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Abstract. Inorganic solid electrolyte materials have great potential to overcome the issues of conventionally used
organic liquid electrolyte materials in lithium ion batteries. Garnet-structured Li7La3Zr2O12 based solid electrolyte
materials having high ionic conductivity, good thermal and electrochemical stability and most importantly excellent
stability with respect to lithium metal anode seems to be the most promising candidate to be applied in all solid-state
lithium ion batteries. Garnet-structured electrolyte materials synthesized by conventional solid-state reaction method
requires intermittent grinding and calcination steps along with sufficiently high temperature and long time for sintering. A
significant amount of lithium is lost during this lengthy synthesis process, resulting in lower ionic conductivity and bulk
density. Since these two factors play the most important role in the performance of an electrolyte, therefore, some other
synthesis methods are required, which help in enhancing the performance of Li7La3Zr2O12 based electrolytes and also are
easy to operate, ecofriendly and cost effective. Here an overview of the various synthesis methods has been provided and
their feasibility for Li7La3Zr2O12 based solid electrolyte material preparation, in the context of their ionic conductivity
enhancement and commercial applicability have been reviewed.
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Introduction

Lithium ion batteries have drawn much attention in the past
few decades due to their applicability in portable electronic
devices, hybrid and plug-in hybrid electric vehicles (HEVS
and PHEVS). The problems of thermal runaway, leakage,
corrosion, flammability and toxicity limits their applicability at commercial level, which arises due to the organic
electrolyte material used in conventional lithium ion batteries [1–4]. Therefore, there is a strong need to replace
those organic electrolyte materials with highly stable electrolyte materials [5].
An ideal electrolyte must have high ionic conductivity
(about 10–2 S cm-1), Li ion transference number close to
unity, high electrochemical stability window, good thermal
stability and good compatibility with electrodes [6].
Researchers are focusing on solid-state electrolyte materials
to overcome the problems due to organic liquid electrolytes.
Different families of inorganic electrolyte materials have
been studied, such as NASICON [7–9], Perovskite [10,11],
LISICON [12,13], garnets [14–16] and sulphides [17–19].
The garnet-structured electrolytes show high ionic conductivity, wide electrochemical stability window, good
thermal stability and good compatibility with lithium metal
electrode. However, the electrolytes from other families
also show good ionic conductivity, but they are

incompatible with lithium electrode [20]. Therefore, the
electrolyte from garnet family seems to be the best solidstate electrolyte for commercialization.
The first breakthrough in the field of garnet-type electrolytes took place when Murugan et al [16] introduced
Li7La3Zr2O12 (LLZO) electrolyte with high ionic conductivity (*10–4 S cm–1). Further studies on this electrolyte
suggested that LLZO exists in two phases, one is cubic
phase having high ionic conductivity and the other is the
tetragonal phase having two orders of lower ionic conductivity [21]. The cubic phase of pure LLZO is unstable at
room temperature. The incorporation of aluminium from
alumina crucible used in the sintering process plays an
important role in stabilizing the highly conducting cubic
phase of LLZO [22,23]. Therefore, a large number of
doping elements have been studied to stabilize the cubic
phase of LLZO electrolyte. Most of them are synthesized by
solid-state reaction method, which requires high sintering
temperature (1000–1200°C) and long sintering time
(12–36 h) to stabilize the highly conducting cubic phase
[24–32]. During this high temperature thermal process,
significant amount of lithium loss occurs, due to which
different impurity phases are formed in the end product,
which results in the reduced ionic conductivity and low bulk
density [33,34]. The sintering conditions highly influence
the final microstructure (i.e., crystallite size, grain size and
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density) of LLZO-based electrolytes, which has strong
impact on Li-ion conductivity and cyclic performance of a
battery [35–37]. Therefore, a suitable synthesis and sintering method is needed to achieve optimum conductivity,
high bulk density and low grain boundary resistance. This
review provides an insight into various synthesis methods
for the preparation of LLZO-based solid electrolyte
material.

2. Synthesis of LLZO-based garnet electrolyte
materials
Synthesis methods play a very important role in defining the
properties of a material. Based on the amount of production,
synthesis methods for LLZO-based electrolyte materials are
divided into two categories. As illustrated in figure 1, the
first category includes the methods for bulk production and
the second category includes the methods for thin film
production.

