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1. Introduction

Over the 50 years that passed since the appearance of idea of 
lithium ion batteries (LIBs), these batteries firmly embedded in 
our lives, being among the most successful inventions of 
humankind. Currently, LIBs provide energy supply for all 

portable devices, computing equipment and wireless tools and 
are being actively implemented in transport vehicles.1 – 3 This is 
due to the remarkable performance characteristics of these 
batteries, which currently demonstrate the highest energy 
capacity per both unit volume and unit weight.4 – 7 Another 
important factor is the relatively low cost of LIBs.8 However, 
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Currently, all-solid-state lithium metal batteries are considered among the most 
promising energy storage devices, due to their safety and high energy density. 
Solid-state electrolytes, the key components of the batteries, are attracting 
increasing attention. This review presents an analysis of important recent advances 
in the field of lithium conducting solid-state electrolytes, including the mechanisms 
of conductivity, the main approaches to increase the conductivity, optimization of 
interfaces and ways to improve the stability for the main types of electrolytes, i.e., 
inorganic, polymer and composite materials. For solid inorganic electrolytes, high 
conductivity and stability have been achieved; however, the problems related the 
formation of dense thin films and formation of a reliable contact with electrode 
materials are still unsolved. Polymer electrolytes are characterized by lower 
conductivity, which is improved upon plasticization with aprotic solvents. 
Composite electrolytes, for which it is possible to achieve a combination of high 
conductivity and good mechanical properties along with stability, are considered 
as the most promising. The main problems in the field of solid electrolytes for all-
solid-state lithium metal batteries and possible ways to solve them are outlined.
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such a great success could hardly be expected without confidence 
in the safety of the battery; therefore, initially it was a major 
challenge to ensure safety. A key problem was the possibility of 
self-ignition of lithium cobaltite, which was used as a cathode 
material; this problem was solved by adjusting the operation 
conditions and restricting the LIB charge. The second serious 
problem is spontaneous growth of dendrites through the liquid 
electrolyte when lithium metal is used as the battery anode.9, 10 
This finally resulted in short circuits, uncontrolled heating of the 
battery and evaporation and ignition of the electrolyte. A new 
LIB technology no longer using lithium metal and thus 
preventing the dendrite formation was presented only in 1991.11 
This provided a wide use of LIBs in portable devices and later in 
a number of other applications.

Among other problems that hinder the development of LIBs, 
the limited lithium reserves and low abundance of lithium are 
worthy of note. The most probable way out is to use sodium ion 
batteries, at least for solving problems of energy storage in 
large-scale power systems and for power backup in electric 
utilities for night hours where power consumption sharply 
decreases.12, 13 Hydrogen cycle can also compete with metal ion 
batteries, especially for balancing the seasonal variations in 
energy demand, because in this case, the expediency of using 
batteries is restricted by their self-discharge.14 – 16 However, 
there is one more vitally important problem caused by the 
pursuit for improvement and high rivalry in the manufacture of 
LIBs: the capacity limit of a modern battery, equal to 
approximately 300 W-h kg−1, has been nearly reached.17 This 
barrier can be overcome by using conceptually new high-
capacity silicon-based anode materials, which, unfortunately, 
have moderate stability.18, 19

The concept of turning back to lithium metal anodes, which 
have the highest capacity, appears much more realistic.7, 20 – 23 
For this purpose, it is necessary to solve the problem of dendrite 
growth, which was an insurmountable obstacle to the use of 
such anodes 30 years ago.24 This problem has been addressed 
using various approaches. One of them is to increase the affinity 
of the anode material for lithium; this may provide a more 
uniform lithium coating of the anode during the battery charging 
owing to a decrease in the nucleation overpotential,25 – 27 which, 
for example for copper, exceeds 40 mV.28 It is the nonuniform 
contact that is responsible for the considerable overpotential and 
the point growth of dendrites.29 The majority of researchers 
attempt to solve this problem by increasing the surface area (the 
number of nucleation sites) via the formation of surface 
structures, in particular from carbon materials.30 – 33 Some 
authors used surface deposition of metals possessing affinity for 

lithium or structures containing such metals.34 – 37 The same goal 
can be reached by the deposition of metal oxides on the electrode 
surface 38, 39 or by the formation of artificial solid electrolyte 
interface (SEI); these structures are mainly deposited on the 
electrodes during the first cycles.40 – 43 Usually, the formation of 
SEI is considered as an inevitable adverse effect, which 
somewhat decreases the capacity of the battery. However, once 
formed, it performs a protective function or, as in this particular 
case, provides a more efficient interfacial contact. Many 
researchers believe that SEIs containing fluoride ions, which 
can come, in particular, from the electrolyte, are more 
efficient.44 – 46 However, it seems that the difference between 
these approaches is rather terminological, since the essence of 
both methods is to form porous or solid conductive coatings that 
prevent the formation of dendrites.

Meanwhile, the development of batteries with a dense solid 
electrolyte, which both solves the problem of dendrite growth 
and makes it possible to avoid the use of combustible organic 
solvents, appears more promising.47 – 49 This review addresses 
the most important classes of these materials.

2. Lithium-conducting solid electrolytes

Usually, modern LIBs make use of liquid electrolytes that have 
ionic conductivity and are formed rather easily on mixing of 
some solvents and salts.50 – 52 Meanwhile, the major problems of 
existing LIBs are related exactly to their use. Indeed, without 
these electrolytes, there would be no risk of leakage or ignition 
of organic solvents. Freezing of solvents accounts for the sharp 
decrease in the performance of LIBs at negative temperatures. 
The penetration of dendrites through the liquid interlayer is 
possible. Finally, the performance of LIBs markedly decreases 
due to the low lithium transference numbers, despite the use of 
salts with relatively large anions in electrolytes.53, 54 The 
transition to solid electrolytes is expected to solve this problem 
and to substantially increase the stability and safety of batteries, 
especially those that use lithium metal anodes. However, it is 
noteworthy that safety of solid-state batteries depends not only 
on the stability and characteristics of particular components, but 
also on the compatibility of the electrolyte with electrode 
materials; therefore, it is necessary to consider the stability of a 
battery cell as a whole.55

In essence, safety increase alone would be quite sufficient to 
draw attention to all-solid-state lithium batteries (ASSBs) and 
even for the commercial production of these batteries. Indeed, in 
recent years, Chinese manufacturers, who are the leaders in LIB 
sales, have paid particular attention to their safety, for example, 

Figure 1. Development of studies of solid electrolytes for ASSBs on the timeline. PEO is polyethylene oxide, PAN is polyacrylonitrile, EC is 
ethylene carbonate, PC is propylene carbonate, ILis ionic liquid, MOF is metal-organic framework.
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cathode materials based on LiFePO4 (LFP) are used, although 
they are markedly inferior in the capacity to the Li(Ni,Co,Mn)
O2 (NCM) oxides.56 – 58 However, there is also an authoritative 
opinion of J.B.Goodenough that switching to ASSBs would 
considerably increase the battery capacity.59 In most cells with 
solid electrolytes, lithium metal is used as the anode, which 
provides the highest capacity and operating voltage. Materials 
such as NCM or LFP, which proved to be efficient, are usually 
serve as cathodes. The capacity is most often referred to the 
weight of the cathode material.

Although in most studies, only increased cyclability and 
safety are demonstrated after the replacement of liquid 
electrolytes by solid ones, this line of research may obviously be 
regarded as one of the most stable trends of modern science in 
the field of energy storage devices.47, 49, 60 – 64

The term ‘solid electrolytes’ covers an extensive range of 
materials; in order to form a systematic view, it is convenient to 
subdivide them into three large classes: inorganic, polymer and 
composite electrolytes. Each type of materials has benefits and 
drawbacks when used in ASSBs.61, 63, 65 The development of 
studies of solid electrolytes for ASSBs on the timeline is shown 
in Fig. 1.

3. Ion transport in solid electrolytes

The main benefits of inorganic lithium ion electrolytes include 
high thermal stability and non-flammability and a wide 
electrochemical stability window, which allows ASSB to 
operate in a wide range of potential differences.48, 66, 67 
Particularly inorganic electrolytes were the first to be studied as 
solid electrolytes. However, an electrolyte suitable for ASSBs 
should possess a high ionic conductivity of at least 10−4 S cm−1 
at room temperature (25 °C).68, 69

The highest mobility in most types of materials is inherent in 
ions with a relatively large radius, with the optimal radius being 
approximately 1 Å.70, 71 Moreover, singly charged silver and 
copper ions with easily deformable d-electron shells move most 
easily in solids. However, low electrochemical potentials of 
these ions in relation to the corresponding metals makes their 
use for the design of power sources unpractical.

In ideally packed crystals, the ion transport is impossible. 
The ions migrate only through structure defects: vacancies (the 
absence of ion in the site, which is normally occupied) or 
interstitials (an ion in the site not characteristic of this ion in an 
ideal structure, Ci). Defects of this type in a pure substance are 
usually generated in pairs when an ion leaves its site and 
migrates to an interstice (Frenkel defects), or by simultaneous 
formation of cation (VC) and anion (VА) vacancies (Schottky 
defects) (Fig. 2). It is obvious that the formation of defects 
requires a significant energy (the enthalpies are ∆HF and ∆HS for 
the Frenkel and Schottky defects, respectively). Their 

equilibrium concentration for the formation of, for example, a 
Schottky defect can be found from the relation
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where K is the pre-exponential factor of the defect formation 
constant, which is in some cases expressed as an entropy factor. 
In the general case, if n defects are formed simultaneously in the 
defect formation event, the enthalpy of defect formation under 
the exponent is divided by n. Only in a small number of crystals, 
the number of cation sites, the energies of which differ by a 
value comparable to kT exceeds the number of cations. In this 
case, the defect concentration in the crystal is very high and, 
therefore, the ions can move quickly. These are so-called 
superionic conductors, which include high-temperature 
polymorphs of compounds such as AgI, CsHSO4 , etc.72 – 74

However, this situation is not achievable for all materials. 
Furthermore, in most cases, devices that use solid electrolytes 
must operate at room or slightly higher temperatures, which are 
substantially lower than the superionic phase transition 
temperature. In order to increase the concentrations of defects in 
these materials, heterovalent substitution (doping) is used most 
often. For example, in the widely known materials with the 
NASICON (Na superionic conductor) structure such as lithium 
titanium phosphate [LiTi2(PO4)3], the formation of defects upon 
the insertion of tri- or pentavalent cations (e.g., aluminium and 
niobium) can be represented by the following quasi-chemical 
equations:67, 75, 76

Li3Al2(PO4)3/LiTi2(PO4)3 = LiLi + 2 Lii* + 2Al’Ti + 3 PO4(PO4) (2)

NbTi(PO4)3/LiTi2(PO4)3 = V’Li + TiTi+ Nb*
Ti + 3 PO4(PO4) (3)

where the subscripts designate the cation site in the crystal 
lattice, while the superscripts ‘*’ and ‘’’ correspond to positive 
and negative charges of the ion or the vacancy relative to this 
site.77 In this case, the defect concentration should formally be 
equal (or proportional) to the dopant concentration. However, 
usually the dopant solubility in the crystal lattice is limited; 
moreover, at higher degree of substitution, the association of 
defects is enhanced; therefore, the concentration of charge 
carriers is usually lower than the dopant concentration.

One more necessary condition for the existence of ionic 
conductivity is the possibility for ions to move in the crystal 
lattice, which is characterized by the ion mobility (mi). For 
migration to a neighbouring site, an ion should leave its 
coordination polyhedron, having overcome some intermediate 
state with the maximum energy (bottleneck). This is usually the 
face of the coordination polyhedron, as the ion that passes 
through the face is located most closely to other ions. The energy 
difference usually markedly exceeds the kT value, which makes 
the residence time of the ion in the activated state very short. 
Therefore, it is believed that ions move between crystal lattice 
sites by hopping and that the ion diffusion coefficient (D) 
exponentially increases with increasing temperature.

expD D
RT

Ej
0 $= -d n (4)

where Ej is the activation energy of the ion jumping from one 
site to the other, D0 is the pre-exponential factor. The mobility of 
ions is related to the diffusion coefficient by the Nernst – Einstein 
relation

kT
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i
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Figure 2. Schottky (a) and Frenkel (b) defects of the crystal lattice 
and ion transport by the vacancy (a) and interstitial (b) mechanisms.
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From this, it is possible to obtain the Frenkel equation, which 
defines the temperature dependence of the ionic conductivity (σ)

/∆
expT A

kT

E H 2js = -
+

d n (6)

A is the pre-exponential factor.
When the temperature change is small, the contribution of the 

multiplier T to the change of conductivity is insignificant, and it 
is possible to use the Arrhenius equation

exp
kT

Ea
0s s= -d n (7)

where Ea is the activation energy of conductivity. It is important 
to understand that for pure (underdoped) substances, the 
activation energy of conductivity includes some contribution of 
the enthalpy of defect formation and the activation energy of ion 
migration in the lattice (Ea = Ej + ∆H/2).

Meanwhile, in the case of superionic phases, the activation 
energy of conductivity is determined only by the activation 
energy of ion jumping. The same situation may occur for 
heterovalent-doped materials. On the other hand, if association 
of defects with opposite charges is accompanied by a noticeable 
energy benefit, this can also give an additional contribution to 
the activation energy of conductivity.

One way to increase the ionic conductivity is to form 
composite materials.78 – 80 For example, finely dispersed oxides 
of polyvalent elements (silicon, aluminium, etc.) can adsorb 
mobile cations from ionic crystals that are in contact with them. 
In this case, the concentration of cationic vacancies in a thin 
Debye layer near the surface of ionic crystal sharply increases, 
which may result in an increase in the conductivity by a few 
orders of magnitude. It is noteworthy that the energy of 
localization of various ions on the crystal surface can also 
markedly differ, which may lead to preferential surface exposure 
of ions of the same type.81 In this case, the near-surface 
concentration of vacancies of these ions or, conversely, the 
interstitial concentration of oppositely charged ions increases. 
Therefore, even in pure substances existing as a nanodispersed 
phase (when the Debye length of approximately 1 – 2 nm is 
comparable with the size of ionic crystals), the ionic conductivity 
can markedly increase. Due to the fact that the activation energy 
of ion jumping decreases on this surface, as is the case, for 
example, for zirconium hydrogen phosphate, which adsorbs 
water molecules, the ionic conductivity of nanodispersed 
materials can increase by several orders of magnitude.82, 83 

Meanwhile, crossing of the electrical double layer by an ion on 
this surface can be significantly complicated. In this case, the 
conductivity of finely dispersed material can be much lower 

than its bulk conductivity due to high grain boundary resistance. 
This situation is also characteristic of many NASICON-
structured materials.84 – 86

It is noteworthy that there is a wide class of glassy 
electrolytes both inorganic and polymeric ones, in which the 
transport occurs in a similar way. Glassy materials have no 
long-range order; therefore, the structure and the size of 
polyhedra can somewhat differ. In this case, ion transport is 
determined by the lowest activation energy pathways. That is 
why materials existing in the glassy state and glass ceramics 
containing a mixture of crystalline and glassy phases often 
have higher ionic conductivity, in particular grain boundary 
one.87 – 90

In polymers, ions often move in coordination with the 
segmental mobility of the polymer backbone or side chains, 
which also results in some acceleration of ion transport. 
However, the conductivity of ion exchange polymer materials 
appears to be high only if they are plasticized with polar solvents. 
In these systems, the ion transport proceeds via the system of 
solvent-filled pores and channels.91 In this case, the transport 
mechanism is similar to that in solutions, except that the 
transport rate is limited by the size of the channels connecting 
the pores.92 Typical examples of such systems are Nafion 
membranes and other ion exchange membranes filled with an 
aprotic solvent, the charge carriers in which are generated upon 
dissociation of functional groups.93 – 97

It is worthy of note that two mechanisms of ion transport can 
be realized in solid electrolytes, namely, the vacancy and 
interstitial mechanisms (see Fig. 2), which can have markedly 
different rates. This may be compared with a drop falling in an 
empty vessel and a bubble rising in a filled vessel. Although 
both mechanisms lead to one and the same result, the transfer of 
some volume of a liquid under the action of gravity, the drop 
falls much faster, because the viscosity of the medium is much 
lower in this case. Most often, the Schottky disorder predominates 
in crystals, since the interstitial sites are too small to accommodate 
the ions. However, for lithium ions that have a small radius, this 
is usually not a serious obstacle, and the Frenkel disorder and the 
interstitial transport mechanism are quite often preferred for 
lithium ions.

