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Abstract: All-solid-state lithium batteries are a promising alternative to commercially available
lithium-ion batteries due to their ability to achieve high energy density, safety, and compactness. Elec-
trolytes are key components of all-solid-state batteries, as they are crucial in determining the batteries’
efficiency. Herein, the structure of LiM,(PO4)3 (M = Ti, Ge, Zr) and lithium-ion migration mechanisms
are introduced as well as different synthetic routes and doping (co-doping), and their influence on
conductivity is discussed. The effective methods of reducing electrolyte/electrode interface resistance
and improving ion-conducting properties are summarized. In addition, different polymer/NASICON
composites are considered. The challenges and prospects of practical applications of NASICON-type

lithium phosphates as electrolytes for all-solid-state batteries are discussed.

Keywords: solid electrolyte; NASICON; composite electrolyte; LAGP; LATP; lithium metal battery;
all-solid-state battery; ionic conductivity

1. Introduction

The replacement of internal combustion engine vehicles with electric vehicles can
provide significant reductions in greenhouse gas emissions and air pollution, and this is
becoming a key strategy to minimize the carbon footprint of transportation. A growing
number of car companies are now publishing their plans to achieve carbon neutrality in the
coming decades, which means moving away from the production of internal combustion
engine vehicles and moving towards electric vehicles. Such a transition requires scientific
and technological advances in electrochemical power sources. Lithium-ion batteries are a
key component of electric vehicles. To compete with internal combustion engines, batteries
need to be safe, provide a range that is comparable to that of a car’s internal combustion
engine, and have a low cost. The automotive industry needs batteries with high energy
density (450 Wh/kg and 900 Wh/L) and high power density for safe acceleration. Currently,
lithium-ion batteries lead the way in electrochemical power sources, but to date, the
achieved energy density for these devices is ~255 Wh/kg and close to the high point [1].
To increase energy density, it is necessary to improve the battery design and develop new
uncommon electrochemical power sources, such as lithium metal batteries, lithium-air
batteries, sodium-ion batteries, metal-sulfur batteries, etc.

All-solid-state lithium batteries (ASSLBs) with lithium metal anode and solid elec-
trolyte are the most promising technology to achieve a high energy density of ~500 Wh/kg
and reduce battery cost; hence, many automotive companies are actively investing in the
development of lithium metal batteries. The high energy density of lithium metal batteries
can be achieved due to the high theoretical specific capacity (~3860 mAh/g) and the low
electrochemical potential of lithium (—3.04 V vs. standard hydrogen electrode) [1], and
through the compactness of the battery design by using bipolar stacking in solid-state
batteries, where the individual battery cells are connected in series through a single current
collector in contact with the two electrodes without external connections (Figure 1) [2,3].
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Such batteries have an operating temperature range from —20 °C to +80 °C and provide
high charge/discharge rates [4].

Lithium-ion

, Solid-state lithium
batteries

metal batteries

- + - +

i

Anode Cathode Solid CathodeLianode
electrolyte

I Separator
Liquid
electrolyte

Figure 1. Schematic representation of a conventional lithium-ion battery and an ASSLB.

A crucial driver in the shift towards ASSLBs is the development of efficient solid-state
electrolytes. An electrolyte provides ion transport and is one of the main components
of an electrochemical device on which its capacity, power, operating temperature range,
cyclability, and safety depend. The main requirements for solid electrolytes for batteries are
a wide electrochemical stability window, high ionic conductivity and lithium transference
numbers, and long-term cyclability. The main research in the field of solid electrolytes has
focused on the following groups of materials: phosphates with the NASICON structure
(NASICON is an acronym for Na super ionic conductor), garnets, perovskites, glass ceram-
ics based on lithium phosphorus sulfide, and thin films based on LiPON [5-7]. Perovskites
are generally very sensitive to moisture and CO; [8], and sulfide materials, despite having
a high conductivity reaching 1072 S/cm at room temperature [9], are highly hygroscopic
and react with the moisture to form hydrogen sulfide, making them very difficult to handle
under ordinary conditions [10]. Thus, phosphates with the NASICON structure and garnets
seem to be the most promising electrolytes for ASSLBs.

Phosphates with the NASICON structure are air-stable and cheap. The general com-
position of these materials can be written as [Li/Na];+xAxBy—x(XO4)3, where A = Al, Cr, Fe,
Nb, orTa; B = Ti, Ge, Sn, Zr, or Hf; and X = P or Si. Initially, sodium zirconium silicophos-
phates of compositions Naj,yZrySixP3_4O12, 0 < x < 3 with ionic conductivity > 1071S/cm
at 300 °C were called so [11,12]. Although the lithium conductivity of these materials
is considerably inferior to that of sodium [13], the possibility of using them as solid
electrolytes or cathode materials in lithium batteries has attracted the attention of many
researchers [14-18]. Phosphates produced via heterovalent cation substitution are actively
studied. This approach leads to the formation of vacancies in lithium positions or additional
lithium ions in interstitials and provides a decrease in the transition temperature to highly
conductive rhombohedral modification and an increase in ionic conductivity [19-21]. Thus,
materials with the NASICON structure are among the most promising candidates for use
as solid electrolytes in ASSLBs. However, the key issues limiting their application are chem-
ical reactions with lithium metal, and poor contact at the electrode/electrolyte interface.
Therefore, the purpose of this review is to summarize the recent results in improving the
properties of phosphates with the NASICON structure and their application in ASSLBs.

2. Ionic Conductivity of Solid Electrolytes and Ways to Increase It

The total conductivity of solid electrolytes can be expressed as the sum of conductivi-
ties of different carriers [12] as follows:

o=)_ Niqu;, 1)
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where N; is the bulk concentration of carriers, q; is the absolute value of their charge, and
u; is the mobility of carriers, which is equal to the average rate of their directional transport
in an electric field.

In some ionic crystals, the ionic conductivity prevails, and the defects (vacancies
and interstitials) act as electric carriers. This requires a high concentration of defects and
their mobility. Mobility is determined by the nature of ions and their environment in
the substance; thus, it is quite difficult to increase this value. Nevertheless, in the case of
phosphates with the NASICON structure, increasing the mobility is possible by changing
the composition that changes the size of the ion transport channels. Lang et al. used the
density functional theory (DFT) to show that the substitution of Ti by iso- and aliovalent
cations in LiTip(POy); leads to changes in the size of LiOg octahedra, influencing lithium
mobility [22]. Mutter et al. calculated the activation energies of Li migration using the
vacancy mechanism for 18 compounds with the NASICON structure, namely LiM;(XOy4)3
(M =Zr, Ti, Hf, Fe, Nb, Ta, V, Ru, and Os, and X = P, Mn), using DFT [23]. It was shown that
the activation energies are determined by the ionic neighborhood of the migrating ion. The
authors deny that the factor limiting the mobility of the cations is the structural bottlenecks
formed by triangularly arranged oxygen atoms. As of now, the main method of increasing
the conductivity of solid electrolytes is increasing the concentration of charge carriers.

It should be noted that the conductivity of polycrystalline material oy, can be ex-
pressed as a parallel connection of the resistance Psurf! | characterizing the ionic transport
along the interface surfaces with the successively connected bulk resistance of particles
(Ppuik) and the resistance characterizing the ionic transport across the interface boundaries,
perpendicular to the current direction (pgp, 1 ) (Equation (2), Figure 2) as follows:

Otor= 1/ (Pouik+ Pgb 1) + 1/ Psuf1 | 2)

Direction of current

I pbulk

D
Pab |
Figure 2. Ion transport in polycrystalline material.