2.1

Bulk production methods

Methods used for bulk preparation of LLZO-based electrolytes are mainly divided into two categories: one is the
solid-state reaction method and the other is wet chemical
techniques. The basic difference between them is due to the
type of precursors used. Generally, the oxide precursors
with a high melting point are used in solid-state reaction
method, which react with each other at very high temperatures in solid state [38]. While in wet chemical methods,
the precursors with lower decomposition temperatures react
with each other in liquid state [39].
2.1a Solid-state reaction method: Solid-state reaction
method is the most commonly used way to synthesize
solids. LLZO was firstly synthesized by Murugan et al [16]
by solid-state reaction method. The flowchart of this method

Figure 1.

is given in figure 2. In the first step, the precursors are
mechanically milled for long time (about 6–12 h) in
2-propanol or ethanol medium to mix the starting materials
properly. Then the milled material is calcined in a high
temperature furnace (*800–900°C) to initiate the phase
formation. This calcined powder contains mixed cubic and
tetragonal phase [40]. In the next step, the resulting product
is again milled and calcined at some higher temperature.
These milling and calcination steps are repeated several
times to ensure complete reaction of starting materials [24].
At last, the reaction products are pressed into pellets under
iso-static pressure to make proper contact between the
grains and sintered at suitable temperature for long duration
of time to get the final highly conducting cubic phase
[25–32]. Making dense pellet for sintering is the most
important step to achieve high ionic conductivity. Because
in dense pellets it would be easy for the particles to react
with each other and make the desired product [41]. Some
researcher have used hot press method to prepare highdensity pellets and achieved high ionic conductivity at
relatively lower sintering temperatures as compared to
normal press method [42,43].
A list of some LLZO-based electrolyte materials prepared by solid-state reaction method along with their final
sintering temperature and time is given in table 1. High
ionic conductivity in the range 10–3–10–4 S cm-1 and high
relative density could be obtained by this method.
Li6.05Ga0.25La3Zr2O11.8F0.2, Li6.4Ga0.2La2.75Y0.25Zr2O12
and Li6.20Ga0.30La2.95Rb0.05Zr2O12 are some highly conducting electrolyte materials with very low activation
energy, prepared by this method [44–46]. The low activation energy indicates easy transportation of lithium ions in
three-dimensional structure framework [47].
To reduce the lithium loss at higher sintering temperatures, the pellets need to be covered with the same mother
powder, which later gets wasted [48] and also requirement
of high sintering temperature for longer duration of time
needs large amount of electrical energy. The wastage of
mother powder and electrical energy does not seem to be

Division of synthesis methods for LLZO-based electrolyte materials.
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Schematic diagram of solid-state reaction method.

cost effective and energy efficient for the large-scale production of solid-state electrolyte materials [48]. Therefore,
some other preparation methods are required to reduce
sintering temperature and time. Various efforts have been
made to synthesize LLZO-based electrolytes at lower temperature, in smaller duration of time using wet chemical
methods.
2.1b Wet chemical methods: Wet chemical methods are
those methods that start with liquid precursors, the
precursors react with each other at lower temperature in
shorter duration of time and produces materials having
particle size ranging from 1 nm to a few micrometres.
These methods provide molecular level mixing of materials
[39]. In order to reduce the sintering temperature and time
for LLZO-based electrolytes, some solution-based methods
such as sol–gel [70–76], Pechini [79,80] and combustion
methods [82,83] have been adapted by some research
groups.
Sol–gel method: Sol–gel method is the most popular
chemical synthesis method. Sol is a dispersal of colloidal
particles in a solvent and gel is a three-dimensional rigid
network. This method takes place in two steps, at first the
colloidal suspension or sol is formed and in second step
after the aging process the interconnecting network of
particles or gel is formed and then the gel is further calcined
and sintered under suitable conditions to produce the
desired final product [70].