The attention of researchers in the field of inorganic solid 
electrolytes is concentrated on NASICON, garnet and perovskite 
type materials and sulfides. These types of materials are 
considered below as the most popular inorganic lithium ion 
electrolytes used to fabricate ASSL Bs. Polymer electrolytes 
and composite materials are also used in ASSBs; these types of 
electrolytes are considered in the subsequent parts of the review. 
Figure 3 presents a comparison of the most important properties 
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Figure 3. Comparison of the main characteristics of various electrolytes for lithium ion batteries
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of these three classes of solid-state electrolytes with those of 
conventional liquid electrolytes.

4. Inorganic electrolytes

In 1993, Inaguma et al.98 reported a material with the 
perovskite structure, Li0.34La0.51TiO2.94 , which had a fairly 
high ionic conductivity exceeding 2 × 10−5 S cm−1; the 
authors stated that the bulk conductivity reached 10−3 S cm−1 
at room temperature. Due to the low stability against lithium 
metal, this material could not be used as an electrolyte for 
ASSBs and, furthermore, so high bulk conductivity was not 
confirmed in later publications.99 – 101 It is worth noting that 
this type of materials has a vacancy mechanism of conductivity 
(see Fig. 2 a).102

Materials with the general formula Li3xLa2/3 – xTiO3 refer with 
the perovskite structural type (ABO3) in which titanium occupies 
a half of octahedral sites, while lanthanum partially occupies the 
sites with the coordination number of 12 (Fig. 4).103, 104 
Therefore, lithium ions that substitute lanthanum have a wide 
choice of free sites for migration by the vacancy mechanism and 
extensive opportunities for the change in stoichiometry.105, 106 
Some authors noted that the conducting properties of such 
materials are markedly affected by their domain structure.107, 108 
It was shown that the lithium content can control the 
dimensionality of transport processes. In the materials with the 
lithium content х < 0.1, the conductivity is two-dimensional, 
with the transport along the crystallographic ab plane 
predominating. When the lithium content is higher, lithium and 
lanthanum ions are randomly arranged in the crystal, and the 
conductivity is three-dimensional.109 – 111 It is noted that a 
decrease in the conductivity of Li3xLa2/3 – xTiO3 is usually caused 
by high resistance of grain boundaries.112 This resistance can be 
reduced, for example, by introducing silver ions, which leads to 
increasing grain size,113 or by using film materials.114

Since titanium ions in these structures are readily reduced, 
attempts were made to synthesize more stable materials, which 
resulted in the formation of Li2x – ySr1 – xTayZr(Hf)1 – yO3 with 
room-temperature ionic conductivity in the range of 
2 × 10−4 – 4 × 10−4 S cm–1 and electrochemical stability window 
of 1.4 – 4.5 V.115 – 118 The stability of titanium- and lanthanum-
containing materials can be increased, while maintaining high 
conductivity, by coating the Li3xLa2/3 – xTiO3 particles with 
polydopamine, polyvinylidene fluoride (PVDF) or polyethylene 
oxide (PEO) with conducting additives.119 – 121

A high conductivity is also inherent in one of the first 
representatives of solid electrolytes, β-alumina LiAl11O17 . Its 

structure is formed by four [Al11O16]n
n+ layers with close-packed 

oxygen atoms. Since a layer containing four times less oxygen 
atoms is located between these layers, there appear intersecting 
channels that have a set of cavities, the total number of which is 
five times as great as the number of lithium cations.122 This 
provides a high conductivity of the material over a wide 
temperature range.123 – 126

A number of lithium silicates and germanates with partial 
substitution of lithium by magnesium and zinc have been 
reported. The conductivity of the best obtained electrolytes 
Li14Zn(GeO4)4 was 10−9 S cm−1 at room temperature and 
reached 0.125 S cm−1 at 300 °C.127, 128 The structure of these 
materials, called lithium superionic conductors (LISICON), 
belongs to space group Pnma (Fig. 5). The materials have a rigid 
three-dimensional framework, [Li11Zn(GeO4)4]n

3n−. The other 
lithium ions form parallel chains along the crystallographic a 
axis and are involved in two-dimensional diffusion. An even 
higher conductivity (4 × 10−5 S cm−1 at 18 °C) was found for 
Li3.6Ge0.6V0.4O4 .129, 130 These materials show high thermal 
stability, but low chemical stability, because vanadium is easily 
reduced by lithium metal.

In the last decade, fairly high ionic conductivity was reported 
for materials with antiperovskite structure, which can be 
described as Li3OA, where А is a halide ion or its analogue. For 
example, Li3OCl and Li3OCl0.5Br0.5 have a conductivity of 
8.5 × 10−4 and 1.9 × 10−3 S cm−1, respectively.131 The temperature 
dependences of the ionic conductivity of Li3OCl and a number 
of other inorganic and polymeric materials described in this 
review are shown in Fig. 6. The conductivity can be increased 
by an order of magnitude by partial substitution of lithium by 
barium in the glassy material Li2.99Ba0.005OCl.137, 138 The authors 
of a recent review 132 consider antiperovskites as promising 
electrolytes for ASSBs due to their high conductivity and 
thermal stability. However, very low stability of these 
compounds to hydrolysis with water vapour was noted.132, 139 
Therefore, quite a few attempts to fabricate ASSBs using 
electrolytes with the antiperovskite structure have been made to 
date. Most often, they are markedly inferior in the capacity to 
batteries with liquid electrolytes.140, 141 The fabrication of 
the NCM111|Li1.9(OH)Cl0.9|Li4Ti5O12 cell using melting of 
electrolytes can be considered as the most successful attempt. 
The cell showed an initial capacity of 150 mAh g−1, with 
approximately 80% capacity retention after 100 cycles, which is 
moderate for the so stable anode.141

O

Li

La

Figure 4. Crystal structure of perovskite. Titanium atoms are locat-
ed within the octahedra. Reproduced from Ref. 104 with permission 
from John Wiley and Sons.

Li
S

Figure 5. Crystal structure of LISICON. The zinc and germanium 
atoms are located within the octahedra and tetrahedra, respectively. 
Reproduced from Ref. 104 with permission from John Wiley and 
Sons.
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4.1. NASICON-structured materials

Materials with the NASICON structure include two types of 
complex phosphates containing tri- and tetravalent transition 
metal ions [Li3A2

III(XO4)3 and LiA2
IV(XO4)3 , where AIII = Al, Cr, 

Fe, etc.; AIV = Ti, Ge, Sn, Zr, Hf; Х = P or Si]. Most of these 
materials crystallize in the rhombohedral system (space group 
R3–c), while other compounds correspond to monoclinic or 
triclinic system. The structures are formed by АO6 octahedra 
and XO4 tetrahedra connected by shared vertices, with 
conductivity channels being formed between them (Fig. 7). 
These channels contain two types of vacancies, M1 and M2, the 
number of which per formula unit is 1 and 3, respectively. 
According to Francisco et al.,142 the conductivity of such 
materials is limited by lithium transport through the triangular 
face of the (M1)O6 distorted octahedron to M2 site.

Of most interest are materials based on tetravalent transition 
metal cations in which singly charged lithium or sodium cations 
completely occupy the M1 site, thus forming an ordered phase. 
Both A and X ions in these materials easily undergo heterovalent 
substitution, for example, according to Eqns (2) and (3) to form 
solid solutions containing a significant number of lithium 
vacancies or, on the contrary, additional lithium ions in the 
interstitials. In both cases, this results in a considerable increase 
in the ionic conductivity (see Fig. 6). By comparing the ionic 
conductivity and NMR relaxation data for materials based on 
scandium- and niobium-doped LiZr2(PO4)3 , Stenina et al.143 
arrived at the conclusion that the transport of lithium ions by the 
interstitial mechanism (see Fig. 2 b) is preferred. A similar 
conclusion was drawn by other authors,102, 144, 145 who used 
numerical methods and analysis of published data array. It is 
worth noting that Na2Zr2SiP2O12 with high sodium ion 
conductivity (0.1 S cm−1), which gave the name to the 
NASICON structural type, has the interstitial mechanism of 
conductivity.146 In some materials, e.g., in lithium zirconium 
and lithium titanium phosphates, the heterovalent substitution 
may promote transition to the high-temperature polymorph.143, 147 
This is accompanied by the shift of the phase transition 
temperature to the low temperature range for phosphates doped 
with trivalent cations [Li1 + xMIIITi2 – x(PO4)3].148

The approach involving the formation of defects via 
heterovalent substitution is undoubtedly the key way to 
fabricate materials with high ionic conductivity; however, as 
follows from Eqn (6), it is also necessary to take into account 
the contribution of ion mobility. Since materials of this type 
are isostructural, the key role in increasing the lithium ion 
mobility should belong to the activation energy of ion transport, 
which is determined by the size of the faces of coordination 
polyhedra that must be crossed by lithium ions moving between 
the M1 and M2 sites. Considering the clearly pronounced trend 
of decreasing activation energy of ionic conductivity for 
NASICON-structured materials following an increase in the 
bottleneck size in the series LiGe2(PO4)3 , LiGeTi(PO4)3 , 
LiTi2(PO4)3 , LiSn2(PO4)3 , LiTiHf(PO4)3 , LiHf2(PO4)3 , it was 
concluded 149 – 151 that an increase in the conductivity is 
favoured by increasing radius of the cation in the A site. This 
rule works quite well for undoped materials. However, it is far 
from being always correct. For example, Liu et al.48 stated that 
the ionic conductivity of LiTi2(PO4)3 or LiGe2(PO4)3 is much 
higher than that of LiZr2(PO4)3 . The conductivity of 
LiTi2(PO4)3 at room temperature is 10−7 S cm−1. It can be 
increased by partial substitution of titanium (ionic radius of 
0.61 Å) by either germanium with a smaller radius (0.53 Å) or 
zirconium with a greater radius (0.72 Å).152 – 154 Attention is 
also attracted by the fact that aluminium-doped lithium 
titanium phosphates have been studied most intensively in 
recent years. This is due to the fact that particularly these 
compounds exhibit the highest conductivity values up to 
1.1 × 10−3 S cm−1.155 – 161 Note that the conductivity is usually 
maximized for the Li1.3Al0.3Ti1.7(PO4)3 composition. The point 
is that the solubility of aluminium ions in LiTi2(PO4)3 is limited 
and attempts to increase the aluminium content result in the 
formation of a non-conducting AlPO4 phase at the grain 
boundaries, which leads to a drop in the ionic conductivity.162, 163 
Mention should also be made of the fact that among trivalent 
metal ions, the best substituting ion is relatively small 
aluminium, which in no way can increase the size of the 
coordination polyhedron of A cations. The major drawback of 
lithium titanium phosphates is the instability against reduction 
with lithium. Therefore, a lot of attention is paid to methods for 
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Figure 6. Temperature dependences of the ionic conductiv-
ity for Li10GeP2S12 (a), glass ceramics Li7P3S11 (b), Li3OCl (c), 
Li1.2Al0.2Zr0.1Ti1.7(PO4)3 (d ), Nafion + propylene carbonate + ethylene 
carbonate (e), PVDF + LiFSI ( f ), Li7La3Zr2O12 (g), PEO + LiTFSI (h), 
LiPON (i), Li1Ti2(PO4)3 ( j). The Figure was created by the authors 
using published data.132 – 136
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Figure 7. NASICON crystal structure. The A and X atoms are lo-
cated within the octahedra and tetrahedra, respectively. Reproduced 
from Ref. 104 with permission from John Wiley and Sons.
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stabilization of these materials, for example, by doping with 
magnesium ions 164, 165 or coating with a polymer 166 or 
MoS2 .167

Comparison of some characteristic values of lithium-ion 
conductivity at room temperature for the main classes of solid 
inorganic electrolytes is presented in Table 1.

The ionic conductivity of LiZr2(PO4)3 reaches 
3 × 10−6 S cm−1 at room temperature and sharply increases 
after the phase transition to the rhombohedral structure at 
40 – 55 °C.193 As noted above, this phase can also be stabilized 
at room temperature by heterovalent substitution.194 Although 
the initial LiZr2(PO4)3 has a higher conductivity than the 
titanium-containing material, the replacement of a part of 
zirconium by lower-valence cations makes it possible only to 
approach the conductivity of Li1 + xAlxTi2 – x(PO4)3 .195 – 200 
Owing to the markedly larger radius of zirconium ions, a 
considerable fraction of zirconium can be substituted by even 
divalent cations, the radius of which is rather large because of 
the lower charge.

It is of interest that among lithium germanium phosphate-
based materials, the highest room-temperature conductivities 
(10−4−10−3 S cm−1) were also achieved by doping with 
aluminium.201 – 206 The lower mobility of lithium caused by 
smaller unit cell parameters of an aluminium-doped material is 
largely counterbalanced by higher solubility of Al3+ ions because 
of similarity of the Al3+ radius to the radius of Ge4+ (the 
maximum conductivity corresponds to 0.4 – 0.7 content of 

aluminium). Nikodimos et al.207 reported that 
Li1.5Al0.33Sc0.17Ge1.5(PO4)3 exhibited a high bulk conductivity 
of 5.8 × 10−3 S cm−1. One more benefit of these materials is a 
wide electrochemical stability window.208, 209

Many of the listed facts contradict the assumption that the 
conductivity is determined by the bottleneck size and, ultimately, 
by the average size of cations in the A-site. Perhaps, it is more 
correct to say that created structure distortions result in the 
formation of conductivity channels in which lithium cations 
move faster. It is evident that the substitution of some titanium 
by germanium or aluminium leads to decreasing size of a 
particular polyhedron; however, the size of a neighbouring 
polyhedron or, more precisely, the size of section of the faces 
connecting them may increase. Obviously, the lithium transport 
rate would be determined exactly by channels with optimal 
sizes. Other explanations for certain experimental facts can be 
offered as well. For example, there are data that the presence of 
germanium promotes the formation of glass ceramics,210 and its 
formation at grain boundaries can reduce their resistance. 
Trivalent ions that occupy titanium sites and are negatively 
charged with respect to the lattice, may serve as traps for lithium 
ions by forming associates with them (ion pairs connected by 
oxygen atoms). Furthermore, aluminium ions with a greater 
polarizing ability shift the electron density from the oxygen 
atoms to a greater extent, which leads to a lower binding of 
lithium ions. This only indicates that it is not always easy to 
predict which of the factors would predominate in each particular 
case; therefore, dopants are, most often, selected randomly, 
especially in the case of double substitution.

We have already noted above that in the case of NASICON 
materials, the grain boundary resistance usually exceeds the 
bulk resistance.84, 85, 211 This results in considerable 
differences in the methods used to synthesize these materials. 
First, unlike the synthesis of most solid-state electrolytes, the 
preparation of nano-sized materials does not make sense; on 
the contrary, it is desirable to obtain crystals of larger size. 
For example, good results are achieved by using various 
methods of sintering.150, 209, 212 – 217 In addition, it is expedient 
to introduce additives that increase the ceramic density and 
sinterability and the grain boundary conductivity. Some 
authors reported the successful use of lithium, boron and 
germanium oxides and lithium borates and phosphates for 
this purpose.158, 210, 218 – 226 One can assume that these 
additives interact with the surface of crystallites and form 
amorphous or glassy phases. The highest conductivity of the 
obtained samples was (3 – 4) × 10−4 S cm−1.220 There have 
also been successful attempts to synthesize thin films of 
Li1 + xAlxTi2 – x(PO4)3 by pulsed laser deposition. After 
annealing at 800 °C, their ionic conductivity was 
1 × 10−4 S cm−1 at room temperature. Bachman et al.150 
attributed the pronounced increase in the ionic conductivity 
during annealing to the formation of a glassy grain boundary 
phase.

