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Composite solid electrolytes based on Li;LazZr,01,
for all-solid-state lithium power sources

Evgeniya II'ina ®*

Currently development of all-solid-state lithium batteries are in great demand all over the world.
LizLazZr20p2 (LLZ) compounds are considered as perspective solid electrolyte for such power sources.
However, these solid electrolytes of garnet family have some disadvantages — high temperatures of ceramic
synthesis, poor wettability by Li and low stability to air components. The creation of composite solid
electrolytes based on LLZ is one of the ways to solve these problems. It was established that the temperature
and/or sintering time of the solid electrolyte could be reduced by the introduction of different additives
with maintaining lithium-ion conductivity values (10-5-104 S/cm at room temperature). It should be noted
that the used sintering additive should meet the following requirements: low softening temperatures, high
values of lithium-ion conductivity, stability in contact with lithium metal and absence of chemical interaction
between components leading to the formation of low-conductivity impurity phases. Thus, the development
of composite solid electrolytes based on LLZ is perspective for all-solid-state power sources.
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1. Introduction

(http://creativecommons.org/licenses/by/4.0/).

even explosions are far from rare. Moreover, the
transition from liquid to solid electrolytes allows

Currently, the development of all-solid-state power
sources is under great demand all over the world [I-5].
During the operation of traditional lithium-ion batteries
with a liquid (or polymer, gel) electrolyte, the dendrite
formation and gas evolution are possible, which lead to
rapid degradation of the device and limit the battery life.
Thus, the transition to the all-solid-state design is
positioned as a possible way to solve the safety problem
(especially in extreme operating conditions — elevated
temperatures, pressure and aggressive environments) and
increase the service life of the power source. It is worth
noting that the safety problem becomes especially acute
as the battery size increases. If modern portable batteries,
despite the use of liquid electrolytes, are practically not
prone to gas formation and swelling, then in their larger
counterparts, heating of the electrolytes, their boiling and
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considering metallic lithium as an anode material. Li has
record energy intensity values - high theoretical specific
capacity (3860 mA -h/g), low electrode potential
(-3.040 V vsSHE), and low density (0.59 g/cm3).
LizLazZr20r2 (LLZ) compounds with a garnet-based
structure are considered as promising solid electrolytes
for all-solid-state lithium power sources [6-8]. After
intensively studying the influence of various dopants on
the structure and conductivity of solid electrolytes based
on LLZ [9-11], since 2013, researchers have turned their
attention to studying the influence of sintering additives,
including glasses, on the properties of the solid
electrolyte. The conductivity and density of ceramic
materials can be increased by introducing sintering
additives, for example, lithium salts or by preparing glass-
ceramic composites. It is worth noting that inorganic
glasses are capable of filling the pores of ceramic materials;
they have good thermal and mechanical characteristics, as
well as high values of lithium-ion conductivity. In
addition, in the studies presented in the literature
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[9,12,13] the temperature and/or sintering time of the
ceramic LLZ was reduced by the introduction of different
additives such as LizBO3, LizPOs4, LisSiO4 or lithium
containing multicomponent glasses, and conductivity
values of solid electrolytes were maintained at the level of
[0-5-10-4S/cm at 30 °C.

The creation of a dense and highly conductive
interface between lithium metal and the LLZ-based solid
electrolyte is one of the main challenges for the successful
implementation of high-energy all-solid-state power
sources. Moreover, there is a number of problems that
arise during the formation and cycling of electrochemical
cells based on the solid electrolyte with Li anode [14-18]:

- growth of Li dendrites through the solid electrolyte,
leading to a short circuit;

- poor wettability of the solid electrolyte surface with
lithium metal, leading to the formation of voids (pores) at
the interface between two phases.

According to the literature data [6, 9, 1I], one of the
way to solve these problems may be transition to the
composite electrolyte containing a mixture of solid
electrolyte components with functional materials to
obtain a high-density ceramic membrane, improve
contact with Li anode and suppress the growth of Li
dendrites at grain boundaries.