Several attempts were made to prepare bulk LLZO by
sol–gel method, but the performance of prepared material
was not up to the mark [71–73]. The reason for low conductivity value achieved by Janani et al [71] and Kokal et al
[72] was that they studied the gel after calcination or
annealing only and did not perform the sintering of finally
calcined powder. Then Kotobuki et al [74] prepared pellets
of calcined gel and sintered it at 1000 and 1100°C. The
pellets sintered at 1100°C showed bulk ionic conductivity
of 1.5 9 10–4 S cm–1 [74]. However, the total conductivity
was still too low for its practical application. Shinawi et al
[75] prepared fast ion conducting Al-doped LLZO by
modified sol–gel method with total conductivity of the order
of *3 9 10–4 S cm–1, and found that 0.12 mol Al3? per
formula unit of LLZO is sufficient to stabilize the cubic
phase [75].
Shinawi et al [75] achieved a higher conductivity value
by using a novel approach to stabilize and densify fast-ion
conducting LLZO phases in the presence of amorphous
alumina nanosheets [75]. The flowchart of conventional
sol–gel procedure and Shinawi’s procedure to prepare
LLZO electrolyte is given in figure 3a and b, respectively.
This procedure supports homogenous mixing of LLZO
components, initiation of the garnet phase formation via
preheating steps and suitable mixing of LLZO and Al precursors that allow appreciable Al3? incorporation in the
lattice [75].
Recently Ilina et al [76] prepared a series of Al and Nb
co-doped LLZO solid electrolytes by sol–gel method and
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A list of some LLZO-based solid electrolyte materials prepared by solid-state reaction method.

System
Li7La3Zr1.7Ti0.3O12
Li6.75La3Zr1.75Nb0.25O12
Li6.4Al0.2La3Zr1.8Ta0.2O12
LI6.5La3Zr1.75Te0.25O12
Li6.4La3Zr1.7W0.3O12
Li6.4Ga0.2La2.75Y0.25Zr2O12
Li6.20Ga0.30La2.95Rb0.05Zr2O12
Li6.6La2.6Ce0.4Zr2O12
Li7La2.75Y0.25Zr2O12
LI6.5La3Zr1.75Te0.25O12
Li7La3Zr1.95Mg0.1O12
Li6.6La3Zr1.6Sb0.4O12
Li6.775Al0.05La3Zr1.925Sb0.075O12
Li7La3Zr2O12:1.7 wt% Sr
Li7La3Zr1.6Ru0.4O12
Li7.1La3Zr1.9Cr0.1O12
Li6.65Ga0.05La2.95Ba0.05Zr1.75Ta0.25O12
Li6.52La2.98Ba0.02Zr1.9Y0.1Al0.2O12
Li5.72La2.98Ba0.02Zr1.65W0.35Al0.2O12
Li7.2La3Zr1.8Gd0.2O12
Li6.66La2.94Sr0.06Zr1.6Sb0.4O12
Li7La3ZrNb0.5Y0.5O12
Li6.35Al0.25La3Zr1.9Mn0.1O12
Li6.05Ga0.25La3Zr2O11.8F0.2
Li6.925La2.95Y0.05Zr1.925Sb0.075O12
Li6.4La3Zr1.4Ta0.6O12-1% SiO2
1wt%LiAlSiO4Li6.75La3Zr1.75Nb0.25O12
Li6.425La2.875Sr0.125Zr1.65Te0.35O12
Li6.4Ga0.2La3Zr2O12
Li6.46La2.94Ba0.06Zr1.4Ta0.6O12

Sintering temperature
(°C)/time (h)

Relative
density (%)

Total ionic
conductivity (S cm–1)

1180/20
1200/36
1200/24
1150/36
1100/36
1200/18
1100/24
1000/4
1200/18
1100/15
1075/12
1100/24
1170/6
1200/20–24
1125/12
1230/16
1130/18
1160/10
1160/10
1220/36
1100/12
1230/15
1000/10
1160–1200
1190/6
1175/6
1150/10

92.1
—
—
82.4
—
96.6
94.6
—
96
—
96.6
91
96.7
94
—
—
99.9
93.23
96.32
93–95
95.1
90.7
95
—
95.1
—
94

4.16
8.0
6.14
4.00
7.89
1.61
1.62
1.44
3.21
1.02
2.91
7.7
4.1
5.0
2.56
5.2
7.20
2.02
6.35
2.30
8.83
8.29
0.34
1.28
3.2
3.28
6.93

1200/15
1200/18
1230/1

97.95
94.4
87.5

4.27 9 10–4
1.31 9 10–3
6.04 9 10–4

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

10–4
10–4
10–4
10–4
10–4
10–3
10–3
10–5
10–4
10–3
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–4
10–3
10–4
10–4
10–4

Activation
energy (eV)

Reference

0.48
—
0.29
0.33
0.45
0.28
0.26
0.48
—
0.38
0.254
0.34
0.32
0.31
0.32
0.39
0.28
—
—
—
0.26
0.30
—
0.28
0.30
—
0.32