Heterovalent doping, the use of nanoscale materials, and the formation of composites
(see Section 4.3) are among the main approaches used to increase the ionic conductivity.
These methods are based on the formation of point defects (vacancies and interstitials) in
the crystal structure or at the interface, which act as electric carriers [24].

The formation of charged point defects in a crystal with the NASICON structure is
exemplified by LiB,(PO4)3 doped with trivalent (M, Equation (3)) and pentavalent cations
(M’, Equation (4)). The defect formation can be described by the quasichemical reaction [25]
as follows:

Li3M2(PO4)3 /Lle(PO4)3 = LiLi + ZLii* + ZMB’ + 3PO4(P04), (3)

M’'B(POy)3/LiB(POy)3 = V1i” + M'g* + 3POypo4), 4)

where V is vacancies, and the superscripts * and " denote the positive and negative charges of
the defects relative to the corresponding position in the lattice, respectively. The subscripts
indicate the position of the ion in the lattice (B) or in the interstitials (i) [26]. When
M3* is introduced, its smaller positive charge (relative to the positions of the B*" ions
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in the lattice) is compensated by the incorporation of lithium ions into the interstitials
(Equation (3)). The concentration of the latter must be equivalent to that of trivalent metal
ions, replacing the tetravalent ones. When the pentavalent cation is introduced, its excess
positive charge (relative to the positions of the B** ions in the lattice) is compensated by the
formation of lithium vacancies (Equation (4)). This should lead to an increase in the defect
concentration and bulk conductivity with an increase in the doping degree. On the other
hand, the association of oppositely charged defects appears at a high doping degree due to
electrostatic interaction, leading to a decrease in conductivity. Therefore, the dependence
of conductivity on the doping degree most often passes through the maximum. It is well
known that, due to their small size, lithium ions are preferentially moved by the interstitial
mechanism. This is confirmed by both the results of ion transport modeling (DFT) and
the experimental data for LiTiy(PO4); phosphates with the NASICON structure [27]. The
calculated activation energy for migrating lithium interstitials was found to be about 0.19
eV lower than that for migrating vacancies [22].

In the case of highly dispersed systems (nanomaterials), the defect formation on the
particle surface occurs due to uncompensated chemical bonds [28-30]. The conditions of
localization of the cations and anions on the particle surface differ significantly from those
in the bulk. This results in the predominant sorption of cation vacancies or interstitials
on the surface, and the oppositely charged defects are concentrated in a thin near-surface
layer [31]. The surface charge arises on it and disappears in the bulk. The reactions of
the formation of vacancies and interstitials on the surface (the subscript “S” denotes the
position of the particle on the crystal surface) accompanied by the simultaneous presence
or absence of metal ions in the bulk can be written as follows [24]:

My + Vg = M*g + V'm (5)

M*5+ Vi = M*i + VS (6)

The lower binding of atoms to the surface and its high defectiveness leads to an
increase in the translational mobility of ions and the acceleration of transport on the
surfaces of the crystals for most inorganic ionic conductors [32,33].

According to numerous experimental data obtained via impedance spectroscopy, the
bulk conductivity of phosphates with the NASICON structure significantly exceeds the
grain boundary (in some cases, up to the order of magnitude) [34-38]. One possible reason
for this phenomenon may be the violation of the contact between the particles due to low
density. It seems reasonable to minimize the contribution of the grain boundary compo-
nent to the total conductivity. Nakano et al. calculated grain boundary conductivities in
LiZr,(PO4)3 using molecular dynamics simulations with DFT-derived force field parame-
ters for 32 grain boundary models consisting of various Miller indices and terminations [39].
Only some models showed improved Li-ion grain boundary conductivities compared to
the bulk one [39]. Thus, the rational design of grain boundary structures can significantly
improve Li-ion conductivity.

3. Structure and Ionic Conductivity of Materials Based on LiB,(POy4)3 (B = Ti, Ge, Zr)

The NASICON structure for most of the compositions [Li/Na];4xAxBo_x(XO4)3 is
characterized by rhombohedral syngony (space group R-3c), but its distortion to monoclinic
or triclinic syngony is possible. The [Li/Na]i1xAxBy_x(XO4)s structure is composed of
tetrahedra XOy (SiO4 and PO,4) and BOg (AOg) octahedra, which are connected to each
other by common vertices in a three-dimensional framework (Figure 3). The latter has
cavities available to host lithium or sodium ions. In the rhombohedral modification, single-
charged M* cations (M = Li, Na) can occupy positions 6b and 18e, denoted as M1 and M2,
respectively, forming a three-dimensional M1-M2-M1 conduction pathway. Monoclinic
modification is thought to be formed by distorting the rhombohedral structure in which the
M2 positions are split into two M2 and M3 positions. Accordingly, it becomes possible to
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move lithium (sodium) along two pathways, M1-M2-M1 and M1-M3-M1. When lithium
(sodium) ions occupy only one type of M1 site (for example, in NaZr,(POy)3), the activation
energy of single-charged ion transport is high due to a low defect concentration.

C L Y

BOs octahed%‘

PO, tetrahedra = ’

Figure 3. Scheme of NASICON-type crystal structure (R-3c).

In the case of heterovalent doping (for example, in the case of the replacement of a
part of B by trivalent cations), to compensate for the local violation of the electroneu-
trality of a lattice, additional single-charged cations should be introduced into a structure
according to Equation (3). These ions partially occupy the M2 or M3 positions, as in
LijxAlcTip_«(PO4)3 [40], and the activation energy of lithium (sodium) ion transport is
reduced by reducing the electrostatic repulsion between them. In addition, ion diffusion in
the NASICON structure is limited by the size of the tunnel’s narrow spots (“bottle necks”
in the transport path of the mobile ion), which is determined by the B ions that make up the
three-dimensional framework. Thus, by selecting suitable frame-forming ions, including
changing their content during doping, the ionic conductivity of the solid electrolyte can be
significantly increased. Hereafter, the conductivity of some lithium-conducting materials
based on LiB,(POy4)3 (B = Ti, Ge, Zr) will be discussed in detail.

3.1. Materials Based on LiTi,(POy)3

Lithium titanium phosphate LiTip(PO4); attracts the greatest attention among phos-
phates with the NASICON structure despite the low value of lithium conductivity at room
temperature (~10~7 S/cm). A partial replacement of titanium by tri- or pentavalent cations
can significantly increase the ionic conductivity (up to 1074-10"2 S/cm) [25,41,42]. For
example, it was reported that the conductivity of solid solution Lij 4 CryTip_«(POy4)3 was
close to 1073 S/cm at room temperature [25].. A high concentration of charge carriers plays
a key role in increasing conductivity. However, the possibility of optimizing the size of the
channels for lithium-ion migration is also noted. Therefore, increasing the channel size in
LiTiy(PO4)3 via a partial replacement of titanium with zirconium (LiTiy_«Zrx (POy4)3) [43,44]
or germanium (LiTi;_,Gex(PO4)3) leads to a significant increase in its conductivity at room
temperature [45].