Mention may also be made of some other recent studies in 
which the properties of the interface between Li1 + xAlxTi2 – x(PO4)3 
and electrode materials were improved by deposition of polymer 
coatings containing a lithium salt,227, 228 lithium ion-conducting 
material,229 zinc oxide or reduced graphene oxide 230, 231 
(Table 2). Note also the high lithium-ion conductivity of some 
other phosphorus-containing materials. For example, Guan 
et al.232 used the lithium salt of phosphotungstic heteropolyacid 
with a conductivity of 8.9 × 10−4 S cm−1 to design NCM523|Li 
cells with a potential difference of 4.35 V, which stably operated 
during 100 cycles.

Table 1. Lithium-ion conductivity at room temperature for the main 
classes of solid inorganic electrolytes.

Inorganic electrolyte Ionic conductivity, 
S cm−1 Ref.

Li1.3Al0.3Sn0.35Ti1.35(PO4)3 4.7 × 10−4 168
Li1.2Al0.2Zr0.1Ti1.7(PO4)3 7.9 × 10–4 133
Li1.3Al0.21B0.08In0.01Ti1.7(PO4)3 1.1 × 10–3 169
Li1.4Al0.4Ti1.4Ge0.2(PO4)3 1.3 × 10–3 170
Li1.4Al0.15Fe0.25Ti1.6(PO4)3 2.2 × 10–3 171
Li1.5Al0.4Cr0.1Ge1.5(PO4)3 6.6 × 10–3 172
Li5.85Al0.25La3Zr1.6Ta0.4O12 4.6 × 10–4 173
Li6.5Ga0.2La2.9Sr0.1Zr2O12 5.5 × 10–4 174
Li6.46La2.94Ba0.06Zr1.4Ta0.6O12 6.0 × 10–4 175
Li6.6Al0.05La3Zr1.75Nb0.25O12 6.3 × 10–4 176
Li6.25La3Zr1.55Al0.1Ta0.45O12 6.7 × 10–4 177
Li6.65Ga0.05La2.95Ba0.05Zr1.75Ta0.25O12 7.2 × 10–4 178
Li7La2.75Ca0.25Zr1.75Ta0.25O12 7.6 × 10–4 179
Li6.4Ga0.2La2.95Yb0.05Zr2O12 9.0 × 10–4 180
Li6.4Ga0.2La3Zr1.7Y0.3O12 1.04 × 10–3 181
Li6.4Ga0.2La2.75Y0.25Zr2O12 1.6 × 10–3 182
Li6.65Ga0.15La3Zr1.9Sc0.1O12 1.8 × 10–3 183
Li3PS4 1.6 × 10–4 184
Li4P2S6 2 × 10–6 185
Li7P3S11 1.3 × 10–3 186
Li10GeP2S12 1.2 × 10–2 187
Li10SnP2S12 3.2 × 10–3 188
Li10SiP2S12 2.3 × 10–3 189
Li11AlP2S12 8.0 × 10–4 190
Li6PS5Cl 1.3 × 10–3 191
Li6PS5Br 3.1 × 10–3 192
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4.2. Garnet structure materials

Solid-state electrolytes based on Li7La3Zr2O12 (LLZO) with the 
garnet structure are among the newest and most in-demand 
types of materials for ASSBs (Fig. 8). The benefits of these 
materials include relatively high lithium-ion conductivity and 
stability against lithium metal. Only in the beginning of the 21st 
century, it was found that the materials Li5La3M2O12 (M = Ta, 
Nb) have relatively high lithium-ion conductivity of 
approximately 10−6 S cm−1 at room temperature.262 Four more 
years later, a zirconium compound of a similar composition, 
LLZO, was obtained and showed a two orders of magnitude 
higher ionic conductivity.263

The tetragonal phase of LLZO is formed by connected ZrO6 
octahedra and two types of eight-vertex lanthanum polyhedra 
(see Fig. 8). Lithium ions fully occupy the tetrahedral and two 
types of distorted octahedral voids.264 Due to the low 

Table 2. Main characteristics of batteries with solid inorganic electrolytes.

Electrolyte Interlayer between the electrolyte  
and lithium

Cell 
cathode|anode

Cycling rate, 
temperature

Initial 
capacity, 
mAh g−1

Number  
of cycles

Capacity 
retention 
(%)

Ref.

Li3PW12O40 ‒ NMC523|Li 0.1C, RT  165.6 200  91.5 232
Li6.75La3Zr1.75Ta0.25O12 Al and Si alloy LFP|Li 0.5C, RT  144 600  86.2 233
Li6.6La3Zr1.6Ta0.4O12 Ag-coated Cu LFP|Li 0.5C, RT  146 300  81 234
Li6.4La3Zr1.4Ta0.6O12 AlF3 LFP|Li 1C, RT  115.6 535  80.6 235
Li6.75La3Zr1.75Ta0.25O12 MgF2 LFP|Li 0.1C, RT  151.4 100  98.3 236
Li6.4La3Zr1.4Ta0.6O12 Porous hard carbon LFP|Li 0.2C, RT  154.4 150  89 237
Li6.75La3Zr1.75Ta0.25O12 SnS2 LFP|Li 0.1С, RT  156.9 100  90.4 238
Li6.4La3Zr1.4Ta0.6O12 InCl3 LFP|Li 0.5C, RT  130.3 475  97.8 239
Li6.5La3Zr1.5Ta0.5O12 Ta2O5 LFP|Li 0.2C, RT  153 100 ~100 240
Li6.4La3Zr1.4Ta0.6O12 α-MoO3 LFP|Li@Mo 1C, RT  138 200  98 241
Li6.40La3Zr1.40Ta0.60O12 Graphite LFP|Li 0.1C, RT  149.4 350  83 242
Li7La3Zr2O12 Li@C LFP|Li 0.5C, RT ~142 100 ~92 243
Li6.5La3Zr1.5Nb0.5O12 LiPON LFP|Li 0.2C, 30 °C  139.1 150  99.2 244
Li7La2.75Ca0.25Zr1.75Nb0.25O12 Al LFP|Li 0.1 mA cm–2, 

20 °С
 132 100  90.9 245

Li7La2.75Ca0.25Zr1.75Nb0.25O12 Al2O3 Li2FeMn3O8|Li 0.1C, RT  110 100 ~100 246
Li1.5Al0.5Ge1.5(PO)4 ZnF2 LFP|Li 0.1C, RT  154  40 ~100 247
Li1.5Al0.5Ge0.5(PO4)3 ZnO + reduced graphene oxide LFP|Li 0.5C, RT  131.6 100  93.8 230
Li1.5Al0.5Ge1.5(PO4)3 PVDF-HFP – LiTFSI LFP|Li 0.2C, RT  150.7 200  98.8 248
Li1.3Al0.3Ti1.7(PO4)3 Boron nitride LFP|Li 0.5C, RT  150.9 500  92 249
Li1.3Al0.3Ti1.7(PO4)3 PEO LFP|Li 0.3C, RT  139 100  97.3 250
Li1.3Al0.3Ti1.7(PO4)3 PEO + LiTFSI +Li1.3Al0.3Ti1.7(PO4)3 LFP|Li 0.05C, 80 °C  113.1 45  80.7 251
Li1.3Al0.3Ti1.7(PO4)3 PEGDA + Pyr13TFSI LFP|Li 0.5С, 60 °С  152.5 200  91.5 252
Li1.4Al0.4Ti1.6(PO4)3 ZnO LFP|Li 0.1C, RT  167.3 200  88 253
Li1.3Al0.3Ti1.7(PO4)3 PEO + BN LFP|Li 0.5C, 60 °C  139.2 500  96.6 254
Li1.4Al0.4Ti1.6(PO4)3 PAN (cathode), PEO (anode) NCM622|Li 0.5C, 60 °C  168.2 120  89 255
Li1.4Al0.4Ti1.6(PO4)3 Liquid electrolyte (300 mL) LFP|Li 1C, RT  125 500  92 256
Li10SnP2S12 ‒ LFP|Li 0.1C, RT  139.6 100  76.7 257
Li7P3S11 ‒ Li4Ti5O12|Li 1C, RT  158 600  85 258
Li2.96P0.98S3.92O0.06 – Li3N ‒ LiNbO3@

NCA|Li
0.1 mA cm–2, 
RT

 165.8  50  93.5 259

Li10GeP2S12 ‒ LFP|Li 1C, RT  105.7 200  99 260
Li6PS5Cl Polypropylene carbonate + LiTFSI LFP|Li 1C, RT ~150 900 ~90 261
Note. @ means a composite or alloy, RT is room temperature; PVDF-HFP is poly(vinylidene fluoride-co-hexafluoropropylene); PEGDA is 
polyethylene glycol diacrylate; Pyr13TFSI is ionic liquid, N-propyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide; PAN is 
polyacrylonitrile.

O
Li
La

Figure 8. Crystal structure of garnet type LLZO. Zirconium is locat-
ed inside the octahedra. Reproduced from Ref. 104 with permission 
from John Wiley and Sons.
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concentration of defects, the tetragonal phase has a conductivity 
of 1.6 × 10–6 S cm−1 at room temperature.265

The cubic LLZO phase has a similar framework structure, 
although all zirconium and lanthanum ions occupy each one 
type of sites and are structurally equivalent.266 Lithium ions 
occupy only two types of sites, the first of which (Li1) has a 
tetrahedral environment of oxygen atoms and is almost 
completely filled. The second one (Li2) has a distorted octahedral 
environment and is filled by about 1/3. In combination with the 
small distance between two sites, this provides conditions for 
high ionic conductivity.267

It is noteworthy that, according to many researchers, the 
cubic phase can exist only owing to the presence of dopant 
impurities, in particular, its stabilization in the early studies was 
due to a minor amount of aluminium from the crucible used for 
annealing.48, 268, 269 This stabilization can be achieved by 
replacement of any type of cations present in LLZO and is 
accompanied by increase in the ionic conductivity (see Fig. 6). 
In some cases, it is difficult to know exactly in which lattice the 
substitution will take place, because ionic radii of lithium and 
zirconium ions with coordination number of 6 are similar, and 
the authors usually do not undertake special investigation to 
determine localization of the dopant. The assumptions on the 
dopant localization site are usually based on the component ratio 
taken initially, which cannot be regarded as accurate, because of 
incomplete crystallization, evaporation of lithium compounds, 
and possible interaction with the crucible material. In this 
review, we give information on substitution in a particular 
sublattice relying on the data from the original publications.

Miara et al.270 calculated the energies of defect formation and 
preferable positions occupied by all possible dopants in the 
LLZO structure using the density functional theory (DFT) 
method (Fig. 9); this can be considered as a theoretical 

justification of doping experiments. Partial substitution of 
zirconium seems to be the most attractive and reasonable option. 
Evidently, the most expedient is heterovalent substitution, which 
should be accompanied by the formation of structural defects to 
maintain the electroneutrality of the whole material. 
Nevertheless, there are studies related to partial substitution of 
zirconium ions by Ti4+ (Ref. 271) and Ge4+ (Ref. 272), in which 
cubic LLZO was stabilized and showed conductivity of 
2 × 10−4 – 5 × 10−4 S cm−1.

The replacement of a part of zirconium by divalent or trivalent 
ions should be accompanied by the insertion of additional 
lithium ions into partially occupied octahedral voids in LLZO 
and by increasing concentration of mobile Li+ ions. It is well 
known that for heterovalent substitution, it is most expedient to 
use ions with a charge differing by unity from the charge of the 
replaced ion and with similar size at the same coordination 
number. From this standpoint, scandium is the ion of choice to 
substitute zirconium. Even at a low degree of zirconium 
substitution (2.5%), the conductivity was 1.65 × 10−4 S cm−1 at 
20 °C.273 However, scandium is fairly expensive; therefore, 
yttrium is used most often to stabilize the high-temperature 
zirconium oxide phase, despite the significant difference in the 
ion size. Kotobuli and Koishi 274 obtained the material 
Li7.06La3Y0.06Zr1.94O12 , the conductivity of which at 25 °C 
approached 10−3 S cm−1. The results of partial substitution of 
zirconium by samarium and gadolinium were more modest: the 
conductivity of the best samples did not exceed 2.5 × 10−4 S cm−1 
at room temperature.275, 276 When 5% of zirconium was 
substituted by magnesium possessing a similar radius, an ionic 
conductivity of 2.9 × 10−4 S cm−1 at 20 °C was achieved.273

One more approach is to introduce higher-valence ions 
instead of zirconium, which may increase the concentration of 
lithium vacancies. Among pentavalent elements, niobium and 

Figure 9. Preferable sites and oxidation numbers of doping elements and energies of defects (in eV) in LLZO. The colours highlight the cation 
sites in which the dopants are located (Li sites are green, La sites are red, and Zr sites are blue). A darker colour corresponds to lower energies 
of defects in these positions.270 Reproduced with permission from the American Chemical Society.
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tantalum with ion radii similar to that of zirconium are the 
dopants of choice. The conductivity of the best samples for both 
niobium and tantalum doping reached 8.0 × 10−4 S cm−1.277, 278 
However, it is worth noting that these results were not reproduced 
in subsequent studies. Materials with different degrees of 
substitution of zirconium had room-temperature conductivities 
of 1.4 × 10−4 – 6 × 10−4 S cm−1.279 – 285 The substitution of 
zirconium by bismuth and antimony gave even more modest 
results.286, 287

The attempts at partial substitution of zirconium by hexavalent 
cations (chromium, molybdenum, tungsten and tellurium) were 
also made. The authors of some studies reported fairly high 
conductivity values of up to 10−3 S cm−1 at room 
temperature.288 – 290 However, due to easy reduction of dopants, 
these materials are unstable against lithium metal, unlike most 
other garnet type materials.

Finally, it is appropriate to mention a number of studies in 
which zirconium ions of LLZO were simultaneously 
substituted by different ions. For example, co-doping with 
tantalum and cerium may bring about an increase in both the 
concentration of lithium vacancies and the size of conductive 
channels. As a result, the ionic conductivity was increased to 
10−3 S cm−1 at room temperature.291 Tong et al.292 reported 
the synthesis of Li6.4La3Zr1.4Ta0.3Nb0.3O12 containing equal 
amounts of niobium and tantalum with a conductivity of 
6 × 10−4 S cm−1.292

The authors of other studies introduced simultaneously 
pentavalent niobium and trivalent rare earth elements into 
zirconium sites. This could have resulted in generation of 
mutually annihilating defects. However, the authors reported 
fairly high conductivity of 8 × 10−3–10 × 10−3 S cm−1 for the 
obtained materials.293 – 295

The substitution of lithium by multicharged cations is an 
equally popular approach. It seems that the success of this 
approach is hindered by the fact that multicharged cations that 
occupy lithium sites should limit the lithium mobility. However, 
according to density functional theory calculations, there are 
eight non-equivalent paths of lithium diffusion over the three-
dimensional lattice in the cubic structure;284 in combination with 
the relatively low degree of substitution, this can minimize the 
adverse effect. Partial substitution of lithium by aluminium is 
the most popular approach. As opposed to the existing view that 
the high concentration of lithium is responsible for high 
conductivity,296 the stream of studies along this line does not 
decrease. Partial lithium substitution by aluminium results only 
in a decrease in the Li+ content, but the ionic conductivity of 
materials increases upon this substitution by, on average, two 
orders of magnitude.279, 297 – 301

The attempts to replace some of Li+ ions by Ga3+ ions with a 
size similar to the lithium size also appear reasonable. These 
studies proved to be quite successful: some authors reported 
conductivity of 3.5 × 10−4 – 9.6 × 10−4 S cm−1.302 – 306 There is 
information on the synthesis of gallium-containing materials the 
conductivity of which ranged from 1.2 × 10−3 to 
1.25 × 10−3 S cm−1.307, 308 It was also reported that partial 
substitution of lithium ions in LLZO by gallium ions produces a 
new crystalline phase with space group I-4–3d with enhanced 
lithium diffusion.309 The improvement of lithium diffusion was 
also observed by Fritsch et al.,310 who substituted zirconium by 
tantalum and niobium.