[26]
[27]
[28]
[31]
[32]
[44]
[45]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[59]
[60]
[61]
[62]
[63]
[46]
[64]
[65]
[66]

0.30
0.21
0.27

[67]
[68]
[69]

Figure 3. A schematic representation of (a) a conventional sol–gel procedure, and (b) hybrid sol–gel
solid-state procedure proposed by Shinawi et al [75].
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found that the Li6.6Al0.05La3Zr1.75Nb0.25O12 has the highest
total conductivity of 6.3 9 10-4 S cm-1 at room temperature. The increased lithium-ion conductivity may be due to
the increased density and creation of additional lithium
vacancies in the garnet structure [76].
Paulus and co-workers [77] prepared Li6.4Fe0.2La3Zr2O12
electrolyte using both the sol–gel and solid-state reaction
methods, conducted a comparative study to determine
which method is better for garnet structured solid electrolyte material preparation. By dilatometer measurements,
it was shown that at 1225°C the densification process stops
after 2 h for the solid state and 20 min for the sol-gel pellets, resulting in densities of 86 and 96%, respectively. This
suggested that sol–gel method takes less time for sintering
and produces more dense materials [77].
Figure 4a and b shows the scanning electron microscopy
(SEM) images and Nyquist plots of the pellets prepared by
solid-state reaction and sol–gel methods. At the same sintering conditions, the sol–gel prepared pellet has a higher
density and ionic conductivity than the solid-state reaction
method prepared pellet. The molecular level mixing of
precursors is the reason for the better performance obtained
by the sol–gel method [77].
Pechini method: Pechini method is another form of sol–
gel method, in which carboxylic acids (citric acid, tartaric
acid, polyacrylic acid, etc.) are used as chelating agents for
various metal ions. When these metal carboxylates are
heated with poly-hydroxy alcohol (ethylene glycol, glycerol, polyvinyl alcohol, etc.) they form polymeric resin or
polymer gel with a three-dimensional network. The basic
difference between sol–gel method and Pechini method is
that in sol–gel method the particles are part of a gel structure, while in the Pechini method the metal cations are
trapped in the polymer gel [78].
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Jin and McGinn [79] prepared Al containing Li7La3Zr2O12
by complex polymerization (Pechini) method in different
weight percent ratios of Al and found that 1.2 wt%
Al2O3-doped Li7La3Zr2O12 sintered at 1200°C for only 6 h
showed an ionic conductivity of 2.0 9 10–4 S cm–1 at
room temperature [79]. Recently, Cao et al [80] also used
Pechini method to prepare Fe-doped LLZO and found that
Li6.4Fe0.2La3Zr2O12 sintered at 1170°C for 3 h exhibits
enhanced total Li? conductivity of 4.28 9 10-4 S cm–1
and 0.27 eV activation energy. Partial substitution of Fe
for Li facilitates densification and enhances contact
between grains [80].
Combustion method: Combustion method is a self-sustaining exothermic chemical reaction method. In this method,
proper amount of oxidizing fuel is mixed with precursor
solution, which helps to sustain the chemical reaction by its
own [81]. The flowchart showing basic difference in sol–gel,
Pechini and combustion method is given in figure 5.
Dhivya and co-workers [32,82] synthesized cubic
Li6.28Al0.24La3Zr2O12 by solid combustion method. The
desired electrolyte material was prepared in shorter duration
of time, but the stabilization of cubic phase was only
observed at final sintering temperature of 1200°C [82].
Weller et al [83] found that nonaqueous polymer combustion synthesis method is a good alternative synthesis
route for controlled preparation of LLZO nanopowders.
Cubic phase of undoped LLZO is obtained after calcination
at 700-800°C between 0 and 4 h utilizing less reactive
reagents and lower complexity compared to many other
synthesis routes. Though the combustion method produces
highly conducting electrolyte in shorter duration of time, it
is not an environmentally benign route of synthesis, because
some very harmful gases are produced in this process due to
the burning of oxidizing fuels and nitrate precursors [81].

Figure 4. (a) SEM images of Li6.4Fe0.2La3Zr2O12 pellets sintered at 1225°C for the sol–gel synthesis on the right and for the solidstate synthesis on the left. (b) Nyquist plots of both the pellets measured at 25°C [77].
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consuming mechanical milling method and provide mixing
of materials at the molecular level. These methods could not
reduce the final sintering temperature because these methods generally use nitrate or acetate precursors, which further
decompose during the heating process and convert into
oxides. These oxides react with each other and produce the
end product in the same sintering process as used in solidstate reaction method [72,80–82]. But the sintering time has
been significantly reduced as compared to solid-state reaction methods, because the mass transport limitation is lower
in wet chemical methods due to the enhanced mixing of
precursors at atomic or molecular level [77,80].