Researchers pay the greatest attention to LijAlxTip_«(PO4)3 (LATP), where Ti** ions
are partially replaced by A13* [46,47]. Such materials are the subject of the following
reviews [18,48-51]. On the basis of mathematical simulations, it was found that the ionic
conductivity of LATP significantly depends on the aluminum content, which is caused by
the structure of the material [49]. At a high Al content, the non-conducting AIPOy4 phase is
formed at the grain boundaries and negatively affects the ionic conductivity [52,53]. The
maximum ionic conductivity (7 x 107* S/cm at 25 °C) is achieved at the optimal aluminum
content x = 0.3-0.4 [52,54].
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The microstructure, porosity, and interfaces have a significant influence on the con-
ductive properties of the materials described above. Therefore, the most important task
is to reduce the contribution of the interfaces. It was shown that by introducing various
types of additives such as Li,O [55,56], B,O3 [56-58], etc., concentrated at the interfaces,
the density of phosphate-based ceramics with the NASICON structure is significantly
improved. The use of additives with intrinsic conductivity, such as LiBO; or LizPOy, can
improve the conductivity of the resulting electrolytes [56,59]. Thus, the conductivity of the
LiTip(PO4)3-0.2Li3BO3 system at 25 °C reaches 3.0 x 10~* S/cm, which is several orders of
magnitude higher than the conductivity of lithium titanium phosphate [60].

3.2. Materials Based on LiGe,(POy);3

Much attention has also been paid to lithium germanium phosphate. A wide range
of materials based on lithium germanium phosphate doped with trivalent cations (Al,
Cr, Ga, Fe, Sc, and In) was studied in [61]. The maximum conductivity was observed for
LijxAlcGey_«(POy4)3 (LAGP), where x = 0.4-0.7. Most studies report that the conductivity
of these materials is equal to (1.0-5.8) x 10~* S/cm at room temperature [62-65]. The value
of the bulk conductivity of Lij 5Aly5Ge 5(PO4)3 was shown to be 1 x 1073 S/cm at room
temperature [35]. The ionic conductivity of solid electrolytes based on phosphates with the
NASICON structure depends on the nature of the doping ion and its content, the presence
of impurity phases, and the synthesis method. The use of a liquid phase precursor based
on water-soluble Ge(IV) oxalate showed the optimal synthesis temperature (up to 650 °C)
and the preparation time of Li; 5Aly 5Ge 5(PO4)3 powders due to a better homogenization
of the reaction mixture [35]. The single-phase powder of Li; 5Alg5Geq 5(PO4)3 without the
non-conducting impurities GeP,O7 and GeO, was formed after sintering the precursor at
650 °C. Another promising way to increase the ionic conductivity of LAGP may be to lower
the porosity of the materials by obtaining glass ceramics—composites that simultaneously
contain a glassy and a crystalline phase. If the latter is formed by nanoparticles, this leads
to a high conductivity of the materials obtained. Such materials with a high grain boundary
conductivity can have significant advantages [66]. In this context, there has been increased
focus on systems that are similar in composition to NASICONSs [67,68].

3.3. Materials Based on LiZr,(POy)3

The use of materials based on LiZry(POy)3 (LZP) can be very promising. The ionic
conductivity of this compound is 3 x 107 S/cm at room temperature. However, when
heated above 40 °C, there is a marked increase in the conductivity, and at 300 °C, its
value reaches 1.2 x 1072 S/cm. The observed phenomenon is associated with a phase
transition that occurs at 40-55 °C, accompanied by a change from a monoclinic structure
to a rhombohedral structure [69]. Doping the material with trivalent cations (scandium,
indium, etc.) can stabilize the highly conductive rhombohedral modification already at
room temperature [70]. There are also results of the successful substitution of zirconium
cations in LiZr,(POy);3 for divalent calcium and strontium cations, and trivalent yttrium
cations [71-75]. At the same time, the conductivity of some of the obtained materials was
close to that of LiTiy_yAlx(POy4)3 (0.3 < x< 0.4).

3.4. Effect of the Synthesis Method on the lonic Conductivity of Phosphates with the
NASICON Structure
The method of solid electrolyte preparation has a great influence on the characteristics
of the resulting materials, including their ionic conductivity, particle size, activation energy,
and ceramic density [76]. Phosphates with the NASICON structure can be obtained using
solid-state techniques (classical solid-state synthesis, melt quenching with subsequent
crystallization) or using the liquid phase, including co-precipitation and sol-gel methods.
Solid-phase synthesis is the traditional method for producing LAGP, LATP, and
LZP [46]. Precursors (Al,03, GeO,, Li;CO3, and (NHy)xHy POy for LAGP; Al,O3, TiO»,
LipCO3, and (NHy)xHy POy for LATP; and LipCO3, Zr(HPOy),-H>O, and ZrO; for LZP [70])
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are completely mixed and ground in a ball mill, followed by a solid-phase reaction and par-
ticle densification via calcination and sintering, which generally require high temperatures
(700-1200 °C) and long holding times (>12 h). In solid-phase synthesis, starting reagents
can be pressed into pellets and sintered directly during synthesis. The samples prepared
using this method usually have a highly crystalline structure, large grains, and high ionic
conductivity and density.

In the melt-quenching method, the precursors are first melted at a high temperature
(>1200-1500 °C [77-79]) and rapidly cooled down to room temperature. The resulting
amorphous glass is subsequently sintered as LAGP or LATP glass-ceramic. LAGP and LATP
melted-hardened glass-ceramics were reported to exhibit the high Li-ion conductivity of
4.22 x 1073 and 1 x 1073 S/cm at room temperature, respectively [80,81]. The introduction
of various additives during glass crystallization can further improve the microstructure of
the resulting materials [77,82,83]. This approach, which makes it possible to produce glass-
ceramic materials, seems especially promising for germanium-containing phosphates [84].

Wet chemistry methods, in comparison to solid-phase synthesis and melt quenching,
require lower heat treatment temperatures and achieve better control of the particle size and
morphology of LATP and LAGP solid electrolytes. The sol-gel method offers an efficient
way to synthesize crystalline LATP and LAGP solid electrolytes, using an intermediate
step with a solvent to form a colloidal solution, then a gel network, followed by heat
treatment for crystallization. Using the sol-gel method, pure materials can be obtained
at lower temperatures and shorter times compared to solid-phase synthesis and melt
quenching [46].

The co-precipitation method often involves dissolving the desired precursors in an
aqueous solution, followed by precipitation at a controlled pH [85]. After co-precipitation,
the obtained powders are subjected to medium- and high-temperature sintering.

Synthesized phosphate powders with the NASICON structure are sintered to pro-
duce denser ceramics. An additional physical treatment, such as spark plasma sintering
(SPS) [78,81,86,87] or microwave processing [79,88] are used to reduce the temperature and
final sintering time. The use of such processes ensures a tighter adhesion of particles to
solid surfaces [89]. The results of the synthesis of ceramics Lij 3Alp3Ti; 7(PO4)3 via SPS are
reported in ref. [47]. The densification of materials via SPS (sintering temperature 900 °C;
sintering time 5 min) allows for the formation of ceramics with a density of 97-98% with a
high lithium-ion conductivity (o4 = 2.9 x 107# S/cm and oy, = 1.6 x 1072 S/cm) [47].

Figure 4 shows the effect of the synthesis method on the ionic conductivity of elec-
trolytes using LATP and LAGP materials as examples. It should be noted that it is difficult
to quantitatively compare the ionic conductivities obtained in different works and to evalu-
ate the effect of the synthesis method on transport properties due to the differences in the
source materials, the purity of reagents, the heating rates, etc. Generally, the liquid-phase
and melt-quenching methods allow for the achievement of a high ionic conductivity of
a material. The use of the liquid-phase method often allows for the microstructure and
morphology of powders to be adjusted, which provides a higher ionic conductivity. The
melt-quenching technique produces materials with a high ionic conductivity but requires
high temperatures.