Another advantage of composite electrolytes based
on LLZ is their improved stability towards environmental
components (water, CO2) [6,9]. Since, according to
literature data, solid electrolytes of the LLZ family are
prone to increased degradation of the ceramic surface due
to interaction with air components [19-21].

The aim of this review was to analyze the data
available in the literature on the effect of various lithium-
conducting sintering additives on the heat treatment
mode, conductivity, and density of solid electrolytes with
a garnet-like structure, as well as their stability in contact
with air components and suppression of lithium dendrite
formation.

1.1, Effect of various on the

conductivity of LLZ

Various sintering additives to LLZ ceramics have
different effects on the morphology, density, and phase
composition of their composites, which, in turn, affects
the transport properties of solid electrolytes. The action
mechanism of different sintering additives on the
electrolyte conductivity depends from their nature. Some
sintering additives are located at grain boundaries; the
other can incorporate into grains of solid electrolytes
based on LLZ. Therefore, in the first case, the grain-
boundary conductivity increases; in the second, the
sintering additive can also improve the bulk conductivity.

sintering additives

FOCUS REVIEW

More often, sintering additives of the first group are used
for LLZ composites. Al2Oz is one of the sintering additives,
which can incorporate into LLZ grains. Moreover, at high
annealing temperatures [I3] it can form a lithium-
conductive liquid phase with lithium oxide from LLZ.
Basappa RH et al. [22] used 2 wt. % LiOH addition to
LissLazZrisTaosOrz solid electrolyte. Due to the low
melting points of LiOH (462 °C), the additive melts and
fills the voids during heat treatment at 900 °C for 12 h.
Such modification of ceramic grain boundaries leads to
the growth of the conductivity of the samples up to
7.6 -104S/cm. Hao S et al. [23] improved Li-ion motion
along LiszsLazZr2Alo2sOr2 grains by introducing 3 wt. %
LiBr. Such a modification leads to conductivity growth
from L1:10-% to 2.8 - 10-4S/cm. The electrochemical cell
with Li anode, LiCoO2 cathode and composite electrolyte
showed cydlic stability and capacity retention. However,
the sintering temperature and time are still remained high
(900 °C for 6 h, 1100 °C for 6 h, and 1200 °Cfor 12 h). The
anti-perovskite of LizOCI electrolyte was used as sintering
additive to LiszsLazZrizsTao2sOwr [24]. A composite
electrolyte with the amorphous LizOCI with high ionic
conductivity (2.27 - 10-4S/cm) was obtained at 350 °C.
However, LizBOz is most often used as a sintering
additive introduced into LLZ-based solid electrolytes. This
compound has a low melting point (700 °C) and fairly
high lithium-ion conductivity values (~104S/cm at
25 °C) [25]. For example, Shin RN et al. [26] studied the
mechanism of cubic LLZ -8 wt. % LizBOz composite
sintering. It was established that the process of sintering is
caused by viscous glass flow at low temperatures and leads
to ceramic densification. The lithium-ion conductivity of
the obtained composite after annealing at 1100 °C for 8 h
was equal to 1.94-10-5S/cm at room temperature.
Takano R [27] and Rosero-Navarro NC [28] reduced the
annealing temperature of composite solid electrolytes
with the addition of LizBOz to 900 °C (10 h). Cubic LLZ
stabilized by Al after annealing at 900 °C has low values
of conductivity - 1.6 - 10-¢ S/cm, but LizBOz addition leads
to conductivity growth by an order of magnitude
(L9-10-5S/cm) [27]. The introduction of 6.5 wt. %
LizBOs to LizLasZrizsNbo2sOr2 leads to density and
lithium-ion conductivity growth up to 90% and
7 -10-5S/cm at 30 °C, respectively; which is two orders of
magnitude higher compared to the initial electrolyte [28].
Moreover, it was found that composite solid electrolytes
with LiBO; additive have low-conductive impurity phase
of LazZr20y. In the work Tadanaga K et al. [29] higher
conductivity values for composite solid electrolyte with
LizBOz additive were achieved (1-10-4S/cm at 30 °C)
after the introduction of lithium borate in the molar ratio
LizBO3z/LLZ (0.68) and subsequent annealing at 900 °C
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during 36 h. LizBOs was also used as sintering additive for
thick sheets of solid electrolyte based on
LizLasZrizsNbo2sAloiOrz with a thickness of 150 um by
Jonson RA and McGinn P] [30]. It was found that for bulk
samples the optimal additive content was equal to
1-2 wt. % LizBOs3 (~ 2.5 - 10-4 S/cm), while for thick sheets
of the solid electrolyte obtained by tape casting a lower
additive content was required - 0.5 wt. % LizBOs3
(2.83-104S/cm). The obtained composite electrolytes
were sintered at 1000 °C for 6 h in an Ar.