2.2

Thin film production methods

Along with the synthesis of bulk ceramic electrolytes, some
efforts were also made to prepare thin film electrolytes
using certain techniques of thin film growth, which is very
important for the thin film lithium ion batteries utilized in
the microelectronic gadgets. The conductance of a solid
electrolyte can be increased significantly by decreasing its
thickness and also the thin film batteries offer good quality
interface between electrodes and electrolyte [88]. There are
various techniques available for thin film deposition, some
of the methods for the preparation of LLZO thin films are
discussed here.

Figure 5. Flowchart showing basic mechanism of different wet
chemical methods.

Thus, for commercialization purposes, it does not seem to
be a good option.
Recently Dong et al [84] prepared tetragonal Li7La3Zr2O12,
and cubic Li6.4Al0.2La3Zr2O12 at 700°C by a low temperature biotemplating sol–gel route using Agar polymer. The
sintering temperature was 400°C, lower than the conventional solid-state routes. However, when the conductivity of
Li6.4Al0.2La3Zr2O12 prepared by biopolymer route was
investigated it was very low, even if it was sintered at
1100°C. The low conductivity values were due to the very
low relative density of prepared material.
A list of some LLZO-based garnet structured solid
electrolyte materials along with their bulk conductivity,
total conductivity, final sintering temperature, time, activation energy and relative density prepared by wet chemical
methods are given in table 2. Tables 1 and 2 show that
materials with a high relative density (greater than 90%)
also have a very high ionic conductivity (*10–3 to
10–4 S cm–1). The reason for this is that the materials
having high relative density show good contact between the
grains that makes easy lithium ion transportation inside the
crystal structure [85,86].
The main advantage of wet chemical methods over solidstate reaction method is that they are free from the time

2.2a Radio-frequency sputtering: Radio-frequency (RF)
sputtering is an easily controlled and environmentally
benign thin film deposition technique. Kalita et al [89]
synthesized amorphous Li–La–Zr–O thin films with the help
of RF sputtering by varying the RF power from 40 to 80 W.
Li7La3Zr2O12 prepared by conventional solid-state reaction
method was used as target material [89]. The schematic
diagram for RF sputtering is shown in figure 6a. The prepared
thin films showed amorphous structure accompanied with a
smooth, dense and homogeneous surface. The SEM images
and Nyquist plots of RF sputtered thin films at various powers
are given in figure 6b and c, respectively. The resulting thin
film deposited at 40 W gives the highest ionic conductivity of
4 9 10-7 S cm–1 and lowest activation energy of 0.70 eV as
compared to the thin films deposited at higher powers
[89–91].
Lobe et al [90] deposited thin films of Ta- and Al-substituted LLZO on stainless steel substrates using RF sputtering and found that substrate temperature plays an
important role in the formation of crystal structure of thin
films, which could be observed in figure 6d . The films
deposited at 150°C shows amorphous nature. The formation
of crystalline phase begins at around 600°C and the singlephase cubic thin films were obtained at 700°C with an
oxidation layer consisting of !-LiAlO2 [90]. The total ionic
conductivity for LLZO thin film and !-LiAlO2 interlayer
was obtained to be 2.9 9 10-9 S cm–1, while the in-plane
measurement for LLZO thin film showed the conductivity
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Table 2.
Sl.
no.

1
2
3
4
5
6

7
8
9

10
11
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List of some garnet-structured electrolyte materials prepared by wet chemical methods.

System
Sol–gel method
Li7La3Zr2O12
Li6La3Zr2O11.5
Li7La3Zr2O12
0.12 mol Al-Li7La3Zr2O12
Li6.6Al0.05La3Zr1.75Nb0.25O12
Li6.5Al0.22La3Zr1.93O11.94
Pechini method/
complex polymerization
1.2 wt% Al2O3-Li7La3Zr2O12
Li6.4Fe0.2La3Zr2O12
Combustion method
Li6.28Al0.24La3Zr2O12
Novel nonaqueous polymer
(NAP) method
Li6.4La3Zr1.4Ta0.6O12
Biotemplating sol–gel route
LiF-Li6.4Al0.2La3Zr2O12

