3D) network structure (space group R-3c) characterized by large tunnels perpen-
dicular to the c axis (Fig. 5a). Deviations form this symmetry were reported for
lithium-excess compounds, e.g. Li3Ti2(PO4)3, in which two types of crystallo-
graphic sites are available for Li [26]. These two sites are partially occupied and
such vacant sites represent a favourable condition to promote Li diffusion in the
system (Fig. 5b). The degree of order/disorder of Li ions between the A1 and A2
sites, as well as their occupation, is dependent upon synthetic conditions and
composition. Grain boundary resistance is high in polycrystalline samples but, in
general, a good densification process will reduce porosity and improve Li ion
conductivity [27].

Among the LiA2(PO4)3 system, the compounds with Ti present high Li ion
conductivity [7 and reference therein]. Partial substitution of Ti4+ by Al3+ results in
an improved conductivity for the series Li1+xAlxTi2−x(PO4)3, with the composition
Li1.3Al0.3Ti1.7(PO4)3 showing the best performances (about 3 × 10−3 Ω−1 cm−1).

Fig. 5 Structural representation of the NASICON-type structure of a LiTi2(PO4)3 (space group R-
3c) showing the Li ions channels along the a axis; b Li3Ti2(PO4)3 (space group R-3) showing the
Li sites partially occupied [26]. Legend: yellow—phosporus, violet—lithium, blue—titanium, red
—oxygen (Color figure online)
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Just like the LLTO family of Li ion conductors, LiTi2(PO4)3-based electrolytes
are unstable towards Li metal anodes due to the facile reducibility of Ti4+ [21], but
their excellent stability in water and air has prompted their application in
all-solid-state lithium batteries as well as in lithium/air secondary batteries [28].

2.4 LISICON-Type Li-Ion Conductors

Li14ZnGe4O16 is the main representative of the family of oxides known as
LISICON (Lithium SuperIonic CONductors). The crystal structure of this family of
compounds is a 3D skeleton where lithium ions can occupy four different crys-
tallographic sites, two of them being interstitial sites where the Li ions are highly
mobile. The conductivity of LISICON-type materials is generally poor, of the order
of 10−7 Ω−1 cm−1 at room temperature, although it rapidly increases to
0.125 Ω−1 cm−1 at 300 °C [29]. Use of Li14ZnGe4O16 is therefore impracticable
because of its low conductivity at room temperature as well as its high reactivity
towards Li metal.

The search for conductivity improvements in LISICON-type materials brought to
the investigation of the thio-LISICON family of Li-ion conductors, in which the
oxide ions are replaced by sulphur. The thio-LISICON family is represented by the
general formula Li4−xA1−yByS4 with A = Si, Ge and B = P, Al, Zn, Ga. The parent
compound of this family is Li4GeS4 and its structure is based on isolated GeS4
tetrahedra. In this structure (Fig. 6a) Li+ ions are located in both octahedral and
tetrahedral sites; LiS6 octahedra are connected each other to form chains along the b-
axis [30–32]. The conductivity of thio-LISICON materials exceeds 10−4 Ω−1 cm−1

at room temperature and is largely dependent upon composition. The highest con-
ductivity of 2.2 × 10−3 Ω−1 cm−1 was reported for the system Li3.25Ge0.25P0.75S4,
suggesting that lithium ion distribution and the presence of vacant sites on the Li
sublattice compared to the parent Li4GeS4 compound positively affect the Li ion

Fig. 6 a Crystal structure of Li4GeS4 [30–32]; b crystal structure of Li10GeP2S12 [9] showing the
channels running parallel to the c axis and occupied by the mobile Li ions on partially filled
crystallographic sites. Legend: yellow—phosphorus, cyano—germanium, violet—lithium, blue—
sulphur (Color figure online)
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conduction in the structure. A similar effect was reported for the Li4−xSi1−xBxS4
system (B = Al, P), for which both the introduction of Li vacancies (Al doping) and
Li interstitials (P doping) resulted in improved conductivities compared to Li4SiS4,
with better performances for the Si-P solid solution.

As already stated, even higher values were claimed for the compound
Li10GeP2S12, presenting a conductivity of 1.2 × 10−2 Ω−1 cm−1 at room temperature
[9]. Li10GeP2S12, although closely related to the thio-LISICON family of con-
ductor, present a completely different crystal structure (Fig. 6b) where Li ions with
partial occupancy are present in channels running along the c crystallographic axis.