Zhao G et al. [31] used the boron nitride (BN) as a
sintering additive. During sintering, BN interacts with
Li2CO3z present on the surface of Lis2sGao.zsLazZr2On
(LGLZO) grains to form the LizBOz phase (Figure 1). This
effect leads to an increase in the density of the solid
electrolyte (up to 93 %), mechanical strength (up to
5.36 GPa) and lithium-ion conductivity (6.7 - 10-4S/cm).
In [32], the Li23Co7B0303 compound was chosen as a
sintering additive due to its low melting point (700 °C),
stability in contact with lithium metal and acceptable
conductivity values (10-6-10-7S/cm). The composite
electrolyte based on LLZ after annealing at 1000 °C for
I5h had high values of lithium-ion conductivity
(1-10-4S/cm).

Since the conductivity of LizBOz is significantly lower
than cubic LLZ and a large amount of additive can lead to
a decrease in the conductivity of the composite, then the
effect of the simultaneous introduction of two additives in
cubic LLZ was investigated [33-36]. These two additives
play different roles — one leads to a modification of the
bulk of ceramic grains, the second exists at the grain
boundaries. For example, the effect of Al2Oz and LizBOz
introduction in Li7-xLaz95Cao.0sZrTaOiz was studied in
work [33]. The addition of 0.2 mol of Al2O3 and
0.80 mol of LizBOs followed by annealing at 200 °C for
10 h leads to the formation of a composite electrolyte with
a relative density of 95 % and a lithium-ion conductivity
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Figure1 Schematic describing the role of BN additive in
optimizing  Lis2sGao.zsLazZrzOiz  solid  electrolyte  grain
boundaries.
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of 1-104S/cm at 32 °C. L.C. Zhang et al. [34] prepared a
composite solid electrolyte based on Ta- and Ca-doped
LLZ (LisssLazssCao.05Zr1sTaosOrz) using the same sintering
additives with a subsequent heat treatment at 800 °C for
20 h. It has been shown that at a molar ratio of LizBOs to
solid electrolyte equal to 80 %, an increase in
conductivity was observed from 2.83-10-¢ (without
additive) to 1.33 -10-4S/cm at 30 °C. In work [35], low-
temperature sintering of LissLaz925Ca0.075Z11.4255bo575012
at 750°C was achieved using low-melting
additives — LizSbO¢ and LizBOsz. The conductivity of the
obtained composite electrolyte with the optimal content
of additives was equal to 3.1-10-4S/cm at room
temperature with a relative density of the electrolyte
membrane of 87 %.