Other authors describe materials in which lithium was partly 
replaced by trivalent iron,311 rare earth elements,312 – 314 divalent 
magnesium and zinc 273, 315 and tetravalent germanium.316 
However, the results were modest in most cases. The highest 

ionic conductivity (3.2 × 10−4 S cm−1) was observed for the 
yttrium-containing sample.313

Numerous attempts are made to perform simultaneous 
substitution in the lithium and zirconium sublattices. Since the 
heterovalent substitution of lithium can give only additional 
vacancies, it seems most appropriate to use a second dopant that 
could enhance this effect or increase the mobility of lithium by 
changing the lattice parameters. Il’ina et al.176 described the 
material Li6.6Al0.05La3Zr1.75Nb0.25O12 with a lithium ion 
conductivity of 6.3 × 10−4 S cm−1 at room temperature. A 
number of authors 173, 177, 317, 318 reported LLZO materials with 
partial lithium substitution by aluminium and zirconium 
substitution by tantalum; the conductivity of these materials 
ranged from 4.6 × 10−4 to 10−3 S cm−1 at 25 °C. The gallium-
doped material Li6.4Ga0.133La3Zr1.8Ta0.2O12 had a conductivity 
of 6.1 × 10−4 S cm−1.319 Somewhat lower conductivity was 
obtained when pentavalent antimony (4.1 × 10−4 S cm−1) 320 or 
hexavalent molybdenum (4.4 × 10−4 S cm−1) 321 was used for 
doping. When a part of zirconium was replaced by titanium and 
a part of lithium was replaced by aluminium 
(Li6.25Al0.25La3Zr + Ti0.25O12), the conductivity was much lower 
(1.5 × 10−4 S cm−1).322 Presumably, this is caused by decreasing 
size of the conductivity channels.

The results of partial substitution of lithium by gallium and 
zirconium by scandium (1.8 × 10−3 S cm−1 at 27 °C) 183 or 
yttrium (1 × 10−3 S cm−1 at 25 °C) were among the best.181 This 
is not fully understandable, since doping of these materials with 
gallium is expected to generate lithium vacancies, while the 
replacement of zirconium, on the contrary, should decrease the 
vacancy concentration. The opposite effect is also expected to 
be induced by the partial substitution of lanthanum by calcium 
and zirconium by niobium, which was reported by Zhang et 
al.179 and Chen et al.323 The maximum conductivity of 
7.6 × 10−4 S cm−1 at room temperature was attained for 
Li7La2.75Ca0.25Zr1.75Ta0.25O12 ,179 in which, according to the 
presented stoichiometry, no additional disorder should have 
been generated. It can be assumed that the substitution in such 
materials does not proceed according to a strictly specified 
pattern, but involves, for example, simultaneous inclusion of 
aluminium from the crucible or separation of amorphous phases, 
which leads to an increase in the defect concentration.

The authors of a few other papers simultaneously replaced all 
three elements in LLZO. Lithium was substituted by gallium or 
aluminium, lanthanum was substituted by barium, while yttrium, 
tantalum or tungsten were used to substitute zirconium. In the 
case of Li6.52Al0.2La2.98Ba0.02Zr1.9Y0.1O12 , no such high 
conductivity was obtained: 2 × 10−4 – 3 × 10−4 S cm−1.324, 325 The 
conductivity of Li6.65Ga0.05La2.95Ba0.05Zr1.75Ta0.25O12 and Li5.72
Al0.2La2.98Ba0.02Zr1.65W0.35O12 , in which two main dopants 
should have induced the formation of lithium vacancies, proved 
to be higher: 7.2 × 10−4 and 5.3 × 10–4 S cm−1, respectively.178, 324 
An opinion was stated 48, 296 that the ionic conductivity is 
correlated with the lithium ion content. Meanwhile, it can be 
noted that in these materials, like in the above-described 
materials, no definite correlation can be found between the 
conductivity and the lithium content; probably, this emphasizes 
once again that the heterovalent substitution in LLZO is 
determined by not only the stoichiometric ratio of the reactants. 
In some samples, doping may also improve the morphology or 
grain contacts.

Most LLZO electrolytes are stable against the lithium 
anode.326 However, the lack of plasticity of LLZO results in low 
efficiency of its contacts with the cathode and anode and 
increases the battery’s internal resistance.327, 328 One more result 
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is the non-uniform deposition of lithium on the anode during the 
charging, which may lead to dendrite growth.329 The situation is 
exacerbated by the low wettability of LLZO with lithium.330 The 
most popular approach to address this problem is to form 
interlayers (interfaces) that possess lithium ion and electronic 
conductivity, e.g., lithium alloys with indium and 
aluminium 245, 331 and lithium nitride,332 and to use of a special 
trimethyl phosphate-based electrolyte, which is distinguished by 
high electrochemical stability 333 (see Table 2).

Unfortunately, some of the elements used for LLZO 
modification can be reduced by lithium, which complicates the 
use of the obtained materials. As shown previously, high 
conductivity values were obtained for gallium-doped LLZO 
samples. The authors reported the capacity of the Li|L(Ga)LZO| 
LFP cell equal to 150 mAh g−1, which slightly changed after 
50 cycles.334 However, there are also data that contradict the 
above, indicating the instability of gallium-doped LLZO against 
lithium metal.334 The reduction of gallium with lithium is 
accompanied by the formation of impurity phases 335, 336 and the 
growth of dendrites, which, as indicated by Li et al.,335 can be 
prevented by adding SiO2 . According to Shen et al.,337 dendrite 
penetration is prevented by the use of dense pore-free ceramic, 
while Liu et al.338 proposed coating the L(Ga)LZO surface with 
a gel-polymer electrolyte layer, which provides for more than 
82% capacity retention after 100 cycles at a 0.5C rate. Methods 
of stabilization of electrochemical contacts in these systems are 
being actively developed.

4.3. Sulfide electrolytes

Sulfide electrolytes are similar to their oxide counterparts in 
both the structure and transport mechanisms. However, they still 
have specific features, which make them a separate class of solid 
electrolytes. Sulfur ions have a larger radius than oxygen and a 
substantially higher polarizability of the electron shell. This 
results in a greater size of conductivity channels and additionally 
facilitates the transport of lithium ions along the channels via 
deformation of their electron shells (polarizability). Thus, the 
ionic conductivity significantly increases and the activation 
energy of conductivity decreases.71, 339, 340 In addition, because 
of the same reasons, sulfides are more plastic and less brittle 
than oxides.341 Meanwhile, it is evident that sulfides are 
markedly inferior to oxides in the chemical and thermal 
stability.150, 342, 343 According to some authors, sulfides are also 
characterized by a wide electrochemical stability window 344, 345 
and make it possible to obtain high-power ASSBs.346

The simplest representatives of sulfide electrolytes are 
lithium thiophosphates Li3PS4 , Li7P3S11 and Li4P2S7 , formed in 
the Li2S – P2S5 system 347 and Li4P2S6 .348 These materials are 
composed of isolated single (PS4

3–) and/or paired (P2S7
4– or 

P2S6
4–) thiophosphate ions with tetrahedral environment of 

phosphorus and lithium cations.349, 350

Li3PS4 has three structural phases differing in the degree of 
ordering. The low-temperature γ-Li3PS4 phase has a relatively 
low ionic conductivity of 3 – 7 × 10−7 S cm−1 at room temperature 
and an ordered arrangement of lithium ions in tetrahedral 
sites.351 However, as the temperature is raised, the disorder of 
lithium ions with their partial shift into octahedral voids induces 
a phase transition to the β-phase, a sharp increase in the ionic 
conductivity up to 3 × 10–2 S cm−1 and decrease in the activation 
energy of conductivity down to 15.5 kJ mol–1.352, 353 Note that 
the estimated ionic conductivity values for the β-phase stable 
above 450 °C are only slightly greater.354 One more benefit of 
Li3PS4 is the stability against lithium metal and a wide 

electrochemical stability window of up to 5 V.355 It was also 
reported that the conductivity of glass ceramic Li3PS4 at room 
temperature reaches 7.5 × 10−4 S cm−1.356

The ionic conductivities of Li2P2S6 and Li4P2S6 at room 
temperature are relatively low, being only 8 × 10−11 and 
1.6 × 10−10 S cm−1, respectively.357, 358 A markedly higher 
conductivity, reaching 8 × 10−5 S cm−1 at room temperature, is 
inherent in Li7P3S11 , and when glass ceramic is used, it may 
increase to 1.7 × 10−2 S cm−1.359 – 362 The opinions concerning 
the stability of these materials are contradictory. For example, it 
was reported that Li7P3S11 can operate with a lithium metal 
anode, but is unstable to air and water.363, 364 However, other 
data attest to the lack of stability of all materials of this class 
against lithium and, furthermore, the decomposition products do 
not effectively passivate the anode.361, 365 – 367 The protection can 
be provided by using a lithium – indium alloy as the anode 368 or 
by depositing protective coatings 369 – 373 (see Table 2).

Li6PS5X are complex-anion materials the lattice of which 
with a cubic symmetry and space group F4–3m belongs to the 
argyrodite structure type. It contains PS4

3–, S2− and X− anions 
and lithium cations in tetrahedral voids.374 – 376 The ionic 
conductivity of these materials is comparable with that of liquid 
electrolytes; therefore, they can be considered among the most 
promising for ASSBs.343

As the reference point to start the description of the 
conductivity of various argyrodites, one should consider Li7PS6 . 
The low-temperature orthorhombic phase of this material 
obtained by solid-state synthesis has a conductivity of 
8 × 10−5 S cm−1 at room temperature.378 The high-temperature 
cubic polymorph is stable only above 210 °C;379 however, 
Ziolkowska et al.380 were able to obtain it from a solution. The 
conductivity of this material reached 1.1 × 10−3 S cm−1 at room 
temperature. Rao and Adams 381 showed that the conductivity of 
materials such as Li6PS5Cl, prepared by ball milling, is 
1 × 10−3 – 1.3 × 10−3 S cm−1 at room temperature. Even higher 
conductivity values of approximately 3 × 10−3 – 5 × 10−3 S cm−1 
were obtained by other authors.192, 382 – 387 Some authors 
successfully used the heterovalent substitution of a part of 
phosphorus 388, 389 or sulfur.390 In addition, high electrochemical 
stability of these electrolytes of up to 7 – 10 V has been 
reported.391, 392 Despite the fact that Li6PS5I has a relatively low 
conductivity (10−6 S cm−1) at room temperature, the highest 
conductivity values (1.8 × 10−2 – 2.4 × 10−2 S cm−1) are attained 
particularly for iodine-containing Li7 – хE5+

1 – хM4+
x S5I, in which 

the pentavalent cation is partly substituted by a tetravalent 
cation.393 – 395

Quite a few complex lithium halides with indium and rare 
earth metals like Li3MCl(Br)6 (M = In, Y, Er, etc.) with a high 
room temperature conductivity of 1 × 10−3 – 3 × 10−3 S cm−1 have 
been obtained.396 – 400 There are data on using these electrolytes 
in ASSBs with a relatively high capacity and stability.401, 402

The use of the Li6PS5Cl and Li6PS5Br electrolytes in ASSBs 
with anodes made of the lithium–indium alloy has been reported. 
In the opinion of the authors,403 – 405 the batteries based on these 
electrolytes showed fairly high capacity and stability. Therefore, 
argyrodite type Li6PS5X compounds can be considered to be 
promising electrolytes for ASSBs.343, 406, 407

One more large group of sulfide electrolytes includes 
materials similar to LISICON complex phosphates discussed 
above. The first materials of this type were detected in the 
Li3PS4 and Li4GeS4 system in which the compound Li10GeP2S12 
with a broad homogeneity range is formed 408, 409 (see Fig. 6). 
The structure of Li10GeP2S12 refers to the tetragonal space group 
P42/nmc. It is formed by isolated tetrahedra (Ge,P)S4 , with 



D.Yu.Voropaeva, I.A.Stenina, A.B.Yaroslavtsev 
12 of 34 Russ. Chem. Rev., 2024, 93 (6) RCR5126

lithium ions being located in the tetrahedral and octahedral voids 
between them (see Fig. 5).410, 411 The lithium transport occurs 
via one-dimensional channels along the ⟨001⟩ crystallographic 
direction.412

These materials attract attention for their high ionic 
conductivity,413 which is a record high for sulfide electrolytes 
(up to 1.4 × 10−2 S cm−1) in the opinion of some researchers, and 
are quite competitive with liquid electrolytes.69, 410, 414, 415 The 
conductivity of Li10GeP2S12 reaches 10−2 S cm−1 only at 
temperatures of 50 – 80 °C.187 However, the materials of this 
group are characterized by certain problems, for example, high 
resistance of grain boundaries, as is the case for NASICON 
ceramics. As a result, contrary to expectations, a decrease in the 
grain size also leads only to increasing resistance of the 
materials.260, 416 – 419

Another obvious disadvantage of these materials regarding 
their commercialization is the presence of expensive germanium. 
Therefore, many researchers have attempted to replace 
germanium by more common elements. For example, the 
preparation of Li10SnP2S12 with the ionic conductivity of 
2 × 10−3 – 7 × 10−3 S cm−1 has been reported.420 – 423 However, 
these materials are not stable against the lithium metal anode. 
Vinado et al.424 and Tarhouchi et al.425 reported the possibility 
of increasing stability of these electrolytes by deposition of 
surface layers.

One more alternative is Li10SiP2S12 . Although Kuhn et al.420 
reported a high ion mobility in these structures according to 
NMR data, the ionic conductivity determined by impedance 
spectroscopy was 4 × 10−3 S cm−1, which is somewhat lower 
than that for germanium-containing materials. Markedly higher 
conductivity was reported for materials with partial substitution 
by tetravalent cobalt (6.1 × 10−3 S cm−1) 426 or complete 
substitution of germanium by silicon (6 × 10−3 S cm−1).427 An 
ionic conductivity of 3.1 × 10−3 and 2.5 × 10−2 S cm−1 at room 
temperature was reported 345, 428 for materials in which sulfur 
was partially replaced by oxygen and chlorine, respectively. 
Finally, an aluminium-containing material, Li11AlP2S12 had a 
higher stability, but a lower conductivity of 8 × 10−4 S cm−1 at 
25 °C with an activation energy of 25.4 kJ mol−1 and 
electrochemical stability of up to 5.0 V. It was shown that partial 
substitution of tin in Li10SnP2S12 by aluminium resulted in a 
conductivity of 2 × 10−3 S cm−1.427

While evaluating the potential of sulfide electrolytes, one can 
state that they have a higher ionic conductivity (see Fig. 6) than 
the above-described oxide systems, but are noticeably inferior to 
them in the chemical and electrochemical stability, which 
restricts their use in electrochemical current sources.339, 340, 429, 430

5. Polymer electrolytes

Despite the high ionic conductivity of solid inorganic 
electrolytes, their commercialization is hindered by the relatively 
high resistance at the electrode/electrolyte interface and the 
necessity of high-temperature treatment. Polymer electrolytes 
(PEs) usually possess excellent flexibility and mechanical 
properties with improved interfacial contact, which attracts 
attention of researchers specializing in ASSBs.431 Polymer 
electrolytes can be classified by the presence or absence of a 
liquid phase (gel-polymer and solid), by phase composition 
(homogeneous and composite), by the number of types of charge 
carriers (with parallel transport of co-ions and counter-ions or 
with selective transport of cations).432 – 435

The most popular PEs correspond to the polymer/salt-type 
electrolytes. These systems contain a lithium salt with a bulky 

anion, the most widely used among them being 
bis(trifluoromethanesulfonyl)imide (LiTFSI), bis(fluoro-
sulfonyl)imide (LiFSI), hexafluorophosphate (LiPF6) and 
perchlorate (LiClO4) (Table 3). To ensure the dissolution of this 
salt, the polymer must contain a sufficient number of 
electronegative atoms capable of coordinating lithium ions and 
participating in their transport. Therefore, the most commonly 
used inert polymer matrices include PEO, PVDF, polymethyl 
methacrylate (PMMA), polyacrylonitrile (PAN), etc. (see 
Table 3).