3 Glassy Electrolytes

3.1 Historical Framework

Warburg was the first one to report on ionic conduction in glasses at the beginning
of the 20th century [33]. Glasses were also the first solid electrolytes to be used in
thermochemical probes, and many cation-sensitive glass electrodes have been
reported over the years. However, a characteristic of these glasses was their rela-
tively high electrical resistivity at room temperature. The progresses in identifying
glasses with higher ion conductivity were very slow until the ‘70s, probably
because of the lack of studies about the local glass structure and the inability to
separate carrier and mobility contributions to the conductivity.

The first examples of Fast Ion Conducting (FIC) glasses—at that time called
“superionic”—were reported by Kunze in 1973 [34], and by Chiodelli et al. in 1974
[35]. Both these works were concerned with the transport of Ag+ ions in
AgI-Ag2MO4 (M = Se, Cr, W, Mo) glassy systems.

3.2 FIC Glasses Structure, Composition and Fabrication

Glasses are amorphous solids that present the glass transition, Tg, a
quasi-thermodynamic phenomenon resembling a 2nd order phase transition. FIC
glasses may be binary, ternary or even quaternary systems, including:

• one or two glass formers AxBy (A = Si, P, Ge, B; A = O, S);
• one glass modifier MxAy (M = Li, Na, K, Mg, Ag; A = O, S);
• one or more dopants MxDy (M = Li, Na, K, Mg, Ag; D = I, Cl, Br).

Here, Si, P, Ge and B are the classical glass formers individuated by Zachariasen
chiefly on the basis of their ability to form coordination tetrahedra [36]. However,
other metals usually forming different polyhedra (e.g. octahedra) can act as glass
formers at least in certain composition ranges, e.g. MoO2 in AgI–Ag2MoO4 [37].
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Glasses were traditionally prepared by melt-quenching oxides, carbonates and/or
nitrates at high temperature (even well above 1000 °C), and by pouring the melt on
cold surfaces, or in liquid nitrogen. Glass-forming regions are normally reported in
2D and 3D ceramic phase diagrams. Glass-forming regions could be expanded by
fast-quenching (up to 106 K/s) obtained by means of roller-quenchers [38]. During
‘90s sol-gel recipes were increasingly used to prepare silicate and later borate
glasses [39]. Sol-gel techniques, in fact, allowed a further increase of the
glass-forming regions and reduced the loss of light elements (e.g. Li, Na), thanks to
the milder thermal conditions with respect to standard melt quenching.

During the last years, high-energy mechanical milling became a commonly used
method to form amorphous materials and glasses [40]. This technique has two
major advantages with respect to the other methods: the process is very simple and
the synthesis can be performed at or near room temperature. Another advantage is
that high-energy milling can induce chemical reactions and, therefore, make new
compositions available.

3.3 Models of Ion Transport

Chandra et al. [11] recently published a thorough review on ion transport in FIC
glasses. In most cases, ionic conduction is due to the motion of a single ionic
species, either anion or cation. We may express the conductivity, σ, as the product
of carrier charge concentration, n, and mobility, μ

r ¼ Ze n l ð1Þ

where Ze is the charge on the conducting ion. The problem of modeling the ionic
conductivity in glasses is that of understanding, and possibly separating, what
determines n and μ. In the discussion of ionic conduction processes in glass, the
models recurring up to the ‘90s were:

(i) the strong electrolyte or Anderson-Stuart (A-S);
(ii) the weak electrolyte (WE);
(iii) the defect hypotheses.

(i) The A-S model suggests that a substantial fraction of the ions is conducting.
The activation energy, ΔEA, is made of two terms

DEA ¼ DEB þ DES ð2Þ

where ΔEB is the electrostatic binding energy and ΔES is the so-called “strain
energy”, which accounts for the mechanical forces acting upon the ion as it
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expands the structure in order to move between sites [41]. Within some
approximations, the A-S model gives

DEB ¼ bZZ0e2=g r þ r0ð Þ ð3Þ

DES ¼ 4pGr0ðr � rDÞ2 ð4Þ

where b and g are adjustable parameters, with the latter being set equal to the
dielectric permittivity. Z and r and Z0 and r0 are the charges and radii of cation
and oxygen anion, respectively, rD is the radius of the network constriction
between the sites occupied by the cations, and G is the shear modulus of the
glass.
The A-S model has been mainly applied to the borate glasses [42]. Here, ΔEB

decreases substantially with increasing alkali oxide, and this is probably due
the cation jump distance, which decreases by decreasing the cation site sep-
aration, and thereby causing a greater overlapping of the coulomb orbitals.