Rosero-Navarro NC et al. [36] also used two additives
(75 Li2O - 25 B2Oz and aluminum oxide) to create a
composite electrolyte based on Ta-doped LLZ (LLZT). A
distinctive feature of this work was the use of precursors
of Li2O-B20z (LBO) and Al2Oz sintering additives,
obtained in the form of a sol, followed by mixing with a
solid electrolyte and annealing at 1000 °C. The obtained
composite with 0.5 wt. % LBO and 1.2 mol % Al2Oz had
high conductivity values of 0.8 mS/cm at 25 °C. Figure 2
shows an illustration reflecting the process of liquid-phase
sintering using powder sintering additives and their
precursors prepared in the form of a solution (sol). It
should be noted that the obtained composite electrolytes
possess the highest values of lithium-ion conductivity
among the observed composites due to the proposed
technique.
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Figure 2 lllustration of liquid-phase sintering using powder (a)
and sintering additives obtained in solution (b).
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Besides lithium borate, LizPO4 and LisSiO4 glasses
were considered as sintering additives [37-41]. It was
established that it is possible to reduce the sintering time
of the ceramic membrane from 36 to é h at 1175 °C by
adding 1-6 wt. % LizPO4 glass in LiszsLazZrizsTao2sOm
solid electrolyte. The composite solid electrolyte with
Iwt. % LisPOs+ had high values of lithium-ion
conductivity = 7.2 - 104 S/cm [37]. In [38],
LissLazZrisTaosOr with the addition of 2 wt. % LizPOs4
had lower conductivity values (1.4 - 10-4S/cm) compared
to the solid electrolyte without additive — 4.6 - 104 S/cm.
Moreover, Pershina SV et al. [39] investigated the
influence of LizPOx glass addition on the conductivity of
Al-doped LLZ. The composite electrolyte with 1wt. %
addition sintered at 1150 °C for 1 h possessed the highest

FOCUS REVIEW

conductivities of the composites decreased with the rise of
the LiPOs glass content, because of the low-conductivity
phase (crystalline LizPO4) formation.

In [40], 1wt. % LisSiOs+ was added to the solid
electrolyte LisicAlo2slazZrOn. The addition of LisSiO4
glass and heat treatment at 1200 °C lead to the formation
of composite solid electrolyte with a total conductivity of
6.1-104S/cm at 33 °C and a relative density of 96 %.
Patra S et al. [41] also used | wt. % Li4SiO4 additive to the
LisisAlo2sLazZrOrz solid electrolyte. A composite solid
electrolyte obtained by hot pressing (1158 °C for 2 min,
127 MPa) possesses high values of lithium-ion
conductivity — 0.4l mS/cm at room temperature. It was
found that during hot pressing the additive remains in a
glassy state and fills all voids (Figure 3).