LATP Liquid
Solid-state

Melt quenching

LAGP Liquid
Solid-state
Melt quenching
0 2 4 6 8 10

lonic conductivity (room temperature), x10~* S/cm

Figure 4. Ionic conductivity range of LAGP and LATP electrolytes depending on the synthesis method;
liquid-phase [86,90-100], solid-state [87,88,101], and melt-quenching techniques [68,78,79,102-110].
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3.5. Co-Doping of LATP and LAGP

Most research papers about the conductive properties of compounds with the NASI-
CON structure report doping with one type of cation with a lower valence, which allows
for the increase in the concentration of single-charged lithium ions in the interstitials (the
most mobile charge carriers in this structure). At the same time, the highest conductivity
of one of the most well-known solid electrolytes, zirconia, was achieved via simultaneous
doping with two types of cations (co-doping) [111]. This approach can also be effective in
increasing the ionic conductivity of phosphates with the NASICON structure. Obviously,
the aim of heterovalent substitution is to increase the concentration of carriers. Generally,
a positive effect of heterovalent doping is observed only for low degrees of substitution
(doping degrees). With an increase in the doping degree, the defect association is observed;
the formation of impurity phases that are sorbed at interfaces is possible, which leads to a
decrease in conductivity. In the case of co-doping, these effects can be exacerbated. The aim
of isovalent substitution is not so obvious and implies the optimization of the size of con-
ductive channels, as in the substitution of a part of titanium for larger zirconium [43,112].
However, it is also possible to increase the conductivity by replacing a part of titanium
with germanium that has a smaller ion size [45].

To date, there are relatively few data on the co-doping of lithium phosphates with the
NASICON structure. Most of the works are devoted to phosphates based on LiTiy(POy)3 co-
doped with aluminum and germanium [113-117]. The idea of a partial replacement of Ti**
by AI** and Ge** ions was to combine the high conductivity of Lij,xAlyTiy_,(POy); with
the better chemical stability of Lij < AlxGep_«(POy)3. Generally, co-doping does not affect
the chemical stability of doped materials. However, the introduction of certain elements can
lead to its increase; e.g., the change in the titanium content in the LijxAlxTiz —x—yGey(PO4)3
system can influence the electrolytic properties of materials due to a stronger covalency of
the Ge-O bond than that of the Ti-O bond [116]. At the same time, if we are talking about the
stability of co-doped NASICONs when in contact with a Li metal anode, there is no such ef-
fect (see also Section 4 below). For example, none of the samples LilJrX_yAlx3+M5+},M4+Z_X_y
(POy)3 (M** =Ti, Ge, and M>* = Ta) are stable when in contact with lithium [118]. Among
the materials Lij 4Alp4Tij 6—xGex(POy4)3 (x = 0-1.0) obtained using the sol-gel method
following sintering at 900 °C, the sample Lij 4Alp4Ti; 4Gep2(PO4)s showed the highest
conductivity (1.3 x 1073 S/cm at 25 °C) [113]. It exhibited stability in saturated LiOH and
LiCl solutions and can be used as a protective layer for Li metal electrodes in aqueous
lithium-air batteries [113]. The conductivity of Lij;xAlxTiz x—yGey(POy)3 (0.2 < x < 0.8,y
= 0.8, 1.0) obtained using the solid-state method at 950 °C reaches (2-7) x 10~* S/cm at
room temperature [117]. Nuernberg et al. reported that increasing the lithium content in
Li1 4 CrxGeTi;_,(POy)3 (0 < x < 1) with a partial replacement of Ti** by Cr3* leads to the
occupation of position 36f (Li3) followed by a partial release of position 6b (Lil) [119]. The
co-doping of lithium titanium phosphate with aluminum and tin ions leads to an increase in
conductivity by up to 4.7 x 10~* S/cm at room temperature for Lij 3Al35n035Ti1 35(PO4)3
due to the achievement of the optimal ion transport channel size [120]. In the case of
co-doping with aluminum and zirconium ions, the highest ionic conductivity was ob-
served for Lil_2A10.22r0.1T11.7(PO4)3 (7.9 X 10_4 S/cm) [121] and Li1,3A10.3TiL6ZrO_1 (PO4)3
(2.3 x 1072 S/cm) [122]. To date, the highest ionic conductivity (6.6 x 103 S/cm) of a
solid electrolyte with the NASICON structure at room temperature was found for the
composition Li; 5Al54Crg1Ge1 5(POy)3 [36].

The data on the co-doping of LiTi,(POy); with various trivalent cations have been
systematized in works [38,123]. It was shown that doping Lij 3Alg 3Ti; 7(PO4)3 with small
gallium cations leads to the replacement of not only titanium ions, but also aluminum,
while doping with more bulky yttrium and scandium cations leads to the formation of
ScPO4 and YPO, and their segregation at grain boundaries, resulting in an increase in the
density of the obtained ceramics and a decrease in the conductivity due to the blocking
of lithium migration pathways. The co-doping of LiTi;(PO4); with iron and aluminum
ions results in a high ionic conductivity (2.2 x 1073 S/cm at room temperature) [124]. The
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ionic conductivity of Lij 3Alp3-yBy Ti1 7(POy)3 electrolytes was shown to increase with the
increasing B?* content, reaching a maximum at y = 0.08 (8.3 x 10~4S/cm) [125]. Among
the Lij 3Alp 20— xBo.osIngTi1 7(PO4)s electrolytes, the highest conductivity (1.1 x 1073 S/cm)
was found for the material with x = 0.01, which was caused by its high relative density.

Among the works devoted to co-doping in the cationic and anionic sublattices, it is also
worth mentioning reference [126], where the substitution of phosphorus with silicon with
the formation of Lij x4y AlxTiz«SiyP3_yO1 led to a significant increase in conductivity by
up to 3 x 1072 S/cm. The main results of the ionic conductivity of the co-doped NASICON
materials are shown in Figure 5.
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Figure 5. Ionic conductivity of some co-doped lithium NASICON materials. Data taken
from [35,36,62,63,113,117,119-122,124,125].

4. Ways to Improve Performance of Lithium Metal Batteries with an Electrolyte Based
on NASICON-Structured Phosphates

Figure 6 outlines the main problems of ASSLBs with the NASICON-type electrolytes
and ways of overcoming them. The use of LATP- and LAGP-based electrolytes in ASSLBs
is associated with several problems, including a high resistance of the electrode/electrolyte
interface, a chemical interaction of electrolytes with lithium metal, and dendrite formation.
Poor contact at the solid electrolyte/lithium interface or the solid electrolyte/cathode
interface hinders battery performance due to high resistance and slows the diffusion of
lithium ions. Additionally, materials based on lithium titanium and lithium germanium
phosphates can be reduced by lithium anode [127-129]. Products formed by reactions (7)
and (8) have undesirable electronic conductivity [118].

2LiGe,(POy); + 4Li — 3GeO, + 6LiPO; + Ge @)

LiTip(POy)3 + Li — LipTip(POy)3 8)
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Figure 6. The main challenges of electrolyte and electrolyte/electrode interfaces in ASSLBs. Elec-
trolyte and electrolyte/electrode interfaces are shaded in blue, the main challenges are in pink, and
ways to overcome them are in green.

An important issue in lithium metal batteries is dendrite formation. However, it
is worth noting that for ASSLBs, this risk is minimal, and dendrite formation can only
occur in the electrolyte microcavities. As mentioned in the works [130-132], the main
cause of dendrite growth in ceramic electrolytes is their electronic conductivity, which
is higher at areas of defects, surface impurities, gaps, and grain boundaries. Thus, the
suppression of the chemical reaction between an electrolyte and lithium anode that leads to
the formation of an electron-conducting layer can also reduce the risk of dendrite growth
through an electrolyte.