(ii) WE theory was proposed by Ravaine and Souquet [43, 44]. They noted some
similarities between the electrochemistry of glasses and aqueous systems, and
hypothesized that when a modifier oxide or another dopant salt is added to a
glassy matrix, alkali dissociation is the dominant energetic barrier experienced
by the cation during the conduction process. Once a cation has been disso-
ciated from its charge-compensating ion, it is free to migrate until it recom-
bines. The dissociation takes place following simple chemical equilibria, e.g.

Li2O $ Liþ þ OLi� ð6Þ

where OLi− is called the “dissociated anion site” and Li+ is the “free” cation.
In other words, whereas the A-S model supposes that the majority of cations
do contribute to the conductivity, which is essentially determined by the
mobility term, μ, the WE theory claims that only a small fraction of the ions
are contributing, at a given time, to the conduction process. It should be
pointed out that A-S is a “microscopic” approach, whereas WE is a
“thermodynamic” one. In order to reconcile these two views, Martin and
Angell [45] suggested these two models could be thought as the extremes of a
more general approach, where both mobility and concentration cause
conductivity variations. The two extreme models are applicable when one
of the two barrier terms, migration (ΔES) or binding (ΔEB), is the dominant one
for a given glass: if ΔEB > ΔES the glass behaves like a weak electrolyte
whereas, in contrast, the glass is a strong one. Since a strain energy barrier is
always present because of the volume requirements of the migrating cations,
the authors postulate the existence of metastable sites of “intermediate” energy
to account for both dissociated and non-dissociated states.
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(iii) Ionic transport in crystals usually involves migration of defects (vacancies,
interstitial ions, interstitial pairs). Haven and Verkerk [46] argued that when
the ionic motion involves defect mechanisms the experimental diffusion
coefficient, D, is different (because of correlation effects) from the calculated
one, D*, which obeys the Nernst-Einstein equation

D� ¼ rkT=ne2 ð7Þ

Here, n is again the carrier concentration, and the other symbols have the usual
meaning. The so-called “Haven ratio”, D/D*, gives information about the
nature of the mechanisms involved in the conduction. In crystals the formation
of defects can be treated in term of a quasi-chemical equilibrium, where
concentrations and mobility of the defects may be controlled with doping.
Whereas for a long time we believed that such a procedure could not be
applied to glasses, since the ions cannot be considered as “foreign” to the
matrix [47], Moynihan and Lesikar [48] applied the concept of doping to the
Mixed Alkali Effect (the combination of two cations in a common glassy
matrix, MAE), to explain the rapid falls in conductivity.

More recently, other microscopic and thermodynamic models were proposed to
account for conductivity in FIC glasses. The most important of them are:

(a) Random-site model
Assuming that all the available ions as potentially mobile, Nassau et al. [49]
proposed there should exist a wide distribution of alkali ion sites in glasses
having differing local free energies. The activation energies of conductivity in
these glasses will vary resembling the distribution of the local free energies.
Glass and Nassau observed that the activation energy behaved as a linear
function of Li content for many Li-based FICs, including Li2O:Al2O3, LiO2:
B2O3, Li2O:Ga2O3 etc.