lithium ion conductivity —1.1-10-4S/cm. The ionic
Table 1 - Composite solid electrolytes based on LLZ.
Solid electrolyte Additive oStk gy  Heattreament  p
LissLazZrisTaosOn2 2 wt. % LiOH 7.6-10+4 96.4 900 °C,12 h [22]
Lis.2sLazZrzAlo.2s012 3 wt. % LiBr 2.8-10-* 89.2 1200 °C,12 h [23]
Lis7sLasZri75Tao.2s012 2 wt. % LizOCI 2.27 - 104 94.0 350°C,12h [24]
Commercial LLZ (cubic) 8 wt. % LizBOs3 1.94 -10-5 86.4 1100 °C,8 h [26]
Al-doped LizLazZr20n2 LizBOz (x= 0.68) 1.9-10-5 - 900 °C,10 h [271
LizLazZri7sNbo.2s012 6.5 wt. % Li3zBO3 7.0-105 86.0 900 °C,10 h [28]
Al-doped LizLazZr20n2 LizBOs 1.0-104 92.0 900°C,36 h [291
LizLazZri7sNbo.2sAlo.iOr2 1-2 wt. % LizBO3 25-104 83.5 1000 °C,6 h [30]
LizLazZri7sNbo.2s Alo.iOr2 0.5 wt. % Li3zBO3 2.83-104 90.0 tape-casting, [30]
1000°C,6 h
Lis.2sGao.25LazZr20r2 2 mol % BN 6.7 - 10+ 92.9 1150°C,é h [31]
LisssLazZris5 Tao450n2 8.9 wt. % Li23Co7B0303 1.0-10-4 88.0 1000 °C,15 h [32]
Li7-Aaz95Cao.05ZrTaOr2 0.21 mol Al203,0.80 mol LizBO3 1.0-104 95.0 900 °C,10 h [33]
Lis.ss(LazgsCao.05)(Zr15Taos)Or 80 mol % LizBO3:LLZ 1.33-10 - 800°C,20 h [34]
Lis.s(Laz.925Cao.075)(Zr1.4255b0.575)O12 0.08 Li7zSbOs, LizBO3 (4.75 :1) 3.1-104 87.0 750°C,24 h [35]
Ta-doped LizLa3Zr2012 0.5 wt. % LBO and 1.2 mol % Al2O3 8.0-10+4 88.0 1000 °C [36]
LiszsLazZri75 Tao.25012 1 wt. % LizPOa 7.2-10 92.7 1175°C,6 h [37]
LissLazZrisTaosOn2 5 wt. % LizPO4 1.4-10+4 - 1140 °C,16 h [38]
Al-doped Li7LazZr20r2 LizPO4 I.1-10+4 - 1150 °C,1h [39]
LisisAlo.2sLazZrz2Or 1 wt. % Li4SiO4 6.1-104 926.0 1200 °C [40]
LisisAlo.2sLazZr2On2 1 wt. % LiaSiO4 4.1-104 - Hot pressing [4]
1158 °C, 2 min
Al-doped LizLazZr20r2 3 wt. % Li2O-Al203-5i02 4.26 - 104 97.0 1150 °C,15 h [42]
Al-doped LizLazZr20r2 1 wt. % Li2O-Y203-Si0O2 2.8-104 - 1200 °C,1h [43]
Al-doped LizLazZr20r2 1 wt. % Li2O-B203-SiO2 3.0-104 - 1150 °C,1 h [44]
LizLazZrNbO:2 4 wt. % Li20-B203-5i02-Ca0O-AlO3; 778105 85-90 900 °C,I0 h [45]
LizLazZrNbO:2 4 wt. % BaO-B203-Si02-CaO-Al2 Oz ~2.52-105 85-90 900 °C,I0 h [45]
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Figure 3 Microphotographs of cross-sections of solid electrolyte
LisisAlo2sLazZrOiz  (a,b) and composite electrolyte
LisieAlo2sLazZroOn + 1 wt. % LiaSiOs (¢, d). Reprinted with
permission from [41]. Copyright 2020, American Chemical
Society.

Multicomponent glasses were also considered as
sintering additives: Li2O-Al203-SiO2 [42], Li2O-Y203-SiO2
[43], Li2O-B203-SiO2 [44], Li20-B203-Si02-CaO-Al203
(LBSCA) and BaO-B203-SiO2-CaO-Al2O3 (BBSCA) [45]. It
is well known that multicomponent glasses have higher
conductivity values than bipolar compositions. The total
conductivity of LLZ ceramics with 3 wt. % Li2O-Al2O3-
SiO2 sintered at 1150°C for 15 hours reached
4.26-10-4S/cm at room temperature [42]. Composite
solid electrolytes based on Al-doped LLZ with 1 wt. % of
Li2O-Y203-Si02 (Li2O-B203-SiO2) after annealing at
1150 °C possess higher conductivity values than Al-doped
LLZ - 2.8-10-4S/cm at room temperature [43,44]. In
[45], in order to reduce the grain boundary resistance of
LLZ, multicomponent glasses Li2O-B203-Si02-CaO-Al203
and BaO-B203-S5i02-Ca0O-Al:Oz with a low softening
point were used. The composite solid electrolyte with
4 wt. % Li20O-B203-Si02-CaO-Al203, sintered at 900 °C
for 10 h, had the highest lithium-ion
conductivity = 8 - 10-5S/cm at 30 °C.