Bulk
conductivity
(S cm–1)

Total ionic
conductivity
(S cm–1)

—
6.5 9 10–4
1.5 9 10–4
6.0 9 10–4
—
—

3.12 9
—
3.5 9
3.0 9
6.3 9
3.09 9

—
—
—

—
—

10–7

Sintering
temperature
(°C)/time (h)

Activation
energy
(eV)

Relative
density
(%)

References

700–900
1180/32
1100/6
1100/3
1150/1
1100/6

0.67
—
0.47
0.28
—
0.32

—
—
—
—
—
94.1

[72]
[73]
[74]
[75]
[76]
[87]

2.0 9 10–4
4.28 9 10–4

1200/6
1170/3

—
0.27

—
95.6

[79]
[80]

5.1 9 10–4

1200/6

0.29

95

[82]

1100/6-15

0.34–0.42

90.5–93.6

[83]

1100

0.29

81

[84]

10–6
10–4
10–4
10–4

0.24 9 10-3 to 0.67 9 10–3
1 9 10–4

of 1.2 9 10-4 S cm-1 with an activation energy of 0.47 eV
[90]. However, this conductivity value is close to that of
bulk pellets but the results may be influenced by the use of
conductive substrate. Whether the actual in-plane conductivity of LLZO film alone is measured remains unclear.
Sastre and co-workers [91] investigated the effects of
excess lithium and incorporation of aluminium on the
crystalline phase, density and air stability of LLZO thin
films. The effect of these parameters on the ionic conductivity of LLZO thin film have been studied. Amorphous
LLZO thin films were deposited by sputtering
Li7La3Zr2O12, Li2O and Al targets. To crystallize the
LLZO, the sputtered amorphous films were post-annealed in
O2 atmosphere at 700°C [91]. Co-sputtering Li2O compensates the lithium loss during the annealing process and
helps in achieving crystalline and dense thin films. Al acts
as a sintering additive and helps in achieving high density.
High conductivity of 1.9 9 10–5 S cm–5 was obtained for
the thin films prepared by this approach. Improved ionic
conductivity of LLZO thin films is dependent not only on
the formation of cubic phase, but also on achieving a dense
and homogeneous microstructure of the thin films. The high
porosity limits the ionic conductivity and is detrimental for
the air stability due to the higher surface to volume ratio
[91].
2.2b Pulse laser deposition: Pulse laser deposition
(PLD) is a thin film deposition technique, which is known
for its ability to preserve the target stoichiometry. In this
method, a sufficiently high energy pulsed laser is focused on
the substance to be deposited. Each laser pulse vaporizes a
small amount of material creating a plasma plume. This

plasma plume provides material flux for thin film growth
[93]. Schematic diagram for PLD is shown in figure 7a.
Tan and Tiwari [94] synthesized thin films of LLZO
deposited on SrTiO3 (100) and Sapphire (001) substrates at
room-temperature with the help of PLD. A high-purity
LLZO synthesized by solution-based technique (sintered at
1230°C for 24 h) was used as target material. The as-deposited films were amorphous in nature. The amorphous
films are crystallized on annealing, the films annealed at
1000°C showed cubic phase of LLZO with ionic conductivity of 7.36 9 10–7 S cm–1. Ohta and co-workers [95]
prepared an all-solid-state lithium ion battery (LiCoO2/
Li6.75La3Zr1.75Nb0.25O12/Li) using PLD and studied its
electrochemical performance. This battery’s charge and
discharge capacity at 1st cycle were 130 and 129 mAh g-1
respectively, which were 90% of the theoretical capacity.
This battery showed stable cycle performance after 100
charge discharge cycles, without any reaction phase or
exfoliation at the interface, which could be seen from
figure 7b.
Epitaxial growth of Al-doped LLZO on Gd3Ga5O12
substrate by PLD has been reported by Kim and co-workers
[86]. Two orientations LLZO(001)/GGG(001) and
LLZO(111)/GGG(111) were obtained with room temperature lithium ion conductivities of 2.5 9 10-6 and
1.0 9 10-5 S cm-1 in the grains of the (001) and (111),
respectively.
Li6.4La3Zr1.4Ta0.6O12 thin films on MGO substrate were
prepared by Saccoccio et al [97] using PLD technique and
the effect of laser fluence, deposition temperature
(50–700°C), and post-deposition annealing on the thin
film’s structure, composition and transport properties have
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Figure 6. (a) Schematic diagram of RF sputtering. Reprinted with permission from reference [92] (copyright 2003
Elsevier). (b) Electrochemical impedance spectroscopy of the Li–La–Zr–O thin films deposited at 40 W, 60 W and 80
W RF-power. (c) SEM images of the surface (a, b, c) and cross-section (d, e, f) of Li–La–Zr–O thin films deposited at
40 W (a, d), 60 W (b, e) and 80 W (c, f). (b and c) Reprinted with permission from reference [89] (copyright 2012
Elsevier). (d) X-ray diffraction patterns of thin films sputtered at different substrate temperatures. Reprinted with
permission from reference [90] (copyright 2016 Elsevier). * indicates La24Ce12Li24O72, ? indicates !-LiAlO2 and #
indicates unknown phase.