(b) Decoupling index model
Angell [50] proposed the so called “decoupling index model” by introducing
an index Rτ defined as the ratio of two relaxation times:

Rs ¼ ss=sr ð8Þ

where τs and τσ are the mechanical (=structure) and the electrical (=transport)
relaxation times, respectively. Glasses with high Rτ values (e.g. the inorganic
ones based on Zachariasen’s glass formers) are termed “strong”, whereas if Rτ is
low they are called “fragile” (e.g. polymers and organic liquids like glycerol).
For Ag+ ion conducting iodomolybdate glasses, Rτ * 1014 [51], whereas for
poorly conducting glasses, Rτ * 104. Because there is such a large variation in
Rτ, viscosity is indicative of analogous variations in ionic mobility and
conductivity. In the lower temperature region (below the Tg), Rτ is generally
higher than 1012, which is indicative of the fact that the ion transport is decoupled
from structural dynamics. Rτ changes very rapidly across the glass transition.
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(c) Cluster by-pass model
Ingram et al. [52] suggested that in FIC glassy electrolytes ordered clusters
(macro domains) with diameter in the range 2.5–5.0 nm will exist, within
which preferred conducting pathways (a sort of connecting tissue) are
imbedded. Fast ion conduction may be described as the migration of mobile
ions through these preferred conducting pathways, which surround insulating
(or less conducting) clusters. When the glass is quenched below Tg, the
residual liquid, initially surrounding the clusters, gets solidified as a highly
disordered phase forming conducting pathways. The presence of a few foreign
cations on the surface of the clusters during cooling may cause blocks to
preferred pathways. These blocks divert the current through the clusters.
Cluster bypass model successfully provided simple explanations of transport
in many FIC glasses, including those exhibiting mixed-alkali effect, high value
of decoupling index, Rτ, as well as the curvature observed in Arrhenius plots
of some AgI-rich glasses, which was explained as a result of continuous
exchange of mobile ions between cluster and tissue region [53].

(d) Dynamic structure model (DSM)
The approach proposed by Bunde et al. [54, 55] is based on number of key
features, the most important of them being: (i) at temperatures far below the
glass transition temperature, the glassy structure is completely frozen; (ii) the
mobile cations themselves are active enough to create/determine their own
glass structures; (iii) ion transport in glasses takes place stepwise following a
jump/hop mechanism. Within this model the Authors were able to explain
some important findings about FICs, and namely:

• the anomalous dependence of ionic conductivity on the content of glass
modifier. Up to 6 orders-of-magnitude increase were observed in the ionic
conductivity of xNa2O:(1 − x)B2O3 glass when x increased from 0.15 to
0.5;

• the strong decrease of the ionic conductivity as a consequence of MAE.
For example, decreases of conductivity up to 104 times were observed in
[xK2O:(1 − x)Li2O]:2SiO2 for x ≅ 0.5 with respect to the pure binary
systems;

• other minor consequences of MAE, such as variation in diffusion coeffi-
cient of mobile cations, maxima of Haven’s ratio, occurrence of internal
friction peaks in the mechanical loss spectrum.

(e) MIsmatch Generated Relaxation for the Accommodation and Transport of
IONs (MIGRATION) model
Recently, Funke and co-workers [56] explored the concept of ion hopping
dynamics in disordered materials. Following their approach, structural and
dynamic disorders are the key factors to understand ion conduction in FIC
glasses. Here, ionic transport can no longer be described in terms of individual
defects performing random walks in a static energy landscape, but rather in
terms of a more challenging many-particle problem, with the mobile ions
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interacting with each other and with their surrounding matrix. Each mobile ion
is surrounded by its mobile neighbors, which create a cage-like potential for it.
By ion initial hop, a mismatch is created and the actual position of the ion
would be different from the position where it is expected for by the neighbors.
According to the MIGRATION concept, the system operates in order to
reduce the mismatch through two competing relaxations ways: single-particle
and many-particles. In the single-particle route the ions hop backwards,
whereas in the other route the neighbours rearrange themselves. The
mismatch-generated relaxation process occurring along the many-particle
route finally leads to an accommodation of the ion at the new site.

(f) Graded percolation (GP) model
This model was recently proposed by Mustarelli et al. [57] in order to describe
the transport properties of AgI-based glasses. It is based on previous Reverse
Monte Carlo (RMC) structural models of borate and molybdate glasses [58],
coupled with bond valence calculations, which showed that the conductivity is
related to the formation of “infinite pathways clusters” for transport, where the
silver ions do experience a mixed iodine/oxygen (I/O) coordination. In GP
model, the main factor affecting ionic conductivity is the mobility of the Ag+

carriers, which is controlled by the Ag local environment. Ionic conductivity is
explained in terms of a percolation between a low-conducting phase (purely
oxygen-coordinated sites), and a high-conducting one (I/O coordinated sites).
The percolation takes place along pathways (nano-channels) with fractal
structure. The nature of the glass network (connectivity and dimensionality)
plays a significant role only for low I/O values. This allowed explaining the
transport and thermal anomalies observed in AgI-based borate and phosphate
glasses.