Most polymers contain crystalline and amorphous phases, in 
which cation movement occurs by different mechanisms. The 
greatest contribution to the ionic conductivity of polymer 
electrolytes is made by the movement of lithium cations in 
amorphous parts of the polymer, which is implemented by the 
solvation/desolvation mechanism via their interaction with 
electronegative atoms of the macromolecule or the salt and 
involves the segmental mobility of polymer groups. At 
temperatures below the glass transition temperature Tg , the 
segmental mobility of the polymer matrix is inhibited, and the 
cation movement in the polymer occurs by hopping between 
neighbouring sites able to coordinate lithium. Thus, ionic 
conductivity in solid PEs is determined by the degree of 
crystallinity, free volume and segmental mobility of the polymer, 
and studies are mainly focused on varying the above parameters. 
Effective strategies for the manufacture of uniform solid PEs 
with enhanced characteristics include copolymerization, graft 
polymerization and blending of different polymers.431, 436 The 
use of polymer chains with various bulky moieties, cross-linking 
agents, rigid frameworks and various functional groups makes it 
possible to reduce the polymer crystallinity and/or coordinate 
ion transport pathways and also to improve the mechanical 
properties of PEs to prevent dendrite growth.

The methods used to prepare PE films can be classified into 
ex situ methods in which an electrolyte film is obtained 
separately and then used in the assembly of the battery and 
in situ methods in which a polymer film is formed directly on 
the electrode surface. Solution casting is the most common 
method to fabricate film PEs. The polymer and the lithium salt 
are dissolved, cast on a substrate and dried.437 An advantage of 
ex situ methods is the control over the composition, the 
possibility of simple characterization of the resulting electrolyte 
and the use of a wide range of polymers. According to the in situ 

Table 3. Structural formulas of the most common lithium salts and 
polymer matrices used in electrolytes.
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polymerization technique, a liquid solution of a polymer 
precursor is injected into the electrode and then polymerized 
using thermal or photo initiators.96 Polymer electrolytes obtained 
by polymerization in situ can provide an easy pathway for Li+ 
ion transport in the electrodes and considerably reduce the 
interfacial resistance owing to good interfacial contact between 
the electrode and polymer electrolyte.438 The precursor used in 
in situ polymerization is mainly composed of a monomer with a 
functional group, a lithium salt, a solvent and an initiator.

5.1. Polymer/salt-type electrolytes

Below we consider some examples of formation of electrolytes 
based on PEO and PVDF, which appreciably differ in the 
transport mechanism, because in the case of PEO, coordination 
of lithium ions by the polymer oxygen is possible, while the 
transport in PVDF occurs through clusters formed by ions and 
polar groups.

Currently, PEO is the most widely used electrolyte because 
of its low cost and ease of production.439 The chain flexibility 
endows the polymer with good mechanical properties. Owing to 
the high concentration of oxygen atoms, PEO readily dissolves 
lithium salts, thus forming partially crystallized systems. 
However, below the melting temperature (~ 65 °C),440 the PEO 
crystallinity is usually 75 – 80%, which accounts for the low 
ionic conductivity of PEO-based electrolytes, ranging from 10−8 
to 10−7 S cm−1 at room temperature.441, 442 The ion transport in 
PEO-based amorphous polymer electrolytes or in their 
amorphous parts is determined by segmental mobility of the 
macromolecules and polymer relaxation. The movement of 
cations induced by an electric field is accompanied by ion 
desolvation/solvation by the polymer polar groups.443 A 
correlation between the ionic conductivity of electrolytes and 
the polymer viscosity made it possible to propose a transport 
model, which implies a correlation between the hopping of 
cations and rotation of polymer chain segments, resulting in a 
change in the cation environment. The cation transport in 
amorphous PEO is shown schematically in Fig. 10. The ion 
hopping from one position to another occurs in concert with the 
chain rearrangement, resulting in optimization of the cation 
environment in the new position.

According to literature data, PEO-based polymer electrolytes 
are incompatible with high-voltage cathodes based on layered 
oxides such as LiCoO2 or NCM due to the oxidative degradation 
of PEO in contact with these cathode materials.444, 445 According 
to Yang et al.,446 this is due to decomposition and oxidation of 
the terminal ‒OH and/or C – O – C ether groups in PEO to give 
C=O and COOH(Li) groups at > 4 V voltage (vs. Li/Li+). Huang 
et al.447 found that the oxidation of PEO-based electrolytes may 
be accompanied by the release of protons, which results in the 
uncontrolled structural degradation of layered NCM at the 
cathode/electrolyte interface. The interfacial structural 
degradation of NCM leads to a rapid increase in cell impedance 
and a sharp decrease in the capacity. Homann et al.448 that the 

failure of cells based on PEO and layered cathode materials is 
due to the short circuit caused by the formation of lithium 
dendritic layers with a large surface area rather than to PEO 
oxidation on contact with layered oxides. Later this assumption 
was confirmed by other authors.449 It was shown that the use of 
high-molecular-weight PEO (MW = 8 × 106 g mol−1),449 which 
has a higher viscosity and, hence, supresses the penetration of 
dendrites, or increase in the salt concentration in the electrolyte 450 
substantially improves the cyclability of batteries by inhibiting 
the dendrite formation.

The technology of lithium metal battery presented in 2011 is 
based particularly on PEO-based polymer electrolytes. This 
resulted in the manufacturing of more than 8000 electric 
vehicles. However, relatively low ionic conductivity of PEO-
based materials below its melting point is the main obstacle to 
commercialization of these batteries on a larger scale.

One way of decreasing the PEO degree of crystallinity is 
copolymerization. In this case, structurally different moieties in 
the polymer prevent the regular packing of the polymer chains. 
The copolymerization of polar and nonpolar monomers affords 
phase-separated microdomains, in which the polar PEO domains 
are involved in the ion transport, while the nonpolar domains 
disrupt the packing and, hence, provide a decrease in the PEO 
degree of crystallinity. For example, various researchers 
investigated copolymerization of ethylene oxide with styrene-
based monomers.451 – 454 It was shown that inclusion of styrene 
molecules suppresses crystallization of ethylene oxide units and 
improves the mechanical properties of electrolytes. Butzelaar et 
al.455 synthesized copolymers of ethylene oxide with vinyl 
ethers with different side chain lengths and grafting degrees. 
This approach decreased the degree of crystallinity of an 
electrolyte containing the LiTFSI salt from 98% to 39%. The 
maximum ionic conductivity (2.2 × 10−5 S cm−1 at 20 °C) was 
attained for a polymer with 50% grafting degree and 
[LiTFSI] : [EO] ratio of 1 : 20.

In the case of statistical copolymerization, the monomers are 
distributed randomly. St-Onge et al.456 demonstrated that 
approximately 26 mol.% propylene oxide is sufficient for 
complete amorphization of the parent polymer (Fig. 11 a). The 
copolymer containing 10 mol.% propylene oxide and 18 wt.% 
LiTFSI had an ionic conductivity of 3 × 10−5 S cm−1 at room 
temperature (Fig. 11 b), while the all-solid-state LFP|Li battery 
had a capacity of 120 mAh g−1 at room temperature. Notably, 
the presence of statistical defects not only prevents crystallization, 
but also decreases the strength of the PEO – Li+ coordination; as 
a result, the Li+ transference number can increase from 0.21 
characteristic of pure PEO to 0.58 for the polymer containing 
10 mol.% propylene oxide.

The use of fluorine-containing PEO block copolymers not 
only improves the mechanical strength of the electrolyte, but 
also provides the formation of a LiF-containing SEI layer on the 
lithium anode surface,457 which increases the battery lifetime. 
The use of poly(ethylene oxide)-co-(heptadecafluorodecyl 
methacrylate) block copolymer containing LiTFSI (ionic 
conductivity of 2.7 × 10−4 S cm−1 at 70 °C and lithium 
transference number of 0.41) as the electrolyte in the LFP|Li 
battery provided an initial capacity of 157 mAh g−1 and 95.8% 
capacity retention after 250 cycles.457 The characteristics of 
highly stable batteries with electrolytes made of PEO-based 
copolymers are described in the literature 458, 459 and are 
summarized in Table 4.

One more method to decrease the crystallinity and improve 
the electrochemical performance of PEO is to blend several 
polymers or fabricate continuous films by pore filling. Wang 

+ ++

+
+ +

+
+ +

Figure 10. Schematic picture of lithium cation transport in the 
amorphous part of PEO.
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et al.463 showed that blending of polyamide containing an 
N-substituted pyrrolidone ring (IBD) with PEO + LiTFSI 
decreases the polymer crystallinity, which provides an increase 
in the ionic conductivity (Fig. 12 a), electrochemical stability 
window from 4.25 V (for PEO + LiTFSI) to 4.80 V (Fig. 12 b), 
and lithium transference number from 0.17 (for PEO + LiTFSI) 
to 0.43 owing to the presence of carbonyl groups. As a result 
80.5% of the initial capacity was retained in the LFP|Li battery 
with the modified electrolyte after 580 cycles at 50 °C; 
meanwhile, in the cell with the PEO + LiTFSI electrolyte, the 
capacity retention was only ~10% even after 250 cycles 
(Fig. 12 c).

Blending of PEO with poly(vinylpyrrolidone) and LiNO3 
resulted in the fabrication of highly conductive polymer 
electrolyte with a lithium transference number of 0.3 and an 
ionic conductivity reaching 1.1 × 10−3 S cm−1 at room 
temperature.487 Gao et al.460 obtained a composite electrolyte 
with a framework of poly(m-phenyleneisophthalamide) 
nanofibres filled with PEO and LiTFSI, which had an ionic 
conductivity of 2.9 × 10−4 S cm−1 at 30 °C. Wan et al.488 reported 
a thin polyamide film (8.6 μm) filled with PEO + LiTFSI with an 
ionic conductivity of 2.3 × 10−4 S cm−1 at 30 °C.

Ionic liquids (ILs) have a good potential for the use in lithium 
batteries due to their low volatility and low flammability.489 – 491 
Polymeric ionic liquids (PILs) combine the flexibility of a 
polymer and the ionic conductivity of ILs.467, 490, 492 – 494 The 
insertion of imidazolium ion-based PIL into PEO would 
decrease the PEO crystallinity and induce the microphase 
separation, responsible for fast ion transport.464 The resulting 
electrolyte also shows a high transference number (0.63) and a 
wide electrochemical stability window (> 5.0 V).

Polyvinyl difluoride is characterized by a higher dielectric 
constant, which promotes dissociation of lithium salts and 
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Table 4. Lithium ion conductivity, oxidative stability and lithium transference numbers for some polymer electrolytes and key characteristics of lithium metal batteries based on these electrolytes.

Polymer Salt/plasticizer Conductivity, 
S cm–1 / T ( °C)

Oxidative 
stability, V

Lithium 
transference 
number

Cell  
cathode|anode

Cycling rate, 
temperature

Initial 
capacity, 
mAh g−1

Number of 
cycles

Capacity 
retention (%) Ref.

Polyphenyleneisophthalamide + PEO a LiTFSI/‒ 2.9 × 10–4/30 °C 5.4 ‒ LFP|Li 1C, RT 146.5 400 87.4 460
PEO block copolymer with  
polystyrene-based side chain

LiTFSI/‒ 1.6 × 10–5/25 °C 4.75 0.13 NCM622|Li 0.1C, 60 °C 175 100 57 453

PEO – propylene oxide statistical copolymer LiTFSI/‒ 3 × 10–5/25 °C ‒ 0.58 LFP|Li 0.04C 120 ‒ ‒ 456
PEO + porphyrin molecules modified with 
polyether chains

LiTFSI/‒ 5.7 × 10–4/60 °C 5.15 0.2 LFP|Li 0.2C, 60 °C 158.2 120 97.1 461

PEO – heptadecafluorodecyl methacrylate 
block copolymer

LiTFSI/‒ 2.68 × 10–4/70 °C 4.9 0.41 LFP|Li 0.2C, 60 °C 157.1 250 96.2 457

PEO-filled polyamide LiTFSI/‒ 2.05 × 10–4/30 °C 4.7 0.53 LFP|Li 1C, 60 °C 125 300 82 462
PEO + copolymer of itaconic acid, 
1,4-butanediamine and 1,10-decanediamine

LiTFSI/‒ 4.26 × 10–4/50 °C 4.8 0.43 LFP|Li 0.5C, 50 °C 124.4 580 80.5 463

Imidazolium-based polymerized ionic liquid 
(poly(ethylene glycol) monomethacrylate in 
PEO matrix

LiTFSI/‒ 2.2 × 10–4/60 °C 5.0 0.63 LFP|Li 0.2C, 60 °C 160 50 63 464

Bilayer PVDF/polypropylene LiClO4/‒ 1.53 × 10–4/RT 4.8 0.24 LFP|Li 0.3C, RT 134 180 97 465
Electrospun high-polarity β-phase multilayer 
structure, PVDF – HFP/PEO + LiTFSI/
PVDF – HFP

LiTFSI/‒ 2.57 × 10–3/80 °C 5.22 0.23 LFP|Li 1C, 80 °C 160 100 80 466

Cross-linked [Vmim1O2]TFSI in the 
PVDF – HFP matrix

LiTFSI/‒ 1.06  × 10–3/25 °C 5.5 0.59 LFP|Li 0.1C, 25 °C 153.7 ‒ ‒ 467

Poly(vinylidene fluoride-co-trifluoroethylene-
co-chlorotrifluoroethylene)

LiTFSI/‒ 3.1 × 10–4/25 °C 4.6 0.33 LFP|Li 0.5C, 25 °C 146.4 150 98.5 468

Poly(vinylidene fluoride-сo-trifluoroethylene)LiTFSI/‒ 4.48 × 10–4/25 °C 4.5 0.455 NCM811|Li 1C, 25 °C 178 300 92.1 469
PEG-filled PVDF LiTFSI/‒ 8 × 10–5/30 °С 5.2 0.432 LFP|Li 1C, 60 °C 142.2 1000 86.4 470
Cross-linked polyurethane LiTFSI/

succinonitrile
2.86 × 10–4/RT 4.06 0.511 LFP|Li 0.5C, RT 134 700 92 471

β-Cyclodextrin-based triblock copolymer LiClO4/‒ 1.5 × 10–3/100 °С 4.2 0.42 LFP|Li 0.1C, 60 °C 167 100 98 472 
PVDF – HFP + sulfonated PVDF – HFP ‒/‒ 2.84 × 10–4/RT <5.4 0.81 LFP|Li 0.2C, RT 147.9 200 89.1 473

Lithium 4-styrenesulfonyl(4-(trifluoro-
methoxy)benzenesulfonyl)imide) + 
polyethylene glycol

‒/‒ 1.96 × 10–5/30 °C ‒ ~0.9 (40 °C) LFP|Li 0.1C, 80 °C ~155 100 64.5 474

PVDF + copolymer of vinyl ethylene 
carbonate and lithium 3-sulfonyl(trifluoro-
methanesulfonyl)imide propyl methacrylate 

‒/succinonitrile 1.72 × 10–4/RT 4.5 0.93 LFP|Li 0.5C, 25°C 160  400 ≈99 475
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Table 4 (continued).

Polymer Salt/plasticizer Conductivity, 
S cm–1 / T ( °C)

Oxidative 
stability, V

Lithium 
transference 
number

Cell 
cathode|anode

Cycling rate, 
temperature

Initial 
capacity, 
mAh g−1

Number of 
cycles

Capacity 
retention (%) Ref.