been investigated. Film deposited at the temperature of
50°C lead to pure cubic LLZO. The deposition temperature
had no major effects on the film’s crystal structure and Li
conductivity. The films deposited at low fluence grew much
faster and had lower conductivities, while slow deposition
rate and high conductivity have been observed for higher
laser fluence. While the post-annealing of the thin films
create different impurity phases due to lithium loss and
hence the conductivity is affected by it [97].
In order to reduce the formation of impurity phases that
arise due to lithium loss in annealing process, Pfenninger
and co-workers [98] suggested an alternate ceramic processing technique in which the LLZO-Li3N multi-layers
were prepared using PLD at sufficiently low temperature
(660°C). During the process of annealing, Li3N decomposes
and lithiates the garnet phase, thus compensates lithium
loss. Using this approach, dense LLZO thin films having

high conductivity of 2.9  0.05 9 10–5 S cm–1 were prepared [98].
Ex-situ Raman spectroscopy was used to investigate the
phase evolution of LLZO/Li3N multilayer to single LLZO
thin films as a function of annealing temperature. At 425°C,
the crystallization process began. The tetragonal phase of
Li7La3Zr2O12 was fully developed at 585°C. The transition
to the cubic phase was completed at 660°C. The common
delithiated phase (La2Zr2O7) crystallites began to appear on
the thin film of cubic Li7La3Zr2O12 at 810°C. Complete
transformation from Li–garnet phase to pyrochlore
La2Zr2O7 occurs at 980°C due to Li loss at high temperature
[98].
For the preparation of LLZO thin films using RF sputtering and PLD, the first step is to prepare target material
using conventional solid-state reaction method or wet
chemical methods only after that the thin film deposition
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Figure 7. (a) Schematic diagram for PLD. Reprinted with permission from reference [99]
(Copyright 2019 Elsevier). (b) Charge–discharge curves for the LiCoO2/Li6.75La3Zr1.75Nb0.25O12/Li
cell. Solid and dotted lines represent the 1st and 100th charge–discharge cycles, respectively.
Reprinted with permission from reference [95] (Copyright 2012 Elsevier).

could be initiated [89–91,94–98]. Therefore, it becomes a
tedious task. The preparation methods should be easy and
less time consuming for commercialization.
2.2c Chemical vapor deposition: Chemical vapor
deposition (CVD) is a vacuum-based thin film deposition
technique, in this method one or more precursors
decompose on the surface of the substrate to produce the
desired product [93]. Metal organic (MO) CVD and laserassisted (LA) CVD techniques have been used for LLZO
thin film preparation.
Metal organic CVD: Being a versatile thin film production method, MO-CVD technique produces films at high
deposition rate under moderate vacuum conditions. In this
method, the organo-metallic precursors are carried to the
substrate by the gases such as argon and nitrogen, the precursors are adsorbed on the surface of the substrate; thus,
the reactive entities diffuse on the surface at the preferential
sites and react with each other to create thin films [100].
The LLZO thin films were prepared with the help of MOCVD technique by Katsui and Goto [101], the schematic of
apparatus used is shown in figure 8a. The source vapors
were carried into the CVD reactor by Ar gas. Oxygen gas
was supplied separately and was mixed with the source
vapor above the substrate. The mixed vapors were deposited
into Li–La–Zr–O thin films on hot (923–1273 K) Al2O3
substrate [101]. The effects of substrate temperature on the
phase formation and microstructure have been investigated,
which is given in figure 8b. Cubic Li7La3Zr2O12 films with
fine granular surfaces were obtained at substrate temperature 1173–1223 K by this method. The films were grown at
much higher deposition rate by MO-CVD as compared to
PLD [101].
Laser-assisted chemical vapor deposition: In this method,
the reagent gases are decomposed to form metallic and