3.4 Li-Based FIC Glasses

Lithium-ion conducting glasses can be divided into two big categories: oxides and
sulphides. Lithium oxide glasses are more common and easy to prepare, however
their conductivity generally does not exceed 10−8–10−6 Ω−1 cm−1, which is not
enough for applications in high power density devices such as lithium batteries.
Sulphide glasses can offer much higher conductivity levels (10−5–10−3 Ω−1 cm−1)
due to the higher polarizability of sulphur ions, however they are very sensitive to
moisture and do require inert ambient for preparation and handling. In particular,
reaction with moisture can generate H2S [21]. This problem can be partially solved,
at the expenses of the conductivity level, by substituting a fraction of sulphur atoms
with oxygens. From the point of view of the composition, for a better addressing of
the glass forming regions, it is convenient to separately discuss binary and ternary
glasses.
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3.4.1 Li Binary Glasses

These are glasses of the systems xLi2O:(1 − x)MyOz and xLi2S:(1 − x)MySz
(M = Si, B, P, Ge, etc.). The conductivity normally increases by increasing the
molar fraction, x, of the glass modifier Li2O (Li2S). Figures 7 and 8 report the
behavior of the conductivity near the room temperature for some model lithium
oxide and sulphide glassy systems, respectively.

From the data here reported it is clear that sulphide glasses display ion con-
ductivity higher than oxide ones. It is also clear that the conductivity values
strongly depend on the structure of the matrix, which is almost fully interconnected
in the case of Si-based glasses, gets to be more open on B-ones and is chain-like in
0.5Li2M:0.5P2M5. A good discussion of the structure-properties relationships is
reported in Ref. [10].

3.4.2 Li Ternary Glasses

Ternary systems may be obtained by adding a dopant (e.g.: LiI) to the binary glass.
High conductivity levels in the range 10−3–10−2 Ω−1 cm−1 at 300 °C were early
reported for LiCl:Li2O:B2O2 [59]. Sulphide glasses are among the best Li+ con-
ductors at room temperature. Figure 9 reports the room temperature conductivity for
several compositions as a function of LiI content. It seems that conductivity tends to
a limiting value of approximately 10−3 Ω−1 cm−1 as also reported for silver glasses
doped with AgI [57].

Another way to improve the conductivity of glasses is to exploit the so-called
“mixed anion” or “mixed former” effect, where two glass formers are mixed to give

Fig. 7 Conductivity
behaviour of glasses of the
systems xLi2O:(1 − x)MyOz.
Triangles Li2O:SiO2; rhombs
Li2O:B2O3; squares Li2O:
P2O5. Graph redrawn from
Ref. [10] (Color figure online)
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a ternary system, or even a quaternary one if a dopant is also used. Examining the
alkali borophosphate families over a wide range of B/P ratios it was observed [60]
that the ionic conductivity of these glasses is a complex function of composition
and that, for the same alkali content, when P2O5 was substituted for B2O3 the
conductivity passes through a maximum. The same results were later reported for
sulphide glasses [61].

Among the most recent results, a conductivity value of 1.6 × 10−3 Ω−1 cm−1 at
25 °C was reported for the glass 50Li2S:17P2S5:33LiBH4 [62]. Seino et al. [63]
recently reported a value of 1.7 × 10−2 Ω−1 cm−1 for the glass-ceramic composition

Fig. 8 Conductivity
behaviour of glasses of the
systems xLi2S:(1 − x)MySz.
Triangles Li2S:SiS2; circles
Li2S:GeS2; squares Li2S:
P2S5. Graph redrawn from
Ref. [10] (Color figure online)

Fig. 9 Conductivity
behaviour of glasses
belonging to ternary systems
xLiI:(1 − x)[Li2S-MySz]
(M = Si, P, Ge). Triangles
SiS2; circles GeS2; squares
P2S5. Graph redrawn from
Ref. [10] (Color figure online)
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70Li2S:30P2S5. However, the high values obtained on glass-ceramic systems are
often due to grain boundary contributions and/or impurities (chiefly in the case of
sulphides), and need a very careful experimental check.