Composite cathodes, lithium alloys, coating solid electrolytes or lithium anodes,
wetting by liquid electrolytes, and creating composite electrolytes containing a polymer are
used to solve the aforementioned problems (Figure 6).

4.1. Coating

The most common approach used to solve the issues described above is to create a
thin protective layer of inorganic materials [133-135] or polymers [136-139] on the solid
electrolyte surface. Their coating on the electrolyte surface can prevent the reduction of
titanium or germanium cations, prevent the formation of lithium dendrites, and stabilize
the lithium metal/solid electrolyte interface in ASSLBs [129,140]. Over the past decades,
many artificial layers have been proposed to inhibit a side reaction at the interface, such
as ZnO [141,142], Al,O3 [143], AlF5 [144], BN [145], carbon-based materials [146,147], etc.
For example, depositing a 5 nm thick ZnO layer on LATP using atomic layer deposition
reduces the overvoltage of a symmetric Li | LATP-modified by ZnO | Li cell compared to an
unmodified LATP-based cell. A symmetric Li| LATP-modified by ZnO | Li cells, in contrast
to the unmodified electrolyte, exhibits stable cycling for over 500 h. A full LiFePO,4 | LATP-
modified by ZnO | Li cell showed a reversible capacity of 156 mAh/g for 50 cycles and good
capacity retention (98.8% after 50 cycles) [141]. A layer of reduced graphene oxide (rGO)
with ZnO at the interface between LAGP and lithium reduced the surface resistance from
1850 (for uncoated LAGP) to 32 Ohm [142]. As a result, the symmetric Li | LAGP modified
by rGO with the ZnO | Li cell showed stable cycling for over 800 cycles at 0.15 mA/cm?.
Liu et al. coated LATP with graphene, resulting in a Li | Gr@LATP | LiFePOy cell capacity
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of 136 mAh/g after 200 cycles at 0.1 mA/cm?, corresponding to a capacity retention of
86.1% [147].

Based on the analysis of the thermodynamic, chemical, electrochemical stability, and
electronic structure, Li et al. [134] proposed seven Li-containing materials (LiCs,VOy,
LiRbyVOy, LiRbMoOy, LiCsYOg, LiNagWOs, LisTaO4, and LiScO,) as a protective layer
for LiTip(POy)3. According to the calculations, the electron transfer from lithium metal to
solid electrolyte can be successfully blocked by the protective layer to inhibit the dendrite
growth [134]. Solid polymer-in-ceramic electrolyte PVDF/LTFSI/Li; 3Aly 3Ti; 7(POy4)3 with
the addition of g-C3Nj nanosheets (5 wt% LATP) had a high conductivity of 5.9 x 1074 S/cm
at 25 °C and a lithium transference number of 0.63. However, the capacity and the cycling
of the LiNip gCop 1Mnyg 10, | Li cell with obtained electrolytes were not satisfactory due to
titanium reduction when in contact with lithium. The addition of a thin layer of a similar
composition without LATP in the cell between the electrolyte and lithium significantly
improved the electrochemical performance. The discharge capacity was 170.1 mAh/g
at the first cycle with an 88% retention after 120 charge/discharge cycles at 0.2C, with
a Coulomb efficiency of 99% [148]. Some of the results obtained on the reduction of
electrode/electrolyte boundary resistance by introducing a protective layer are shown in
Table 1.

Table 1. Data on the reduction of the electrode/electrolyte boundary resistance by introducing a
protective layer.

Resistance of the

Ionic Conductivity

Electrolyte Protective Layer and Activation Energy  Electrode/Electrolyte Ref.
Surface resistance
L.AGP LiPON layer on the lithium anode 0.16S/cm, decreased from 617 to [149]
L11_5A10,5Ge1_5(PO4)3 Ea =0.266 eV
289 Ohm
LAGP Reduced graphene oxide layer with Surface resistance
Liy s AlysGegs(POy) ZnO at the boundary between LAGP 0.32S/cm decreased from 1840 to  [142]
1543055505 4/3 electrolyte and metallic Li 32 Ohm
LAGP Introduction of a LiF@Li-Zn layer at the = 2.5 x 10~%S/cm, Surface resistance was [150]
Lij 5Alp 5Geq 5(POy)3 LAGP/Li interface Ea=024eV 420 Ohm/cm?
Polymer coatings containing 4 Surface resistance
tiAGi)I Gey 5(POy) GDLA-UAG layer and fluoroethylene éé.S —Xol((;)l s/cm, decreased from [151]
15A05CL5EM43 - carbonate, LiTFSI, and PEGMEMA a=bote 20 kOhm to 190 Ohm
LATP Addition of a liquid electrolyte to LATP Surface resistance
Liy 3Alg3Tiy 7(POy) electrolyte and a layer containing PVDF — decreased from 1000 to  [152]
134403 11743 and LiTFSI 125 Ohm.
Surface resistance
decreased from
LATP .. o) 15 ~5000 Ohm to
Liy 3Alg 3 Ti; 7(PO, )3 Addition of 15% liquid electrolyte — ~100 Ohm (after 25 h of [153]
contact with
lithium metal)
The total resistance of
LATP ZnO layer deposition using _4 the Lil Li cell decreased
Liy3AlgsTi; 7(POg)s  ALD method 17 x 107" S/cm from 20 kOhm to [141]
2.7 kOhm

Coatings are used on both the anodic and cathodic sides of solid electrolytes to reduce
the resistance and to create a more stable interface [154,155]. For example, the coating of
the surface of the Li; 3Alg3Ti; 7(PO4)3 solid electrolyte with various functional polymers
was described. A protective layer of poly(vinylene carbonate) + tetraglyme was applied
on the LATP/LiFePOy interface, and a protective layer of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) + tetraglyme was applied to the surface of the LATP
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facing the lithium anode. The cathodic layer reduced the resistance at the LATP /LiFePOy,
interface, and the anodic layer protected the LATP from reduction [156]. This cell showed
a low interfacial resistance, excellent cycling stability (~90% retention after 300 cycles),
and stable cycling for 3000 h at 60 °C. The application of a thin layer of LiNbOj3 to the
LiNig ¢Cog2Mng 20, cathode led to a slight decrease in the initial discharge capacity due to
the overcoming of the additional layer of lithium cations, but contributed to a more stable
interface between the LiNij Cog>2Mng,0, and composite polymer electrolyte based on a
polymer mixture of polysulfonamine-PVDF-HFP and LATP nanoparticles with a modified
3-aminopropyltriethoxysilane surface that promoted the maintenance of a high cycling
capacity [157].

4.2. Addition of a Liquid Electrolyte

A common approach used to improve lithium metal batteries with solid-state electrolytes
is the use of hybrid “solid-liquid” or “gel” interlayers, in which the electrode/electrolyte
impedance can be significantly reduced as a result of the improved wetting of inter-
faces [148,158-163]. For example, the addition of 15% liquid electrolyte to the LATP leads
to a decrease in the Li/electrolyte interface resistance from ~5000 Ohm to ~100 Ohm (after
25 h of contact with lithium metal) [153]. The addition of a liquid electrolyte to an ASSLB
with a LATP electrolyte and an interlayer containing PVDF and LiTFSI led to a decrease in
resistance at the Li/electrolyte interface from 1000 to 125 Ohm, and the LiFePOy | Li cell
showed a discharge capacity of 150 mAh/g with a 96% retention after 250 cycles [152].
Ionic liquids can also be used as a “gel” interlayer [164,165]. The interfacial resistance of the
anode/electrolyte interface can also be significantly reduced by using lithium-based alloys
with small amounts of various metal additives [166-168]. Pressing and sintering layers of
electrode material and solid electrolyte at high temperatures are also used to reduce the
resistance at the solid electrolyte/cathode interface [169,170].