Table 1 summarizes the presented in the literature
composite solid electrolytes based on cubic LLZ with
various sintering additives. It can be concluded that to
obtain highly conductive composite solid electrolytes
based on cubic LLZ, it is sufficient to introduce a small
amount of sintering additive followed by heat treatment
at temperatures above 1000 °C, or by increasing the
holding time (more than 20 h) at temperatures of
800-900 °C.

FOCUS REVIEW

1.2. Effect of various sintering additives on LLZ
stabilization to air components and lithium dendrite
penetration

It was mentioned above; the transition to composite
solid electrolytes may be one of the ways to solve the
stability problem of highly conductive solid electrolytes
with the garnet-like structure to the air components
[19-21, 30, 31, 34]. In work Zhang LC et al. [34] it was
shown that conductivity of solid electrolyte without
LisBOz addition decrease from 2.83-10¢ to
3.03-10-8S/cm after 4 days exposure to air while
composite solid electrolytes with the LizBOs addition
possess more stable behavior — a decrease in conductivity
occurred from 1.33:10#4 to 7.54-10-5S/cm. Solid
electrolytes LizLasZrizsNbo.2sAloiOr2 with no LisBOs and
4 wt. % LizBOz were examined over 120 h of air exposure
[30]. It was established that after 72 h of air exposure the
ionic conductivity of LizLasZri7sNbo.2sAloiOr2 pellets fell
to ~ 20 % while the composite solid electrolyte fell to
~60 %. The effectiveness of composite electrolyte
creation was also noted in [41]. The appearance of lithium
carbonate impurities on the surface of the composite solid
electrolytes (with the addition of LisSiO4) after exposure
to an air atmosphere was not detected. The use of boron
nitride (BN) as sintering additive was proposed as a
promising solution to remove lithium carbonate from the
surface of Lis.2sGao.z2sLazZr2On2 ceramic grains by Zhao G
et al. [3l]. During sintering, BN interacts with Li2COsz to
form the LizBO3z phase, which, as mentioned, leads to the
protection of LLZ from further interaction with air
components.

In [43], a composite solid electrolyte with 1 wt. %
Li2O-Y203-SiO2 glass was kept in contact with air
atmosphere for 30 days. The lithium-ion conductivity of
Al-doped LLZ decreased significantly (from 1.5 - 104 to
4.0 -10-¢ S/cm at room temperature) after exposure to air
and was accompanied by an increase in the activation
energy of conductivity. While exposure in air of the
composite solid electrolyte leads to only a slight drop in
lithium-ion conductivity (from 2.8 - 104 to 1.5 - 104 S/cm
at room temperature) without changing the activation
energy of conductivity. It should be noted that the
observed decrease in conductivity is significantly less than
for the composite with the addition of LizBO3, exposed to
air for 4 days [34]. Thus, we can conclude that the
addition of lithium-conductive glass to cubic LLZ increases
the stability of the ceramic in contact with environmental
components.

Another positive effect of the strategy of composite
electrolyte formation is the increase in the ceramic
wettability by Li and the way to prevent Li penetration
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through the solid electrolyte. For example, the composite
electrolyte based on LLZ with the addition of LisSiO4 [39]
contributed to the formation of defect-free contact with
Li, while the solid electrolyte without the additive had
pores (defects) at the interface with Li anode (Figure 4). It
was demonstrated in work [38] that the LizPOa4 additive is
concentrated along the grain boundaries of
LissLazZrisTaosOne. Despite the fact that
LissLazZrisTaosOr with the addition of 2 wt. % LizPOs4
had lower conductivity values compared to the solid
electrolyte without additive, this modification led to a
decrease in the resistance at the solid electrolyte | Li
interface from 2080 to 1008 Q - cm2 and suppresses the
formation of Li dendrites in the studied symmetric cells
during cycling. Modification of LissLazZrisTaosOnr by
introducing 2 wt. % LiOH leads to the filling of voids in
the ceramic electrolyte and, as a consequence, to the
suppression of the growth of lithium dendrites during the
cycling of symmetric cells [22]. A composite solid
electrolyte based on Ga-doped LLZ with the addition of
2wt. % BN also contributed to the formation of a
continuous coating with lithium metal and a decrease in
the resistance of symmetric cells from 1219 to 32 Q - cm?2
[31]. The decrease of interfacial resistance between the
composite electrolyte (Lis7sLazZrizsTao2sOm — 2 wt. %
LizOCI) and lithium metal from 1850 to 20 O - cm2 was
observed in work [24]. It was established that LizOCl /n-
situ reacts with Li and forms a stable and dense interfacial
layer.