Phosphorylated 
nanocellulose + hydroxypropyl methyl 
cellulose

LiPF6/DMSO 2.0 × 10–3/RT 4.5 0.56 LFP|Li 0.2C, RT 138.5   80  89 476

PVDF-HFP + branched acrylate LiTFSI/DOL+  
DME + [Py13]TFSI

9.5 × 10–4/RT 5.0 0.25 LFP|Li 0.5C, RT 153.7  500  92.7 477

PVDF-HFP modified with polyethylene 
glycol and lithium montmorillonite

LiTFSI/fluoro-
ethylene 
carbonate + PC

1.82 × 10–3/25 °C 5.1 0.513 LFP|Li 1C, RT 136 1000  92 478

PVDF – HFP LiPF6/EC + DMC + 
[Py14]PF6

1.62 × 10–3/RT 5.14 0.47 LiNi0.5Mn1.5O4|Li 0.2C, RT 112  150  98.2 479

PVDF + copolymer of borate-containing 
poly(ethylene glycol) methyl methacrylate 
and 4-vinyl-1,3-dioxolan-2-one

LiTFSI/EC + PC 1.32 × 10–3/30 °C 4.7 0.6 LFP|Li 0.2C, RT 143  150  96 480

Pentaerythritol tetraacrylate-graft-butyl 
methacrylate

LiPF6/EC + DEC + 
EMC

1 × 10–3/RT 5.2 0.41 NCM523|Li 2C, RT 108  100  63.9 481

PVDF + lithium poly(4-styrenesulfonyl-
(benzenesulfonyl)imide) 

‒/EC + DMC 1.1 × 10–3/RT 4.5 0.87 LFP|Li 0.1C, RT 148  ‒  ‒ 482

Lithium (4-styrenesulfonyl)-
(trifluoromethanesulfonyl)imide cross-
linked with polyethylene glycol 
dimethacrylate

LiTFSI + LiNO3/
DOL + DME

2.74 × 10–5/RT 4.7 0.622 LFP|Li 0.1C, RT 132.1  150  80 483

Copolymer of lithium (4-styrenesulfonyl)-
(trifluoromethanesulfonyl)imide, 
pentaerythritol tetrakis(2-mercaptoacetate) 
and pentaerythritol tetraacrylate

‒/EC + DMC 8.4 × 10–4/RT 5.2 0.93 LFP|Li 1C, RT 133  400  83 484

Poly(ethylene-ran-butylene)-block-
polystyrene functionalized with lithium 
benzenesulfonylimide

‒/EC + DMA 6 × 10–4/25 °С 4.1 0.72 LFP|Li 0.1C, RT 100   40 ≈99 485

Nafion-212 ‒/EC + PC 1.9 × 10–4/25 °С 6 0.8 LFP|Li 0.1C, RT 141   50 ≈99 134
Aquivion-87 ‒/EC + DMA 1.08 × 10–3/25 °С ‒ 0.69 LFP|Li 0.1C, RT 142   70 98.8 486
Note. [Vmim1O2]TFSI is 1-ethoxymethyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)imide, DOL is dioxolane, [Py13]TFSI is 1-methyl-1-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide, 
[Py14]PF6 is 1-butyl-1-methylpyrridium hexafluorophosphate. a Mixture/solution.
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provides a high concentration of charge carriers.495 In addition, 
PVDF has other useful properties, including flexibility and 
mechanical strength, wide electrochemical stability window and 
thermal stability. Therefore, PVDF is a promising base for solid-
state PEs attracting considerable attention of researchers. Solid 
electrolyte interface containing LiF can be formed at the 
interface between a PVDF-based electrolyte and lithium metal 
anode; this facilitates the interfacial ionic conductivity and 
improves the mechanical strength.496

Since PVDF is a non-coordinating polymer, unlike PEO, 
lithium salts do not interact directly with the backbone. The 
addition of a lithium salt to the polymer matrix gives rise to 
aggregates in which Li+ is coordinated by electronegative atoms 
of salt anions. The salt clusters can form a percolation network 
where Li+ moves along the channels formed by anions by 
hopping from one stable position to another (Fig. 13).495, 497 The 
conductivity of the PVDF + LiTFSI electrolyte amounts to 
1.8 × 10−5 S cm−1 at room temperature.

The degree of crystallinity of PVDF is relatively high, being 
65 – 78% at room temperature.498 However, the introduction of 
other units can disrupt the ordered matrix structure, thus 
increasing the proportion of amorphous domains and ionic 
conductivity. The copolymer of PVDF with hexafluoropropylene 
(PVDF-HFP) is used most often. The CF3 groups of the latter 
effectively reduce the degree of crystallinity.496, 499 Electrolytes 
based on this copolymer have high ionic conductivity and 
mechanical strength.500 The high dielectric constant of the 
electrolyte based on poly(vinylidene fluoride-сo-trifluoro-
ethylene-сo-chlorotrifluoroethylene) triblock copolymer 
containing LiTFSI, which was reported by Huang et al.,468 
provided an ionic conductivity of 3.1 × 10−4 S cm−1 at 25 °C. It 
was shown 469 that conformation of molecular chains also affects 
the ionic conductivity of electrolytes based on PVDF. The trans-
planar conformation in which all fluorine atoms are located on 
one side and hydrogen atoms are on the other side is characterized 
by higher polarity, which provides higher ionic conductivity. 
Zeng et al.469 produced an electrolyte with an ionic conductivity 
of 4.5 × 10−4 S cm−1 at 25 °C based on PVDF in this conformation 
by introducing 20 – 50 mol.% trifluoroethylene blocks. The 
NCM811|Li cells containing this copolymer retained 92% of the 
initial capacity after 300 cycles at 25 °C, while the capacity 
retention for similar cells based on pure PVDF electrolyte was 
only 20%.

One more promising approach for improving the polymer 
properties is to introduce functional groups chemically bound to 
the backbone. Mi et al.501 obtained electrolytes based on lithium 
phenyl phosphate uniformly grafted to PVDF. The introduction 
of functional groups resulted in decreasing glass transition 
temperature and degree of crystallinity of the DMF-solvated 

electrolyte and in increasing ionic conductivity. The NCM811|Li 
cell demonstrated 71% capacity retention after 1550 cycles.

Polymer blending is a much simpler approach to enhancing 
the transport properties of PVDF-based electrolytes. Li et al.502 
fabricated an electrolyte by mixing solutions of 
polyvinylpyrrolidone, polyether imide, PVDF and LiTFSI. The 
microporous material formed after the solvent evaporation had 
an ionic conductivity of 5.1 × 10−4 S cm−1 and Li transference 
number of 0.51 at room temperature. The LFP|Li batteries with 
this electrolyte demonstrated a discharge capacity of 
122 mAh g−1 by the 100th cycle with a Coulombic efficiency of 
more than 99%. Wang et al.470 filled the pores in a PVDF film 
with polyethylene glycol (PEG) with subsequent thermal curing. 
The ionic conductivities achieved for this structure were 
8 × 10−5 S cm−1 at 30 °C and 2.9 × 10−4 S cm−1 at 60 °C. The 
LFP|Li battery retained 86.4% of the capacity after 1000 
cycles.470 The electrolyte based on PILs, PVDF-HFP and 
LiTFSI showed an ionic conductivity of 1 × 10−3 S cm−1 at 25 °C 
and a wide electrochemical stability window (5.5 V).467 The 
LFP|Li cell demonstrated a reversible capacity of 154 mAh g−1 
at a 0.1C rate, and the Li|Li symmetrical cell maintained a stable 
voltage for 1000 h.467

It is worth noting that most PVDF-based solid electrolytes 
are prepared by polymer solution casting using DMF as a 
solvent. After drying, electrolytes may contain residual amounts 
of DMF, which causes their high ionic conductivity.503, 504 
Zhang et al.503 demonstrated that the solvation effect, caused by 
the minor residual amount of bound DMF, plays the key role in 
the ion transport, interfacial stability and the cell performance. 
Since the residual DMF occurs in the electrolytes in the bound 
state rather than as the free solvent, the ionic conductivity can be 
implemented via the transport of lithium ions between the sites 
of interaction of bound DMF molecules with PVDF chains. The 
control of the solvation effect in electrolytes can significantly 
improve the cycling characteristics of PVDF-based solid-state 
lithium metal batteries at 25 °C (for example, more than 1000 
cycles with capacity retention of more than 94%).503, 504

The polymer plasticization with solvents giving gel-polymer 
electrolytes (GPEs) is the most efficient way to obtain polymer 
electrolytes with a high conductivity at relatively low 
temperatures (see Fig. 6).96 If the polymer is non-conductive, 
GPE includes the polymer, liquid low-molecular-weight 
plasticizer and a lithium salt. Lithium transport in GPE is 
accomplished via Li+ diffusion through the liquid phase 
encapsulated in the polymer matrix.

Apart from meeting the general requirements to electrolyte 
components, such as inertness to all electrochemical cell 
components and thermal stability, plasticizers should have a 
high dielectric constant that would facilitate dissociation of the 
salt 505 and low viscosity to provide ion transport.506 The 
plasticizers used most often are aprotic solvents that contain 
carbonyl (>C=O), nitrile (–C≡N), sulfonyl (>S=O) or ether 
(–O–) groups, which ensure the dissolution of salts.507 Various 
cyclic and linear organic carbonates that are used in liquid 
electrolytes are most popular. Examples of matrices frequently 
employed to obtain polymer/salt gel-polymer electrolytes are 
PAN, PVDF-HFP, PMMA, polyvinyl chloride and so 
on.444, 506 – 508 In many cases, in GPEs, PVDF is considered only 
as a polymer framework which absorbs a large amount of a 
liquid electrolyte.509 Saikia and Kumar 510 showed that GPEs 
based on PVDF-HFP plasticized with a mixture of propylene 
carbonate (PC) and diethyl carbonate (DEC) has a higher ionic 
conductivity (7.5 × 10−3 S cm−1) than PVDF (1.3 × 10−3 S cm−1). 
A sandwich structure containing a PVDF-coated polypropylene 
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Figure 13. Scheme of the lithium cation transport through the chan-
nels formed by anions in PVDF.
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separator was plasticized with DMF. The system demonstrated 
an ionic conductivity of 1.5 × 10−4 S cm−1 at room temperature 
and prevented the dendrite formation.465 The specific capacity 
of the LFP|Li cell was 134 mAh g−1 with 97% capacity retention 
after 180 cycles.

In addition to the fact that the introduction of low-molecular-
weight solvents is detrimental to safety, batteries with carbonate 
solvents are susceptible to fast decrease in the capacity at 
temperatures above 55 °C due to decomposition of the 
electrolyte.511 At temperatures above 69 °C, SEI formed by a 
carbonate electrolyte decomposes and induces exothermic 
reactions that result in battery failure.512 A possible solution to 
the battery safety problem is to add fire retardants to the 
electrolyte. In particular, of interest are fire-resistant phosphate 
compositions 513 – 515 and organic fluorinated solvents, which are 
compatible with high-voltage cathodes, have low flammability 
and provide durable SEI with high conductivity.516, 517 For 
example, GPEs based on poly(ethylene glycol dimethyl acrylate) 
plasticized with triethyl-2-fluoro-2-phosphonoacetate had an 
ionic conductivity of 3.15 × 10−3 S cm−1 and lithium transference 
number of 0.47, and the LFP|Li battery showed 94.6% capacity 
retention after 700 cycles.515 Deng et al.516 reported polymer 
electrolytes with a high ionic conductivity of 4.4 × 10−3 S cm−1 
at 30 °C and a wide electrochemical stability window of 5.6 V 
using the PVDF matrix plasticized with solutions of LiFSI, 
LiPF6 or lithium difluoro(oxalato)borate in a mixture of ethylene 
carbonate (EC), fluoroethylene carbonate and methyl 
2,2,2-trifluoroethyl carbonate. The LFP|Li batteries with this 
electrolyte showed 81% capacity retention after 1000 cycles.516 
The key characteristics of various polymer electrolytes and 
batteries based on them are summarized in Table’4.

5.2. Solid polymer electrolytes based on cation 
exchange membranes

According to the space–charge model proposed by Chazalviel 
and co-workers,518 the application of direct current induces a 
cation concentration gradient in the electrolyte. The depletion of 
cations near the anode surface at high current density leads to 
accumulation of local spatial charge and formation of branched 
dendrites. The dendrite growth can be retarded by increasing the 
initial cation concentration and decreasing the concentration of 
mobile anions in the electrolyte, e.g., by using cation exchange 
membranes as electrolytes, so-called single-ion-conducting 
polymer electrolytes.62, 64, 519, 520 In cation exchange membranes, 
anions are covalently bound to the polymer matrix. These 
electrolytes possess only cationic conductivity and should be 
characterized by lithium transference numbers close to unity. In 
order to maximize cation mobility, functional groups are often 
arranged on the side chains of the polymer backbone. A great 
benefit of cation exchange membranes is the ability to provide 
their own lithium conductivity. It is of interest that the addition 
of lithium salts does not increase the conductivity.521

Among recent studies dealing with the development of 
single-ion-conducting electrolytes for ASSBs, most popular are 
cation exchange membranes containing sulfonic acid R‒SO3

– 
and bis(sulfonyl)imide R – SO2N(–)SO2 – X functional groups, 
which are analogues of the widely used LiTFSI. The bis(sulfonyl)
imide groups can effectively delocalize negative charge 522 – 526 
and decrease the dissociation energy with the release of Li+ 
cations, thus promoting ion transport. The negative charge 
distribution in R – SO2N(–)SO2 – X can be further improved by 
introducing various electronegative or bulky groups such as ‒
CF3 , ‒Ph or ‒PhCF3 .482, 527 – 529

It was shown that PEO binds to functional groups of 
bis(trifluoromethanesulfonyl)imide thus giving a material with 
ion transport channels.530 Mixtures with a high content of PEO 
(up to [O]/[Li+] = 10) were fully amorphous and had ionic 
conductivity of 10−5 and 10−4 S cm−1 at 90 and 130 °C, 
respectively. An electrolyte based on a mixture of lithium 
poly(4-styrene sulfonyl(trifluoromethylsulfonyl)imide) with 
PEO showed an ionic conductivity of 9.5 × 10−6 S cm−1 at 
70 °C.531 The material cross-linked with α,ω-
diaminopolyethylene glycol had an ionic conductivity of 
2.0 × 10−5 S cm−1 at 30 °C and Li+ transference number of 0.9.474

Zhang et al.532 developed ionomers containing fluorinated 
aryl sulfonimide anions as side chains blended with PEO, which 
showed a conductivity of 10−4 S cm−1 and electrochemical 
oxidative stability (> 5.0 V). The best samples of these materials 
demonstrated ionic conductivity of up to 1.72 × 10−4 S cm−1 at 
room temperature.475 The PVDF-HFP sulfonated copolymer 
mixed with non-sulfonated polymer exhibited an ionic 
conductivity of 2.8 × 10−4 S cm−1 at room temperature and a 
lithium transference number of 0.81.473

The introduction of low-molecular-weight plasticizers into 
cation exchange membranes may markedly increase the ionic 
conductivity. Zhong et al.533 reported a polymer electrolyte 
containing a lithium [(4-styrenesulfonyl)(fluorosulfonyl)imide] 
copolymer solvated with a mixture of EC and dimethyl carbonate 
(DMC) in the PVDF matrix. The ionic conductivity of this 
electrolyte was 5.8 × 10–3 S cm−1 at 28 °C and the lithium 
transference number was 0.91. Another copolymer containing 
(4-styrenesulfonyl)(trifluoromethanesulfonyl)imide solvated 
with a mixture of EC and DMC showed an ionic conductivity of 
8.4 × 10–4 S cm−1 at room temperature and a lithium transference 
number of 0.93.484 The LFP|Li battery based on this copolymer 
retained 83% of the capacity after 400 cycles.