It is worth noting that a drop of liquid electrolyte is sufficient to improve the elec-
trode/solid electrolyte interface, which significantly reduces the boundary resistance, forms
a protective interfacial solid-liquid electrolyte interphase, preventing the reduction of LATP
by Li metal, and increases the battery durability [148,152,162,171]. Batteries with a higher
amount of liquid electrolytes are referred to as hybrid solid-liquid lithium metal batter-
ies [172]. According to numerous analytical studies, it is most likely that “intermediate”
hybrid solid-liquid batteries will be commercialized in the medium term, using liquid elec-
trolytes at least for cathode wetting. In this case, cathode materials should have sufficient
porosity to be wetted with liquid electrolytes, and the proportion of liquid electrolytes will
be 20-30% of the cathode volume [173,174].

4.3. Creation of Composite Electrolytes Containing Polymer and Inorganic Phases

One of the problems limiting the commercialization of ASSLBs with NASICON-type
electrolytes is the difficulty of producing thin films and their limited flexibility. Typical elec-
trode assembly techniques (winding, Z-folding, stacking) are limited to stacking techniques
that do not require sheet bending [173,174]. As a result, cell stacking and the assembly
of ASSLBs are technically challenging. The use of composite polymer—inorganic solid
electrolytes is the most promising way to overcome this problem from this point of view.

Polymer—inorganic composites are dispersions of various kinds of additives in a
polymer matrix. Their advantages include an increased ionic conductivity, mechanical
strength, thermal stability, and stability of the electrode/electrolyte interface compared to
polymeric or inorganic electrolytes alone [175].

An increase in the ionic conductivity in composites can also be explained by the
interaction at the interface. This phenomenon was first described by Liang for a system
characterized by high ionic conductivity and consisting of low-conductive Lil and dielectric
Al,Os [176].

Later, an explanation of this phenomenon was proposed by Maier [177]. According
to his theory, one kind of ion forming the salt is predominantly sorbed on the oxide
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surface, to which a high concentration of defects is realized in a thin Debye layer, ensuring
the formation of a highly conductive layer (see also Section 2). Similarly, the carrier
concentration at the interface of inorganic nanoparticles embedded in polymers can increase.
The presence of many electronegative atoms on the surface of oxygen-containing dopant
particles creates favorable conditions for the sorption and transfer of cations, providing
an improvement of transport processes. In addition, polymer packing is deformed near
the nanoparticle surface, polymer chains are disordered, and a free volume is created. At
high concentrations of inorganic particles, surface layers can form percolation structures
through which cations are transported [178].

Composite electrolytes most often consist of a polymer matrix, an inorganic filler, and
a low-molecular-weight lithium salt dissolved in the polymer matrix. The electrochemical
characteristics of the resulting composites depend primarily on the polymer type, additives,
their amount and dispersity, as well as the method of composite production [179-181]. In
general, polymer—ceramic composite electrolytes can be divided into the following two
main groups: ceramic-in-polymer composites (CIP) and polymer-in-ceramic composites
(PIC) (Figure 7).

Ceramic-in-polymer Polymer-in-ceramic
o O o
(%] ) (%] 7]
B ) o
O
Polymer phase Inorganic phase

© Lithium salt

Figure 7. Schematic representation of ceramic-in-polymer and polymer-in-ceramic composite elec-
trolytes.

CIP composites are characterized by high flexibility and a low cost, while PIC compos-
ites are characterized by high mechanical strength and safety. According to the polymer
matrix type, composites can be divided into systems based on inert polymers with dis-
solved salt (polymer/salt) and systems containing cation-exchange membranes. A common
approach is the use of “solid-liquid” hybrid electrolytes in which the electrode/electrolyte
contact impedance can be significantly reduced as a result of the improved wetting of the
interface [163,182].

Composite electrolytes are mainly prepared using a casting technique involving the
dispersion of inorganic particles and the dissolution of a low-molecular-weight lithium
salt in a polymer solution followed by casting, drying, and pressing to produce a solid
conductive film [159,160,183-186]. Solution casting is a conventional technique used for
manufacturing polymer composite/ceramic electrolyte membranes with thicknesses rang-
ing from 50 to 300 pm. A wide range of CPEs are developed using this method with
different concentrations of fillers, salt, and polymer. Alternative methods for preparing
composite electrolytes are electrospinning [161,187] and mechanochemical synthesis based
on the co-grinding of ceramic and polymer followed by pressing to obtain a conductive
film [188,189].

4.3.1. Composite Electrolytes Containing Nonconductive Polymers

Composite electrolytes with nonconductive polymers usually contain lithium salts,
such as lithium perchlorate, trifluorosulfonylimide, hexafluorophosphate, etc. It is neces-
sary to use polymers containing electronegative atoms to dissolve lithium salts completely.
Therefore, PEO, polypropylene oxide, polyacrylonitrile, PVDF, PVE-HFP, polycaprolactone,
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etc., are the most common inert polymer matrices for composite electrolytes [127,179,190].
It should be noted that the use of such polymers also favors the formation of cationic
defects at the interfaces with the solid electrolyte, which causes an increase in the ionic
conductivity of the system. In recent years, fluorine-containing polymers have attracted a
special attention [191].

Both inert inorganic materials that do not directly participate in ionic transport—
alumina and silica [192-194]—and ones that are characterized by their own conductivity,
such as solid electrolytes with lithium conductivity, i.e., garnets, lithium titanium, or
germanium phosphates with the NASICON structure [159-161,184-186,195], and carbon
materials [196], are used as additives. The latter attracts attention primarily because of the
possibility of increasing the mechanical strength of the resulting composites. To prevent the
appearance of electronic conductivity and short circuits, Tang et al. [197] applied a layer
of insulating clay material to the carbon nanotubes. With the introduction of only 5% of
the additive, the tensile strength of the composite increased by more than 160%. Reducing
the particle size and, consequently, increasing the surface area leads to an increase in the
extent of interfaces and ionic conductivity of the obtained system. The maximum effect is
achieved with the addition of nanosized particles [191]. The addition of inorganic particles
to polymer/salt electrolytes leads to a certain increase in the lithium transference numbers;
the values most often range from 0.4 to 0.7 depending on the nature of the particles, salt,
and polymer matrix [198].

When “active” particles such as NASICON phosphates are added to polymer/salt
electrolytes, cations can be transferred in both the polymer with dissolved salt and through
the inorganic dopant. It can be assumed that the interface polymer/salt and the inorganic
dopant contribute the most to the conductivity increase [182,199]. Most authors attribute
an increase in the conductivity to a decrease in the polymer crystallinity [199], an increased
mobility of charge carriers at the interface between the polymer/salt and the inorganic
dopant [200], and an increase in the degree of dissociation of the salt dissolved in the
polymer as a result of an acid-base interaction with dopant particles, which increases the
concentration of the charge carriers [201]. Data on the local environment and dynamics of
lithium ions in composite electrolytes can be obtained via solid-state Li nuclear magnetic
resonance (NMR) [202-204]. The relatively spatial arrangement of different Li components
can be investigated using two-dimensional NMR “Li exchange spectroscopy (2D NMR
EXSY) [205]. For example, the 7Li 2D EXSY NMR of the cubic Li;LazZr,O;,-PEO-LiCl1Oy)
composite reveals peaks from LiClO4 dissolved in PEO, Li in LLZO, and Li located at
the polymer—inorganic interface. It is shown that there is a spin exchange between the
LiClOy in PEO and the interfacial Li [202]. NMR EXSY has proven to be a powerful tool to
study both the lithium exchange between the polymer matrix and solid electrolyte and the
lithium-ion pathways in composite electrolytes [199,202,206,207]. Yan et al. showed a high
rate of lithium transfer via three-dimensional porous LATP and polymer electrolyte/LATP
interface using solid state NMR [208].