4 Solid Polymer Electrolytes

With respect to ceramic and glassy materials, the polymer electrolytes show
important benefits including flexibility, free-standing performances and an easier
processability. In addition, the use of “dry” polymeric systems may limit some
important drawbacks, related to the solvent leakage, the high Li reactivity and the
consequent dendrites formation [4, 64]. They behave both as the separator and the
electrolyte, also leading to more stable solid-state interfaces. In terms of battery
safety, the presence of a polymer in the cell may guarantee higher thermal stability
and thermal excursion up to 200 °C. Due to these promising aspects, SPEs are
considered as a possible alternative to the liquid ones in Li- or Na-based batteries.

The concept of SPE dates back to 70s, when Armand firstly proposed a new ion
conductor based on a lithium salt properly complexed by a polar and aprotic
polymer matrix without the use of any liquid component (additives or liquid
electrolytes) [65]. At the beginnings, the research on SPEs was exclusively focused
on poly(ethyleneoxide) (PEO) as the complexing polymer [66]. Ever since, a lot of
polymer/salt systems were deeply investigated, such as those based on PMMA,
PAN, PVDF [66–69]. In principle, SPEs must satisfy some basic requirements:
(i) ionic conductivity higher than 10−4 S/cm at room temperature, (ii) good thermal,
chemical and mechanical stability, (iii) lithium transport number close to the unity,
and (iv) compatibility with the electrodes and consequently wide electrochemical
windows [67].

In spite of the wide spectrum of SPEs available in the literature, the preferred
combinations are still those based on polyethylene oxide (PEO). PEO is a
semi-crystalline polymer whose glass transition temperature Tg and melting point
Tm are near −60 and 70 °C, respectively. It allows a better Li solvation due to its
structural similarity to the crown-ethers and to the presence of ether oxygen in the
structure, which confers some polarity (εr = 8) [4, 66–69]. Li transport takes place
in the amorphous polymer domains above the glass transition temperature, Tg, via
an oxygen-assisted ion hopping promoted by the long-range segmental motion
along the polymer backbone (see Fig. 10).

The ionic conductivity of the PEO electrolytes, therefore, strictly depends on
both crystallinity degree and Tg of the amorphous phase [70]. In particular, it is very
low at room temperature (<10−6 Ω−1 cm−1) where the crystalline fraction of the
polymer is predominant, but it abruptly increases around the melting temperature
reaching 1 Ω−1 cm−1 above 80–90 °C, where the entire polymer is in a viscous
liquid state. The research on SPEs ever pointed towards the enlargement of the
amorphous fraction by means of several approaches. One of the most followed
strategies was the choice of suitable Li salts and the identification of proper salt
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concentrations. Several PEOn-LiX were explored in the past, by changing both the
molar ratio n, expressed as molEO/molLi, and the anion X (where X = halide, ClO4,
CF3SO3, PF6, TFSI, BF4 etc.). Generally speaking, the presence of the salt increases
the polymer amorphous fraction, that can reach 100 % for well-defined molar ratios,
n, generally in the range 8–20, depending on the employed salt [4, 5]. In case of
fully amorphous PEO-LiX, ionic conductivity exceeding 10−5 Ω−1 cm−1 is gen-
erally observed, even at room temperature (see Fig. 11).

Fig. 10 Crystal structure of PEO6:(LiAsF6)1−x(LiTFSI)x. Blue spheres Li ions; Pink structures
a AsF6

− anion; mixed colors structure b TFSI− anion. Taken from Ref. [68] with the permission of
the publisher (Color figure online)

Fig. 11 Conductivity versus
temperature for some PEO:
LiX complexes at different
molar ratio, n. gl: Li2O:3B2O3

glass. Unpublished data from
the Authors (Color figure
online)
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However, the absence of crystalline domains causes a drastic worsening of the
mechanical performances (dimensional stability, filmability, free-standing proper-
ties). In addition, the amorphous phase is metastable and undergoes to crystalli-
zation within days or weeks, so causing drastic drops of conductivity. At higher salt
content (n < 6), thermal and spectroscopic techniques evidence the presence of
crystalline aggregates, which are responsible for the reduction of the conductivity
values, because of the formation of ion pairs. In 2005, Bruce showed that some
crystalline complexes (e.g. PEO-LiAsF6) with n = 6 are arranged in unique
cylindrical structures, where the lithium ions are not coordinated by the anions.
Such complexes are not good ion conductors, but their conductivity remarkably
improves when the AsF6

− anions are partially replaced by the isovalent TSFI− ones
[71].