Owing to good transport properties and thermal and 
electrochemical stability, perfluorinated Nafion type sulfonated 
cationic membranes, in which the functional SO3

– groups are 
bound to the perfluorinated polymer matrix, attract the greatest 
attention.95, 534 The solvation of these membranes with organic 
aprotic solvents provides high ionic conductivity, which can 
reach 10−4−10−3 S cm−1 at room temperature (see Fig. 6). A few 
examples of using Nafion-type membranes in lithium-ion or 
lithium metal batteries have been reported in the 
literature.95, 535 – 543 For example, the ionic conductivity of 
Nafion-211 solvated with PC was 2.1 × 10−3 S cm−1 at 70 °C, 
while the discharge capacity of a lithium-sulfur battery was 
895 mAh g−1 (in terms of sulfur) with 89% capacity retention 
after 100 cycles.535 The membrane electrolyte obtained by 
casting a 20 wt.% dispersion of Nafion in water and in lower 
aliphatic alcohols solvated with an EC – PC mixture was 
characterized by an ionic conductivity of 3.6 × 10−4 S cm−1 at 
20 °C and a discharge capacity of the LFP|Li cell of 
≈ 80 mAh g−1 at a 0.05C rate.536 The properties of these 
electrolytes are described in more detail in reviews.95, 432

6. Composite electrolytes

The data given in the previous Sections indicate that inorganic 
electrolytes often do not have sufficiently high conductivity, or, 
as in the case of sulfides, they are not sufficiently stable. 
Furthermore, it is often difficult to make a tight barrier between 
a cathode and anode with such electrolytes. Conversely, in the 
case of polymer systems, it is easy to produce electrolytes, 
including those suitable for being used in flexible batteries, but 
they often have insufficient strength and do not completely 
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prevent the formation of lithium dendrites. In addition, to 
achieve high conductivity, they are often plasticized with 
solvents, which preserves the possibility of evaporation upon 
depressurization or fire if temperature conditions are violated. 
Therefore, there is an opinion that the most promising approach 
is to fabricate composite electrolytes (CEs) that would combine 
the benefits of both types of materials and decrease risks during 
application in real devices. Composite electrolytes are usually 
made of a polymer, an inorganic filler and, often, a solvent and/
or a lithium salt. The ionic conductivity of CEs largely depends 
on the interaction between the listed components.544 – 546 To 
attain the optimal results, it is necessary to understand why 
properties of polymer electrolytes are improved when inorganic 
fillers are introduced into them. The fillers not only increase the 
mechanical strength of the polymer matrix, but also act as a sort 
of plasticizers, which prevent the polymer crystallization and 
increase the ionic conductivity of the electrolyte.547, 548 In 
addition, the use of dopants that have their own lithium 
conductivity (so-called active fillers) can provide an increase in 
the concentration of charge carriers and improvement of battery 
performance. However, an increase in the concentration of 
charge carriers can also be achieved with an inert filler as a 
result of surface sorption processes that increase the concentration 
of defects. An increase in the lithium transference numbers, 
together with increase in the composite strength and generation 
of steric hindrances for the transport of much larger anions 
reduce the risk of dendrite penetration (Fig. 14) and substantially 
increase the battery safety.

According to the existing views, the transport of lithium ions 
proceeds via polar regions of the polymer matrix and is facilitated 
by the segmental mobility of polymer chain fragments in 
amorphous domains.549, 550 The inorganic electrolyte prevents 
an ordered packing of the polymer and decreases the degree of 
crystallinity. According to some authors, the interaction of the 
filler with the polymer increases the redox stability of the 
electrolyte, thus expanding the electrochemical stability 
window.551

To be competitive with commercial liquid electrolytes, CEs 
should be thin (not more than 30 μm thick) and ensure fast 
transport of lithium ions.549, 552 A combination of a lithium metal 
anode with a cathode operating at relatively high potentials 
(³4 V vs. Li+/Li) provides high energy density, which, of 
course, attracts the attention of many researchers. However, 
new, rather serious limitations appear simultaneously due to the 
need to ensure the electrolyte stability at both high and low 
potentials.553

In addition, the use of both inorganic electrolytes and CEs 
with higher ceramic contents is often faced with an additional 
problem related to the poor contact between the electrolyte and 

the electrodes. A poor contact, which is conventionally called 
point-to-point contact, generates a significant interfacial 
resistance and non-uniform distribution of local current density, 
which induces the growth of dendrites. The change in the 
electrode volume during cycling leads to accumulation of 
structural stresses, which further deteriorates the ion transport at 
the electrolyte/electrode interface.554 This complications can be 
overcome by switching to composite electrolytes with high 
plasticity.555 – 558 The foregoing gives reasons to believe that 
composite electrolytes with a relatively high ionic conductivity, 
electrochemical stability and mechanical strength have a huge 
potential for the design of next-generation ASSBs

6.1. Composite electrolytes with inert fillers

The inorganic fillers used in composite electrolytes can be 
classified into inert and active ones depending on the presence 
of lithium conductivity. Among inert fillers, note a number of 
oxides such as Al2O3 , SiO2 , ZrO2 , etc., while active fillers are 
most often represented by materials described among inorganic 
electrolytes.549, 559, 560 In the materials with high concentration of 
active fillers, the polymer matrix provides enhancement of 
mechanical properties, and lithium diffusion can proceed via the 
network formed by the inorganic electrolyte and can be fast 
enough without addition of lithium salts.561 – 563

Inert fillers may increase the strength and thermal stability of 
the polymer matrix. In addition, while acting as rigid barriers or 
cross-linking agents, they can increase the free volume in the 
polymer matrix via increasing the segmental mobility and 
decreasing the degree of crystallinity.564, 565 It is often noted that 
some acidic fillers may adsorb anions and, hence, restrict their 
mobility and increase the lithium transference number.549 Fillers 
with small particle size form multiple interfaces providing 
increasing concentration of charge carriers represented by 
lithium defects.81, 566

It was shown 567 that the introduction of silica into 
PMMA + LiTFSI electrolyte resulted in an increase in the 
polymer segmental mobility and in the conductivity 
(7.3 × 10−5 S cm−1 at 30 °C). The in situ synthesis of SiO2 
particles in PEO produced a high ionic conductivity 
(1.2 × 10−3 S cm−1 at 60 °C; 4.4 × 10−5 S cm−1 at 30 °C) and 
expanded the electrochemical stability window up to 5.5 V.568 
The addition of 1 wt.% TiO2 into the PMMA + LiClO4 system 
increased the ionic conductivity up to 3 × 10−4 S cm−1 at room 
temperature.569 The introduction of 20 wt.% TiO2 into lithium 
ion poly(ethylene citrate) increased the ionic conductivity of 
PMMA + LiClO4 by two orders of magnitude up to 
1.7 × 10−4 S cm−1.570 A higher conductivity can also be attained 
by adding zirconium oxide to polymer electrolytes. For example, 
the conductivity of the polypropylene oxide + LiTFSI and 
PVDF-HFP + LiClO4 systems increased after the addition of 
ZrO2 up to 9.6 × 10−4 and 2.5 × 10−3 S cm−1, respectively. In 
addition, this ensured the electrochemical stability of CEs up to 
5 V.571, 572

As noted above, the lithium transference number is also an 
important parameter. The non-uniform lithium deposition and 
dendrite formation are caused by low lithium transference 
numbers, which are only 0.1 – 0.2 in most composite 
electrolytes.573 An increase in the transference numbers leads to 
more uniform deposition of lithium and prevents dendrite 
formation.574, 575 They can be increased by using polymers with 
a high dielectric constant or a lithium salt with a low crystal 
lattice energy.576 In addition, by introduction of functional 
groups, it is possible to enhance the binding of anions to the 
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Figure 14. Scheme of dendrite penetration in a polymer (a) and 
composite (b) electrolytes.
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matrix or the filler, or simply restrict the movement of a bulky 
anion due to the steric factor (see Fig. 14 b). For example, the 
lithium transference number can be increased to 0.8 by 
introducing boron nitride nanosheet structures,577 negatively 
charged imidazole structures 578 or layered lithium 
montmorillonite 579 into the polymer to suppress the transport of 
anions.

An efficient approach is modification of polymer electrolytes 
with zeolites possessing high surface area, which is involved in 
the generation of defects that contribute to lithium ion transport. 
Indeed, modification of the PEO + LiTFSI system with SSZ-13 
and YNa zeolites increased the ionic conductivity to 5.3 × 10−2 
and 1.7 × 10−2 S cm−1 at 70 and 60 °C, respectively, with 
simultaneous increase in the lithium transference numbers to 
≈ 0.85; ASSBs based on these electrolytes showed a high 
stability.580, 581 Meanwhile, it is noteworthy that the use of 
metal-organic frameworks (MOFs) with an equally high surface 
area provided a much more modest conductivity,582 probably 
indicating an important role of the nature of the surface of such 
materials. A comparison of properties of composite electrolytes 
filled with various inert and active particles is given in Table 5.

6.2. Composite electrolytes with active fillers

Materials of this class appear to be of most interest in terms of 
the diversity of lithium ion transport pathways. If the filler 
particles form a one-, two- or three-dimensional framework, 
cations can move due to migration of charge carriers (vacancies 
or interstitials) from one particle to another. Conversely, if the 
polymer predominates in the material, then lithium transport 
activated by the polymer segmental mobility prevails.625 On the 
other hand, defect formation processes at the interfaces and the 
interfacial migration between the fillers and the polymer can 
play an important role. The ion transport mechanisms in 
composite electrolytes are described in quite a few 
publications.86, 150, 549, 550, 626, 627 Meanwhile, it is obvious that 
nature and energy of the bond between lithium and the anion are 
rather similar in such fillers and in ion salts generating charge 
carriers in polymer electrolytes. This markedly decreases the 
efficiency of defect formation processes due to sorption 
phenomena at the interface between the inorganic and polymer 
phases.81 However, this does not eliminate the significance of 
using such composites to improve the transport processes across 
the interfaces by filling the gaps between the hard ceramic 
particles and improving the wettability of interfaces and the 
contact between the active filler particles.

As an intermediate approach between inert and active fillers, 
consider the tight composite electrolyte with MoSe2 nanosheets 
in PVDF containing a LiFSI solution in DMF, which was 
reported by Wu et al.628 The reaction of MoSe2 with lithium 
metal gives rise to the Li2Se interlayer, possessing a reasonably 
good conductivity, at the interface, thus increasing the battery 
performance. The material demonstrates an ionic conductivity 
of 6.4 × 10−4 S cm−1 and electrochemical stability window of up 
to 4.7 V. The NCM811|Li battery based on this electrolyte 
showed a high performance.

According to Marchiori et al.,629 the addition of lithium salts 
alone is able to decrease the polymer stability to oxidation. 
Cathodes such as LiCoO2 and NCM have high specific surface 
area and exhibit an even more pronounced catalytic activity in 
redox reactions owing to transition metal ions or conducting 
carbon, which accelerates the electrolyte degradation.630, 631 The 
introduction of inorganic electrolytes may restrict the direct 
contact of polymers with a lithium metal anode or a high-voltage 

cathode. However, according to some authors, inorganic 
particles can also contribute to polymer stabilization due to the 
acid–base interactions leading to electron density 
redistribution.632 – 634

Wang et al.635 reported composite electrolytes based on a 
liquid crystalline polymer in combination with ILs and Li salts 
(LiBF4 and LiFSI). The resulting electrolytes had a conductivity 
of up to 2.1 × 10–3 S cm−1 at 25 °C, lithium transference numbers 
of <0.6 and electrochemical stability window of 5.6 V. In the 
authors’ opinion, the high conductivity was caused by the 
presence of a nano-sized conductive network.

Garnet type materials are among the most demanded fillers 636 
(see Table 5). The composite membranes based on the PEO 
matrix containing 52 wt.% Li7La3Zr2O12 had an ionic 
conductivity of 4.4 × 10−4 S cm−1 at 55 °C, while retaining high 
flexibility inherent in the polymer matrix.637 UV cross-linked 
PEO containing tetraethylene glycol dimethyl ether, LiTFSI and 
LLZO showed an ionic conductivity of more than 10−4 S cm−1 
and lithium transference number of more than 0.5 at 20 °C. The 
LFP|Li cell with this electrolyte retained a high capacity after 
400 cycles.638 An electrolyte based on PEO and graphene oxide 
containing LiTFSI also had a conductivity of more than 
10−4 S cm−1 at 55 °C. The LFP|Li cell retained a capacity of 139 
mAh g−1 with Coulombic efficiency of approximately 93.6% 
after 100 cycles.626

The composite electrolyte based on PEO + LiClO4 and 
Li6.4La3Zr1.4Ta0.6O12 demonstrated a lithium ion conductivity of 
4.8 × 10−4 S cm−1 at 60 °C.639 Composite electrolytes based on 
PVDF and PEG dimethyl ether filled with Li7La3Zr2O12 had an 
ionic conductivity of 4.7 × 10−4 S cm−1 at 60 °C and an 
electrochemical stability window of 4.5 V.640 The NCM622|Li 
ASSB based on this material demonstrated a capacity of 
156 mAh g−1 at a 0.1C rate. Huo et al.641 investigated the 
characteristics of composite electrolytes containing 
Li6.4La3Zr1.4Ta0.6O12 over a wide range of filler concentrations 
ranging from ‘ceramic-in-polymer’ to ‘polymer-in-ceramic’. 
The highest conductivity was 1.6 × 10−4 S cm−1 at 30 °C, while 
the LFP|Li battery provided a specific capacity of 99 mAh g−1 
with 82.4% capacity retention after 200 cycles.

Some authors also pay considerable attention to the 
orientation of filler particles in the composite. In terms of the 
percolation theory, the presence of continuous networks or even 
one-dimensional structures should provide certain advantages 
for the conductivity An electrolyte with oriented one-
dimensional Li0.35La0.55TiO3 structure in the PEO+LiTFSI 
matrix 613 demonstrated an ionic conductivity of 
1.3 × 10−4 S cm−1. The ordered Li0.33La0.557TiO3 nanowires 
showed an ionic conductivity of 6.0 × 10−5 S cm−1 at 30 °C, 
which was an order of magnitude higher than the conductivity of 
the material with randomly oriented nanowires.642 As other 
examples of formation of ordered filler structures with increased 
conductivity in polymer matrices, mention may be made of one-
dimensional LLZO garnet structures in PEO 
(1.8 × 10−4 S cm−1) 643 and anodic aluminium oxide with PEO-
filled channels (5.8 × 10−4 S cm−1).644

Considerable attention is also paid to composite electrolytes 
incorporating NASICON type particles (see Table 5). For 
example, Wang et al.645 fabricated a flexible electrolyte based 
on PEO + PEG with Li1.5Al0.5Ge1.5(PO4)3 particles forming one-
dimensional channels for fast diffusion of lithium ions. The 
conductivity of the material reached 1.7 × 10−4 S cm−1 at 25 °C. 
An ASSB based on this material with an LFP cathode showed a 
more than 93% capacity retention after 300 cycles. Zhai et al.646 
also investigated one-dimensionally oriented structures of 
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Table 5. Comparison of properties of composite electrolytes doped with inert and active filler particles.

Polymer + salt Dopant Conductivity,
S cm−1/T, °C

Stability, 
V

Li transference 
numbers

Cell 
cathode|anode

Cycling rate, 
temperature

Initial 
capacity, 
mAh g−1

Number of 
cycles

Capacity 
retention (%) Ref.