For ceramic-in-polymer electrolytes, the maximum conductivity was obtained at a
relatively low content of NASICON phosphates (5-20 wt%) [185,209,210]. Han et al. re-
ported the maximum conductivity (2.3 x 107* S/cm at room temperature) for the com-
posite electrolyte containing 10 wt% LizZr,SipPO1, and PVDE/LiTFSI [185]. The resulting
PVDF/LiTFSI/LisZr;Si; POq; electrolyte was characterized by a wide electrochemical sta-
bility window (>5.2 V vs. Li*/Li), sufficient mechanical strength, and excellent stability
against lithium metal. The LiNiy5Cog2Mng 30, | PVDF/LiTFSI/Li3ZrySi,POq; | Li battery
cell showed an initial discharge capacity of ~170 mAh/g at 0.1 C with a Coulomb efficiency
of 99%, and retained an 88.5% capacity after 100 charge/discharge cycles (Figure 8). He
et al. prepared a solid-state composite electrolyte based on Lij 4Alg 4Tij 6(PO4)3 (LATP),
PEO, LiTFSI, and 3,3’ ,4,4'-diphenyltetracarboxyl dianhydride-4,4'-oxidianiline [209]. The
best electrochemical characteristics were obtained for the 15% ratio of LATP to PEO. LATP
reduces the crystallinity of PEO and increases its ionic conductivity. A nanofiber membrane
based on 3,3’ 4,4-diphenyltetracarboxylic acid dianhydride-4,4’-oxydianiline polyimide (PI)
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showed an increased thermal stability, and a symmetrical Li| Li cell with an obtained elec-
trolyte was stable for 1000 h at a current density of 0.5 mA/ cm?. The LiNiygCog1Mng 05 | Li

battery cell retained 95% capacity after 100 cycles at 0.2 C (170.7 mAh/g) with a Coulomb
efficiency of ~100% (Figure 8).
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Figure 8. Stability of electrolytes against lithium and the cycling performance of lithium metal bat-
teries with (a,b) PVDF/LiTFSI/Li3Zr;Si;, PO, composite polymer electrolytes (LiNig5Cop,Mng 30,
cathode) [185]; (c,d) PEO-PI/LiTFSI/Lij 4Aly 4Tij ¢(PO4)3 composite polymer electrolytes with the
different Lij 4Alp4Tij (POy)3 content (LiNig gCog1Mng 10, cathode) [209].

It is worth noting that the addition of inorganic particles to polymers significantly in-
creases the electrochemical stability window of electrolytes, as shown in references [185,209]
(Figure 9a,b). The electrochemical stability window is also influenced by the shape of in-
troduced particles. For example, the electrochemical stability window of a PEO/LiTFSI/
Li;j 3Aly3Ti1 7(PO4)3-based composite electrolyte is 4.62 V, and 4.75 V when 30 wt.% of particu-
late synthesized LATP and hollow sphere LATP are introduced, respectively (Figure 9c) [210].



Batteries 2023, 9, 407

16 of 27

0.0004
o = PVDF-SPE
E = 10% LZSP/PVDF-CPE
G 0.0003 } — 20% LZSP/PVDF-CPE
< = 30% LZSP/PVDF-CPE
E — 40% LZSP/PVDF-CPE
. 0.0002 i
-
W
3
& 0.0001}
E 1 7
£ 0.0000
3 i
< :
-0.0001 -

25 30 35 40 45 50 55 6.0
Potential / V vs. LilLi*

() .
——PEO
044 ——PIPEO,,LATP,
——PI-PEQ, +LATP,, -
PI-PEO, ,-LATP,
——PI-PEO, ¢ LATP,, -

Current (mA)
=
o

0.0

Valtage (V vs Lit/Li)

25 3.0 3.5 4.0 45 5.0 5.5 6.0

Potential (V vs. Li"/Li)
(b) (©)

Figure 9. Linear sweep voltammetry of (a) PVDF/LiTFSI/Li3ZrySi,PO;, composite polymer elec-
trolytes [185]; (b) PEO-PI/LiTFSI/Lij 4Alg 4Tij (PO4)3 composite polymer electrolytes with the dif-
ferent Lij 4Alp 4Tij ¢(PO4)3 content [209]; (c) PEO/LiTFSI (P6L), PEO/LiTFSI/ particulate synthesized
Lij 3Alp3Ti; 7(POy)3 (P6SyL) and PEO/LiTFSI/hollow spheres Lij 3Aly 3Ti; 7(PO4)3 (P6SL) [210].

Polymer-in-ceramic electrolytes seem even more attractive. The reason for this is
their improved mechanical properties, thermal stability, and resistance to the metal an-
ode [148,183,210-212]. In some cases, increasing the dopant content increases the lithium
transference numbers by reducing the anion mobility as a result of the interactions with the
dopant surface [210]. There are discrepancies in the content of the inorganic phase in the
composite, according to which its type is determined—"ceramics-in-polymer” or “polymer-
in-ceramics”. An increase in the elasticity modulus is noted at the inorganic phase content of
20-30 wt.% [212]. According to reference [213], the term “polymer-in-ceramics” is reported
for a phosphate content of 30 wt%. Chen et al. [214] classified composites with a 50 wt%
of inorganic particles to the intermediate type, and classified composites with >80 wt% of
inorganic particles to “polymer-in-ceramics”. The classification is more often carried out
according to which of the components (polymer or ceramics) is predominant [183].

The influence of the shape and spatial orientation of the inorganic particles should
also be noted. The use of nanofibers, nanoplates, nanotubes, or 3D porous structures as
dopants promotes the creation of extended ion transport pathways and makes it possible
to obtain materials with a high conductivity [178]. For example, the conductivity of a
PEO/polyethylene glycol/LiClO4/LATP (40 vol%) electrolyte with NASICON phosphates
connected to each other and oriented perpendicularly to the electrolyte plane reaches
5.2 x 107> S/cm at room temperature, which is 3.6 times higher than the composite with
LATP particles randomly distributed in the electrolyte [184]. Patil et al. reported a com-
posite electrolyte based on PEO, LiTFSI, and Lij 3Alg3Ti; 7(PO4)s filler (30 wt%) [210]. The
composites with a random distribution of LATP particles (200 nm) and with primary
particles arranged in hollow LATP spheres (7—15 um) are superior to the unmodified
PEO/LIiTFSI electrolyte in terms of mechanical, conductive, and electrochemical charac-
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teristics. The conductivity of the composite with LATP spheres was 1.6 x 10~* S/cm
(25 °C) [210]. Furthermore, the resulting composite was characterized by a higher lithium
transference number. The electrochemical characterization of symmetrical Li | Li cells with
PEO/LiTFSI/LATP spheres electrolytes showed less overvoltage and stable operation
during 500 h of cycling at a current density of 0.1 mA/cm?. This illustrates the promise
of works regarding the development of particle microstructures in the case of composite
polymer electrolytes.