SPEs are bi-ionic systems. This means that both anions and cations are mobile;
unfortunately the bulk conductivity is primarily due to the anion mobility. In fact,
lithium transference numbers, tLi

+ , as low as 0.05–0.3 are generally obtained in case
of PEO-based electrolytes [61]. The higher mobility causes an accumulation of the
anions around the electrodes, because they exchanges with Li+ only. The resulting
gradients in the salt concentration are responsible for the electrode polarization and
do lead to worsening of performances. Some attempts to overcome this drawback
were carried out during these last decades, as for instance the use of large and heavy
anions (e.g. TFSI−) or of anion receptors, like boron, linear and cyclic azo-ether
compounds, or calix-arene derivatives [72], which behave similarly to the
crown-ethers in case of cations. However, these strategies failed for different rea-
sons: in some cases no substantial enhancement of tLi

+ was observed, in other ones
the complexation of the anion caused a conductivity decrease. The more realistic
strategy to forbid counter-ion diffusion is the anion anchoring to the polymer chains
via chemical bonding to form single-ion conductors. The systems including charged
groups along the backbone are known as polyelectrolytes [64, 73]. In the particular
of case of batteries, this approach results in free cations with higher long-range
mobility and consequently tLi

+ values very close to unit. Several classes of polymers
were investigated as matrices for single-ion conduction, ranging from organic
and/or inorganic polyanions, to polymeric ionic liquids and charged di- or tri-block
copolymers [73].

The technological use of PEO-salt complexes may be possible if a proper
compromise among the following factors is reached: (i) suitable ionic conductivi-
ties, (ii) good mechanical properties, and (iii) higher transference number. Many
efforts were made to this aim. One explored way was the blending and/or
cross-linking of PEO with other compatible polymers, as poly(acrylic acid)
(PAA) and poly(methylmethacrilate) (PMMA), which improve the mechanical
performances and increase the conductivity as well as the lithium transport number,
by blocking the anion. In particular, polystyrene has been widely used to give a
better dimensional stability to the polyether systems. In this case, the physical and
chemical properties of the mixed system may be modulated by changing parameters
as the ratio between the two polymers [4, 73]. Gomez et al. [74] for instance, found
that the ionic conductivity of poly(styrene-block-ethylene oxide) copolymers
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increases with the molecular weight, due to local stresses in the block copolymer
microdomains, which interfer with the capability of PEO to coordinate Li+ cations.

The addition of ceramic particles to PEO-based electrolytes to form nano- or
micro-composite systems is maybe the most interesting way to prevent the electrode
degradation phenomena, to improve the chemical, thermal and mechanical stability
and finally to reduce the tendency to crystallization. Many micro- and nano inor-
ganic oxides were added to the polymer during the film casting, in particular
insulating SiO2, Al2O3 and TiO2, but also superacid conducting zeolites, or
lithium-based glasses, or more recently also LiNbO3 or BaTiO3 [75]. Besides the
benefits discussed above, the fillers also improve the ionic transport and the SEI
stability. The entity of these effects depends on the morphological features of the
filler, namely particle dimension, which should be lower than 1 µm, and micro-
structure. An important advance in this field is the use of mesoporous fillers, like
SBA-15 or MCM-41. It was found that the dispersion of such nanoporous fillers in
PEO-LiClO4 electrolytes leads to a conductivity enhancement three times higher
than that obtained in case of microsized silica. This improvement has been inter-
preted in terms of a suppression of the PEO crystalline fraction, as proved by means
of DSC measurements on the corresponding SiO2-based composite electrolytes.
The typical high surface area of the mesoporous materials favours the formation of
a larger polymer/filler interphase, which has positive effect even on both electro-
chemical stability windows and transport numbers [75].