PEO + LiTFSI Al2O3 9.6 × 10–4/25  5 0.43 CNT@S|Li 0.1C, 60 °C 1415  120  45.2 583
PPC + LiTFSI SiO2 8.5 × 10–4/60  4.8 0.86 LFP|Li 1C, 60 °C 103  200  76 584
PPC + LiTFSI TiO2 1.52 × 10–4/25  4.6 ‒ LFP|Li 0.3C, RT 140  100  63.3 585
PPC + LiTFSI TiO2 nanorods 1.2 × 10–4/25  4.6 ‒ LFP|Li 0.3C, RT 162  100  93 585
PVDF – HFP + LiClO4 ZrO2 2.5 × 10–3/25  5 0.57 ‒ ‒ ‒  ‒  ‒ 572
PVDF – HFP + LiPF6 ZrO2 3.6 × 10–3/25  5 0.41 LiCoO2|Li 2C, RT 126.4  150  85.2 586
PEO + LiTFSI CeO2 1.1 × 10–3/60  ‒ 0.47 LFP|Li 0.1C, 60 °C 167  280  91 587
PEO + LiTFSI MnO2 1.95 × 10–5/30  ‒ 0.378 LFP|Li 0.5C, 60 °C 110  300  86.7 588
PEO + LiTFSI BaTiO3 1.5 × 10–5/25 >4.5 0.197 LFP|Li 0.1C, 80 °C 140.7   50  97.8 589
PEO + LiTFSI Mg2B2O5 1.5 × 10–4/40  4.75 0.44 LFP|Li 1C, 50 °C 117  230 ≈100 590
PEO + LiTFSI Al2Si2O5(OH)4 1.1 × 10–4/25  6.35 0.4 S|Li 0.1C, 25 °C 747  100  87 591
PEO + LiTFSI ZIF-8 (MOF) 2.2 × 10–5/30 ~5 0.36 LFP|Li 0.5C, 60 °C 130.6  350  85 592
PEO+  LiFSI MIL-53(Al) (MOF) 3.4 × 10–3/120  5.1 0.343 LFP|Li 5C, 120 °C 136.4  300  94.7 593
PEO + LiTFSI UiO-66 (MOF) 1.3 × 10–4/30  4.5 0.26 LFP|Li 0.5C, 60 °C 151  100  95 594
PEO + LiTFSI SSZ-13(MOF) 1.7 × 10–2/60  4.65 0.84 LFP|Li 0.1С, 60 °С 156.6  100  95.2 580
PAN + LiClO4 Graphene oxide 4 × 10–4/30  4.3 0.42 LFP|Li 0.2C, 60 °C 166   50  99.6 595
PEO + LiTFSI Halloysite NT 9.2 × 10–5/25  5.14 0.46 LFP|Li 0.3C, 25 °C ~158  300 ≈82 596
PAN + LiClO4 Li7La3Zr2O12 1.3 × 10–4/30  5 0.3 ‒ ‒ ‒  ‒  ‒ 597
PEO + LiTFSI Li7La3Zr2O12 2.4 × 10–4/25  6 ‒ LFP|Li 0.5C, 60 °C 163   70  97.4 598
PEO + LiTFSI Li7La3Zr2O12 9 × 10–5/25  5.5 0.27 LFP|Li 0.2C, 30 °C 157.6   50 ≈100 599
PMMA + LiClO4 Li6.4La3Zr2Al0.2O12 1.5 × 10–4/30  4.7 0.47 LFP|Li 1C, RT 151.8  200  95.2 600
PMMA + LiClO4 Li6.4La3Zr2Al0.2O12 1.2 × 10–4/30  6 ‒ LiNi0.8Co0.15Al0.05O2|Li 0.2C, RT 213   14 ≈82 601
PEO + LiClO4 Li6.25Al0.25La3Zr2O12 3.0 × 10–4/24  5 ‒ NCM424|Li 0.1C, 70 °C 122  100 ≈80 602
PMMA + LiClO4 Li6.75La3Zr1.75Nb0.25O12 2.2 × 10–5/25  4.67 0.45 LiCoO2|Li 0.2C, 60 °C 134.6   80  92.3 603
PEO + LiTFSI Li6.75La3Zr1.75Ta0.25O12 1.1 × 10–5/25  5.5 0.58 LFP|Li 0.1C, 60 °C 150  100  87 604
PPC + LiTFSI Li6.75La3Zr1.75Ta0.25O12 5.2 × 10–4/20  4.6 0.75 LFP|Li 1C, 20 °C ~127  200  95 605
PEO + LiTFSI Li1.5Al0.5Ge1.5(PO4)3 1.25 × 10–4/25 >3.8 ‒ LFP|Li 0.5C, 60 °C 145.8  300  92 606
PEO + LiTFSI Li1.5Al0.5Ge1.5(PO4)3 1.7 × 10–4/20  5 ‒ LFP|Li 0.1C, 80 °C 160  ‒  ‒ 607
PPO + LiTFSI Li1.5Al0.5Ge1.5(PO4)3 3.5 × 10–4/25  4.8 0.83 NCM622|Li 0.3C, RT 175  230  80 608
PEO + LiTFSI Li1.3Al0.3Ti1.7(PO4)3 7.5 × 10–4/60  5.1 ‒ LFP|Li 1C, 60 °C 122.1  200  80 609
PVDF – HFP + LiTFSI Li1.5Al0.5Ti1.5(PO4)3 2.3 × 10–4/25 >4 ‒ LFP|Li 0.2C, RT 148   50  87.8 610
PVDF + LiTFSI Li1.3Al0.3Ti1.7(PO4)3,  

PMMA-coated
1.2 × 10–3/25  4.8 0.85 NCM532|Li 0.5C, RT 131.8  150  91.2 611

PEO + LiTFSI Li0.35La0.55TiO3 8.8 × 10–5/25  5.1 ‒ ‒ ‒ ‒  ‒  ‒ 612
PEO + LiTFSI Li0.33La0.557TiO3 1.3 ×  10–4/25 >3.8 0.55 LFP|Li 1C, 60 °C 144.6  100  96 613
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Table 5 (continued).

Polymer + salt Dopant Conductivity,
S cm−1/T, °C

Stability, 
V

Li transference 
numbers Cell cathode|anode Cycling rate, 

temperature

Initial 
capacity, 
mAh g−1

Number of 
cycles

Capacity 
retention (%) Ref.

PEO + LiTFSI Li0.33La0.557TiO3 1.6 × 10–3/25  4.7 0.48 LFP|Li 2C, 60 °C 135  300  79 614
PEO + LiTFSI Li0.33La0.557TiO3 2.4 × 10–4/25  5 ‒ ‒ ‒ ‒  ‒  ‒ 615
Poly(glycidyl methacrylate) Li3PS4 1.8 × 10–4/25  4.8 ‒ ‒ ‒ ‒  ‒  ‒ 616
PVDF – HFP + LiTFSI Li7PS6 1.1 × 10–4/25 >4 ‒ LFP|Li 0.2C, RT 160  150  72 617
PEO + (3-chloropropyl)
trimethoxysilane + LiTFSI  
on a nylon mesh

Li10GeP2S12 2.4 × 10–4/25  4.7 0.43 LiNbO3-coated 
NCM622|Li

0.1C, RT 142.4  100 ≈80 618

PVDF + LiTFSI 78Li2S – 22P2S5 5.9  × 10–4/25 >3 ‒ Si@C|Li alloy with In 0.176 mA cm–2, RT 778  100  93.2 619
PVDF + LiTFSI 3Li2S-P2S5 3.4  × 10–4/25 >3.8 0.44 LFP|Li 0.05 mA cm–2, RT 153  150  99.5 620
PEO + LiClO4 Li6PS5Cl + SiO2 3 × 10–3/25 >4.2 ‒ NCM721|Li alloy with In 1C, 60 °C 134.3 1000  74 621
PEO Li6PS5Cl ~0.3 × 0–4/25 >4 ‒ NCM811|Li 0.05C, 30 °C 75.6  200  91 622
Poly(vinylidene fluoride-co-
trifluoroethylene) 

Li6PS5Cl 1.2 × 10–3/25  5 0.99 LiNbO3-coated 
NCM622|Li alloy with In

1 мА · см−2, RT 108 1000  92 563

PEO + LiTFSI Li6PS5Cl 1.1 × 10–3/25  4.9 ‒ Al2O3-coated NCM532|Li 0.05C, 25 °C 135.8  200  81.6 623
PEO +LiTFSI Li10SnP2S12 1.7 × 10–4/50  5 0.38 S@C|Li 0.5C, 60 °C 562  150  92.2 624
Note. CNT are carbon nanotubes. 
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Li1 + xAlxTi2 – x(PO4)3 in PEO + PEG with 5.2 × 10−5 S cm−1 
conductivity.

Ding and co-workers 647 found that a layer of the PEO + LiTFSI 
coating can effectively prevent the side reactions between 
Li1.5Al0.5Ge1.5(PO4)3 and Li anode. This electrolyte was stable 
at potentials of up to 5.12 V. The assembled LiMn0.8Fe0.2PO4|Li 
cell with this electrolyte had a discharge capacity of 
161 mAh g−1 and a good cyclability at 50 °C.

The composite electrolytes based on sulfides have received a 
lot of research attention in recent years. The high conductivity in 
combination with enhanced plasticity inherent in sulfides, in 
comparison with oxide systems, make them very attractive for 
the fabrication of composites with various polymers. Whiteley 
et al.648 developed a membrane composed of 77 wt.% 
78Li2S – 22P2S5 with a self-reducing polymer matrix, the ionic 
conductivity of which was 10−4 S cm−1 at room temperature. 
Similar membranes with an even higher sulfide content 
(80 – 97 wt.%) were reported by Zhang et al.619 The composites 
containing PEO and PVDF polymers with addition of lithium 
salts provided an ionic conductivity of 2 × 10−4 – 4 × 10−4 S cm−1 
at room temperature, while after the addition of lithium salts, the 
conductivity increased to 4 × 10−4 – 7 × 10−4 S cm−1. The PEO-
based electrolytes containing 1 wt.% Li10GeP2S12 had the 
highest ionic conductivity of 1.2 × 10−3 S cm−1 at 80 °C and a 
wide electrochemical stability window of up to 5.7 V.649

Electrolytes based on Li6PS5Cl and poly(vinylidene fluoride-
сo-trifluoroethylene) obtained by electrospinning and hot-
pressing had an ionic conductivity of 1.2 × 10−3 S cm−1, while 
ASSBs based on them with the NCM811 cathode retained 71% 
capacity after 20 000 cycles.563 A PEO + LiTFSI-based 
electrolyte filled with Li3.25Ge0.25P0.75S4 had an ionic 
conductivity of 4.2 × 10−4 S cm−1 and a lithium transference 
number of 0.87.650 Meanwhile, it should be noted that the 
practical application of composites based on sulfides, which 
show conductivity and plasticity values outstanding for inorganic 
electrolytes (see Table 5), is currently limited by their low 
electrochemical and chemical stability, in particular, the 
tendency to oxidation and especially to hydrolysis in the 
presence of water vapour.

The advantages of composite electrolytes appear especially 
beneficial for lithium-sulfur batteries characterized by high 
energy density (500 – 600 W-h kg−1). However, the shuttle 
effect of the soluble lithium polysulfides (Li2Sn, 3 < n < 8) 
formed during their operation leads to a decrease in the capacity 
and Coulombic efficiency.651 Polymers such as PEO can solvate 
polysulfides 652 and deteriorate the interfacial contact;653 
however, inorganic fillers can reduce the contact of polysulfides 
with polymers and lead to higher transference numbers.654, 655

While concluding the review of composite electrolytes, one 
more class of composites containing a pair of inorganic 
components and no polymer is worthy of note. More than half a 
century ago, the Liang’s 656 unexpected discovery of the sharp 
increase in the ionic conductivity of rather ordinary solid 
electrolyte AgI in composites with highly dispersed oxides 
stimulated the interest of researchers in composite electrolytes. 
This increase was due to the adsorption of mobile ions on the 
oxide surface, resulting in a pronounced increase in the vacancy 
concentration in the silver sites and, hence, in an increase in the 
charge carrier concentration. The stream of research has shifted 
rather quickly to lithium electrolytes, which have much higher 
prospects for practical application.81 It was especially important 
that the conductivity was reasonably high even at room 
temperature. In this regard, the significantly less common 
examples of composites with two inorganic phases deserve 

mention. Thus, the addition of only 2 wt.%Al2O3 increases the 
ionic conductivity of β-Li3PS4 to 2.3 × 10−4 S cm−1 and ensures 
stability against lithium metal up to 5 V.411 The composite 
electrolyte consisting of Li7La3Zr2O12 and β-Li3PS4 had a 
conductivity of 5.4 × 10−4 S cm−1 at room temperature.657 
Notably, its conductivity was also much higher compared to the 
starting electrolytes.

A high ionic conductivity of LiBH4 , which increased by 
three orders of magnitude after the orthorhombic to hexagonal 
phase transition to reach 10−3 S cm−1 at 120 °C has been 
reported.658, 659 The ionic conductivity of the LiBH4–LiI system 
reached 10−5 S cm−1 even at room temperature,660 while that of 
the 2 Li3PS4–LiBH4 glassy electrolyte was 1.6 × 10−3 S cm−1, 
with the electrochemical stability window of the latter being up 
to 5 V (vs. Li+/Li).661

7. Conclusion

The desire to increase the specific capacity of lithium-ion 
batteries persistently stimulates researchers to return to the use 
of lithium metal anodes, improve cathode materials and restrict 
the electrolyte and separator thickness. However, this increases 
the risks of lithium dendrite growth and penetration and 
deteriorates the battery safety. A solution to these problems can 
be provided by the design of all-solid-state lithium batteries, the 
key role in which is played by a solid electrolyte. Therefore, 
recent studies have been focused on the search for solid 
electrolytes capable of competing with liquid electrolytes in 
terms of ionic conductivity and, at the same time, ensuring a 
proper safety of the battery.

These studies are conducted along three interrelated 
directions, including the development of inorganic, polymer and 
composite electrolytes. Among inorganic electrolytes, most 
success was attained in the field of garnet type complex oxides, 
NASICON-structured complex phosphates and sulfide and 
halosulfide materials. The heterovalent substitution in the cation 
sublattice, which increases the concentration of charge carriers, 
vacancies or interstitials, still remains the most useful approach. 
The highest conductivity values have been currently achieved 
for sulfide materials, but their further advancement is limited by 
low electrochemical and chemical stability.

Polymer electrolytes are highly popular; they provide not 
only a high conductivity, but also plasticity, which is important 
for the design of prospective flexible devices. Among polymer 
electrolytes, two developing clusters can be distinguished, one 
using inert polymers with a dissolved lithium salt. The other, 
perhaps more interesting, cluster is related to the use of ion 
exchange membranes in the lithium form plasticized with 
organic solvents.

The studies devoted to the development of composite 
electrolytes containing a polymer electrolyte together with an 
inorganic filler appear to be the most promising. It is believed 
that this approach would give efficient electrolytes combining 
high conductivity and good mechanical properties. Composite 
electrolytes can also be divided into two extensive classes, first, 
those incorporating inert fillers that may improve mechanical 
and conductive properties of polymers. Electrolytes that 
incorporate active fillers possessing their own lithium 
conductivity appear even more promising. Of particular note is 
the development of systems incorporating percolation networks 
of active fillers and materials that improve the contact at the 
interface between the electrolyte and electrode materials. In 
addition, the use of composite electrolytes may help to solve the 
problem of the loss of ionic conductivity caused by phase 
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separation, for example, at low temperatures, which often occurs 
in polymer electrolytes plasticized with organic solvents.

Higher safety resulting from elimination of leakages of a 
liquid electrolyte, removal of restrictions on the decomposition 
potential, increase in the lithium transference numbers, 
prevention of uncontrolled metal deposition on the electrode 
surface and, as a consequence, increase in the cycling stability–
all this makes solid electrolytes increasingly attractive.

Meanwhile, despite numerous studies and publications in this 
field, some fundamental issues remain unsolved; in particular, 
note the insufficiently high ionic conductivity of solid 
electrolytes in comparison with liquid ones and problems of 
electrolyte/electrode contact. Therefore, the design of the 
interface between solid electrolytes and lithium metal anode or 
cathode material is a challenging problem requiring further 
research and development of effective strategies.

This work was financially supported by the Russian Science 
Foundation, Grant No. 23-19-00642, https://rscf.ru/
project/23-19-00642/.

8. List of abbreviations and symbols

ASSB — all-solid-state lithium metal battery,
CE — composite electrolyte,
DME — dimethoxyethane,
DMA — N,N-dimethylacetamide,
DMC — dimethyl carbonate,
DMF — N,N-dimethylformamide,
DOL — dioxolane,
EC — ethylene carbonate,
EMC — ethyl methyl carbonate
GPE — gel polymer electrolyte,
IL — ionic liquid,
LIB — lithium-ion batteries,
LiTFSI — lithium bis(trifluoromethanesulfonyl)imide,
LFP — LiFePO4 ,
LLZO — Li7La3Zr2O12 ,
MOF — metal-organic frameworks,
NCM — Li(Ni,Co,Mn)O2 ,
NCMXYZ — Li(Ni0,xCo0,yMn0,z)O2 ,
PAN — polyacrylonitrile,
PC — propylene carbonate,
PE — polymer electrolyte,
PEG — polyethylene glycol,
PEO — polyethylene oxide,
PIL — polymer ionic liquid,
PMMA — polymethyl methacrylate,
PPC — polypropylene carbonate,
PPO — polypropylene oxide,
PVDF — polyvinylidene fluoride,
PVDF-HFP — poly(vinylidene fluoride-сo-hexafluoro-

propylene),
RT — room temperature,
SEI — solid electrolyte interface.
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