4.3.2. Composite Electrolytes with Cation-Exchange Membranes

Cation-exchange membranes are a promising class of polymer electrolytes, so-called
single-ion conductors [178,210-217]. The anions in these materials are covalently bound
to the polymer matrix, and thus, such electrolytes have only cationic conductivity. The
lack of anion mobility prevents dendrite formation during the cycling of batteries with
lithium metal anode. Functional groups are usually located on the side branches of the
main polymer chain to maximize cation mobility. Recent works in the development of
single-ion conductors for battery applications has been dominated by cation-exchange
membranes containing the functional sulfonylimide groups R-SO;N(7)SO,-X, since their
bulk conjugated structure can effectively delocalize the negative charge [63-66,218-223].
These functional groups reduce the dissociation energy with Li* cations due to the high
delocalization of the negative charge in the anions, facilitating ionic transport. The negative
charge distribution in R-SO,N(7)SO;-X can be further improved by introducing various
bulk electronegative groups such as -CF3, -Ph, or -PhCF3 [67-70]. The solvation of such
membranes with organic aprotic solvents provides high values of ionic conductivity, which
can reach values of up to 1074-103 S/cm at room temperature [178,221,224]. The num-
ber of works on the creation of composite polymer electrolytes based on cation-exchange
membranes and NASICON phosphates (active inorganic ceramic particles) for their ap-
plication in lithium metal batteries is limited, while the addition of inorganic particles
contributes to the suppression of dendrite growth [157,158]. Yu et al. reported that they
obtained a polymer-in-ceramic composite electrolyte based on Lij 3Aly3Ti; 7(PO4)3 (LATP),
cross-linked poly[bis(2-(2-methoxyethoxy)ethoxy)-phosphazene], and (4-styrenesulfonyl)-
(trifluoromethanesulfonyl)lithium imide (LiSTFSI) with a ~4:1 volume ratio of LATP to
polymer solution [158]. After the addition of ethylene carbonate and dimethyl carbonate
plasticizer (EC-DMC, 1:1, vol./vol, ~150 wt% in terms of polymer), composite electrolytes
with a high ionic conductivity of 3.1 x 107* S/cm at room temperature, a wide electro-
chemical stability window of 5V, and lithium transference numbers of 0.94 were obtained.
The LilLiFePO, battery exhibited stable cycling with an initial discharge capacity of
131.8 mAh/g, and maintained a capacity of 122.7 mAh/g after 500 cycles at 0.5 C.

Some research papers report the addition of a small amount of plasticizer or liquid
electrolyte to the battery cell to increase the electrolyte conductivity and improve the ionic
transport at the electrode/electrolyte interface [158-161]. An example of the use of such
“solid-liquid” hybrid electrolytes is a lithium-air battery cell with an electrolyte based
on a copolymer of PVDE-HFP, LTFSI, and LATP (50 wt% in terms of polymer) with a
small amount of 1M LTFSI solution in tetraglyme [160]. The composite electrolyte of the
LATP/PVDF composition (mass ratio LATP: PVDF = 0:1, 1:1, 2:1, and 3:1) was kept in 1M
of LiPFg solution in a mixture of EC—DMC—ethyl methyl carbonate (1:1:1 by volume). The
highest liquid electrolyte absorption and conductivity (9.67 x 10~* S/cm) was observed
for LATP:PVDEF = 2:1. The Li| LiFePOy battery cell with this electrolyte showed a discharge
capacity of 163.5 mAh/g at 0.1 C, with a 91% capacity retention after 50 cycles. The
characteristics obtained for the cell with the composite electrolyte with the addition of
LATP exceeded the values for the cell with the PVDF-based electrolyte (113 mAh/gat 0.1 C
with 91% capacity retention after 50 cycles) [159]. Overhoff et al. prepared a composite
ceramic-in-polymer electrolyte based on a mixture of polysulfonamine-PVDF-HFP and
LATP nanoparticles with a surface modified with 3-aminopropyltriethoxysilane [157]. The
obtained material was plasticized via an EC-propylene carbonate mixture (38 wt% swelling).
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The conductivity of the resulting electrolyte with a 20 wt% of LATP was 7 x 10~%S/cm
at 40 °C.

The addition of a small amount of polyelectrolyte to the cathode material to fill the gaps
between the inorganic particles aims to increase the intergrain’s ionic conductivity [225].
For example, the use of a Nafion solution as a binder for the cathode material when using a
solid electrolyte with the NASICON structure was described in ref. [226]. The addition of a
polymer electrolyte to the cathode material not only binds its particles, but also allows for
ion transport within the cathode material and at the cathode/electrolyte interface. In some
studies, lithium salts were added to cathode materials along with an active material and
binder [148,185,210].

5. Conclusions

Currently, lithium-ion batteries with liquid electrolytes dominate among rechargeable
batteries. However, there are severe issues with their safety (the probability of electrolyte
leakage, growth of lithium dendrites caused by contact of anode with liquid electrolytes,
and the electrolyte evaporation at elevated temperatures). The development of solid elec-
trolytes with a conductivity of >10~3 S/cm at room temperature and a wide electrochemical
stability window (>5 V vs. Li/Li") is one possible way to solve these problems and can
allow for the creation of ASSLBs that can be used over a wide temperature range.

In this review, some of the most promising materials for ASSLBs with NASICON-
structured phosphates as electrolytes with a high ionic conductivity, favorable physical and
chemical stabilities, and a low cost are discussed, focusing on the works published in the
past few years. The results of the studies on NASICON-structured phosphates and their
composites of various types with polymeric materials are presented. Various approaches for
increasing the ionic conductivity and solving problems arising from their use as electrolytes
in batteries, including the challenge of the electrolyte/electrode interface, are discussed. Co-
doping, which can increase the ionic conductivity to 6.6 x 1073 S/cm at room temperature,
is considered among other methods of increasing the ionic conductivity of electrolytes. The
coating of various materials, including polymeric and inorganic ones, to the surface of
the electrolyte or electrode can significantly suppress side reactions and reduce resistance
at the electrode—solid electrolyte interface. It is worth mentioning the works of cycling
electrochemical cells with phosphate-based electrolytes with the NASICON structure and
lithium metal, which operate stably at room temperature and over 100 cycles, indicating that
significant progress has been made in solving the problems of relatively low conductivity,
low chemical stability, and dendrite formation.

Despite significant progress in the field of ASSLBs with the NASICON-type elec-
trolytes, their commercialization is still hampered by several problems, including the
insufficient mechanical strength of the electrolytes, and interphase instability, especially
of the lithium titanium phosphates towards the lithium metal anode. It appears that the
use of a synergistic approach involving the creation of composites and the introduction
of additives into the electrolyte can help to achieve the goals of increasing the interfacial
stability and reducing the grain boundary resistance.

The replacement of liquid electrolytes by solid ones seems to be necessary and in-
evitable for many devices, and composite polymer electrolytes, especially those containing
a cation-conducting polymer matrix and inorganic fillers, have the best prospects for real
applications due to their excellent complex properties among all electrolytes. However,
the study of the properties and applications of such composite polymer electrolytes in
lithium batteries is still at an early stage. Therefore, it can be assumed that the development
of new cation-exchange polymer materials and new inorganic ionic conductors will be
the most promising. In this case, the optimization of the ratio of organic and inorganic
components in composite electrolytes, the size, the spatial organization, and the content of
inorganic fillers can significantly improve ion transport in composite polymer electrolytes.
It is worth paying attention to the use of modern research methods and numerical modeling
to establish the mechanisms of lithium-ion transport in composite materials.
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