It can be concluded that the introduction of sintering
additives in solid electrolytes based on cubic LLZ has a
number of positive effects (Figure 5). However, it should
be taken into account that the amount of the introduced
additive has a significant effect on the resistance of the
composite electrolyte and Li dendrites penetration
[24,32]. For example, in [32], the composite
LisssLazZrissTaossOr  with 20vol % (8.9 wt. %)
Li23Co7Bo3O3 additive showed stable behavior during
cycling, while the introduction of 50 vol % (28 wt. %)
additive leads to the penetration of Li dendrites through
the solid electrolyte. Thus, it is important that the additive
introduced into LLZ does not degrade in contact with Li
anode during cycling. Moreover, sintering additives
should have high values of lithium-ion conductivity. It was
established using the method of distribution of relaxation
times (DRT) to analyze the impedance plots of composite
solid electrolytes based on LLZ that in the composite solid
electrolyte the transport of lithium ions occurs along the
grains of LLZ ceramics and the volume of additive
replacing the pores [446].

FOCUS REVIEW

Figure 4 Microphotographs of cross-sections of interface
between Li  and  LiewAlozslazZr2Oz  (a,b)  and
LisisAlo2sLazZr2On + 1 wt. % LisSiO4+ composite electrolyte
(¢, d). Reprinted with permission from [41]. Copyright 2020,
American Chemical Society.

Sintering additives
- Sintering temperature and time
- Llidendrites

Figure 5 The influence of the introduction of sintering additives
on the properties and conditions of heat treatment of solid
electrolytes based on LLZ.

- Lithium-ion conductivity
- Density

- Stability to air components
- Li wettability

2. Conclusions

The creation of composite solid electrolytes based on
lithium-conducting solid electrolytes of the LLZ family is
a promising area of research aimed at simultaneously
solving a set of problems faced in the development of
lithium all-solid-state power sources. The introduction of
sintering additives into a ceramic electrolyte makes it
possible to obtain high-density electrolyte membranes
with high values of lithium-ion conductivity, increased
stability to environmental components and resistance to
lithium dendrite penetration.

However, the sintering additive had to meet the
following requirements:

- low softening temperatures;

- high values of lithium-ion conductivity;

- stability in contact with lithium metal;

-absence of chemical interaction between
components leading to the formation of low-conductivity
impurity phases.

From the literature data, it can be concluded that to
obtain highly conductive composite solid electrolytes
based on LLZ it is necessary to introduce a small amount
of sintering additive and then anneal at temperatures
above 1000 °C, or increase the holding time at lower
temperatures.
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The evolution of the developed direction of
composite solid electrolyte starts from the introduction of
one additive to ceramic then turn to two components
addition, further progress has been achieved during the
proposed technique of liquid-phase sintering from
precursors of powder sintering additives prepared in the
form of a solution. More suitable sintering additives:

- low-temperature lithium-ion compounds that
modify grain boundaries together with the Al2Oz additive
that modifies the bulk of ceramic grains;

- multicomponent lithium-ion glasses that can modify
the bulk and grain boundaries of LLZ ceramics.

Moreover, the strategy for transition to composite
solid electrolytes has shown its promise in creating thin
films based on LLZ. Thus, composite solid electrolytes are
becoming increasingly attractive for all-solid-state power
sources.
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