Some years ago, LIBOB was proposed as a new salt for PEO-based SPEs and
nanocomposites with alumina and nanosized silica. This salt has a bulky anion with
plasticizing properties, able to hinder the polymer crystallization. Ionic conductivity
of about 10−5 Ω−1 cm−1 were observed at 30 °C. The most interesting result was a
transference number very close to 0.9 in case of a SPE based on PEO-PMMA block
copolymers with high LIBOB loading (n = 3). These membranes also showed a
wide electrochemical window exceeding 4.0 V and good interfacial stability with
the lithium anode. A further advance in this field is the dissolution in PEO matrices
of lithium borate salts, namely Li–[CH3(OCH2CH2)nO]3BC3H9 containing a
number of oxyethylene substituents, n, in the range 1–7. The salt with n = 3 shows
an interesting conductivity of 2 × 10−5 S/cm at room temperature [5, 75].

Other polymers were also studied as alternative matrices for SPEs, all of them
including ethylene oxide as basic unit, like for instance polyethylenoxide-
methylethermethacrylate (PEOMA) and polyethylenglycol-alkylacrylate. However,
no important improvements have been reported, and conductivity similar to that
one observed in case of PEO-LiX complexes was typically observed [4, 73].

More recently, as a consequence of the use of ionic liquids (ILs) in lithium
batteries, a new class of solid polymer electrolytes was proposed by Ohno and co.
[76]. Basically, these SPEs, better known as polymeric ionic liquids (PILs), are
prepared through the radical polymerization of ILs by properly combining different
cations, anions and polymer backbones [77]. PILs show the potential advantage to
combine the benefits of ionic liquids (high ionic conductivity, high thermal
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stability, non-flammability and low volatility) with those ones of polymers, namely
mechanical stability, free-standing properties, safety, easier processing, packaging,
etc. However, as in the case of other polyelectrolytes, the ionic conductivity is often
too low for practical applications. In fact, whereas typical conductivity values
obtained with the ionic liquids are around 10−3 Ω−1 cm−1 at room temperature, after
the polymerization process the conductivity dramatically falls, sometimes even of
2–4 orders-of-magnitude. Ohno found values 104 times lower for the system based
on ethylvinylimidazolium-TFSI after the polymerization [76]. This phenomenon
was rationalized in terms of a remarkable increase of Tg and of a reduction of the
free mobile ions, because of the covalent bonding of the monomer components.

Finally, the most recent promising classes in the field of SPEs are the zwitter-
ions, identified as “Li ion dissociation enhancers”, namely ionic liquids where both
the anion and cation are immobilized on the same structure. If dispersed into proper
PEO-like polymers, the zwitterionic compounds may increase the ionic conduc-
tivity of the polymer electrolytes [80]. In case of addition of 1-butylimidazolium-3-
(n-butanesulphonate) dissociator to Lithium methylacrylate copolymers, for
instance, the ionic conductivity achieves a maximum close to 0.6 m Ω−1 cm−1 at
30 °C, in presence of a Li+ mole fraction in the copolymer of about 0.050.

5 Conclusions

At present, the research on solid-state Li+ conductors is chiefly focused on ceramic
materials, which seem to offer the most room for improvements. Here, in addition to
the investigation of structure/transport relationships, many issues must be consid-
ered: meso- and microstructure (particle dimensions, grain boundaries, thin films,
etc.), chemical, electrochemical and mechanical stability. Glasses seem to have
reached their maximum potential, having been explored as far as concerns com-
position, transport mechanisms, local and even medium range structure. Polymers
(and composite) electrolytes may reserve some good news, chiefly in terms of
chemical stability towards the electrodes, and electrochemical compliance with the
recently proposed 5 V cathodes.

Magistris [10] concluded his review with these words: “Composite materials,
dispersed phases or dynamically heterogeneous (solid–liquid) systems are little
known and have enormous potential of optimization. They usually contain at least
an amorphous, or highly disordered component, and their conductivity behaviour is
strongly influenced by interfacial phenomena. If our skills in controlling the fine
scale morphology of the “electrolyte system” will grow enough, we may dream of
imitating a natural membrane, with its switchable and highly efficient ionic chan-
nels.” About twenty years later this fine control has yet to be fully realized, and a
great deal of attention must be devoted to bottom-up preparation techniques, such
as atomic layer deposition, pulsed laser deposition, molecular self-assembling, etc.
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