ceramic depositions on a substrate by the heat generated
from a focused laser beam [102]. The schematic of LACVD apparatus is shown in figure 9.
Preparation of polycrystalline tetragonal LLZO thin films
by LA-CVD has been reported by Loho and co-workers
[103]. The oxygen partial pressure and deposition temperature play an important role to obtain high-quality LLZO
thin films. The tetragonal LLZO thin films prepared under
optimum growth conditions (973 K and 40% O2) show
highly dense homogeneous microstructure with total lithium
ion conductivity of 4.2 9 10-6 S cm-1 and activation
energy of 0.50 eV [103].
2.2d Sol–gel coating: Sol–gel is an easy and costeffective thin film preparation method, in which the sol
prior to gelation is converted into thin films using spin
coating or dip coating method. Spin coating is a process in
which controlled spinning of the precursor sol loaded on the
substrate results in the formation of thin film. While in dip
coating method, the substrate is immersed in a vessel
containing precursor sol for a sufficient amount of time,
after withdrawing it at a constant speed, further heat
treatments are performed [105]. The schematic diagram for
sol–gel spin coating and dip coating is shown in figure 10.
Chen et al [106] prepared LLZO thin film with the help
of sol–gel spin coating method and studied the effect of
annealing temperature on the conductivity of the prepared
film. Reduction in ionic conductivity from 1.67 9 10–6 to
8.53 9 10–6 S cm–1 was observed when the temperature of
annealing was increased from 600 to 800°C, which may be
due to the increased defect concentration and impurity
phases [106]. Tadanaga and co-workers [107] prepared AlLLZO thin film on MGO substrate using sol–gel dip coating
method. The dip-coated films were calcined at 450°C to get
precursor films, which showed amorphous nature. La2Zr2O7
was mainly obtained when the precursor films were
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Figure 8. (a) Schematic diagram of apparatus used for thin film growth by MO-CVD. (b) The effect of substrate
temperature on the deposition rates and phase formation of Li–La–Zr–O films. Reprinted with permissions from
reference [101] (Copyright 2015 Elsevier).

Figure 9. Schematic diagram of LA-CVD apparatus. Reprinted
with permission from reference [104] (Copyright 1999 Elsevier).

heat-treated at 900°C in an alumina crucible. Thin film of
polycrystalline cubic LLZO were obtained when Li2CO3
powders coexisted in the crucible during heat treatment at
900°C. The XRD patterns of the precursor thin films calcined at 450°C, heat-treated at 900°C with and without
Li2CO3 powder are given in figure 11. The coexistence of
lithium carbonate powder helped in reducing the lithium
loss during heat-treatment, which further helped in forming
the polycrystalline cubic LLZO phase [107].

3.

Discussion

The LLZO-based garnet electrolyte materials in bulk could
be prepared by solid-state reaction method and wet
chemical methods. The solid-state reaction method

generally required multiple milling and calcination steps
along with the long time for sintering, and highly dense
pellets covered with their mother powder for sintering
[35–37], during these multiple steps there are chances of
lithium loss, impurity phase formation, material and
energy wastage [33,34,48]. Despite all these problems, this
method produces highly conducting electrolyte materials
with low activation energy [60–69]. This could be
observed from figure 12.
The wet chemical methods significantly reduced the
processing time and therefore able to achieve high conductivity and density. The decomposition of nitrate precursors during these methods produces some gases that are
very harmful to the environment, is the most important
factor that makes these methods unsuitable for commercialization [81].
Preparation of LLZO thin films have been tried by various methods, but it is difficult to stabilize the cubic phase
without any high temperature annealing process [90].
However, annealing of these thin films result in the formation of different non-conducting impurity phases, which
arise due to lithium loss at high temperature, as a result the
conductivities and densities of prepared thin films are very
poor [91]. These factors make it difficult to apply LLZO
thin films into lithium-based micro-batteries. However,
some constructive steps have been taken to reduce the
formation of impurity phases, such as preparation of LLZOLi3N multilayers and co-sputtering of LLZO and LI2O.
Some improved results have been achieved [91,98,108], but
these results are still too low as compared to bulk LLZObased electrolytes. There is still a need to utilize some
method to improve the quality of prepared thin films.
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Schematic diagram for sol–gel spin coating and dip coating methods.

After studying various preparative methods, it could be
concluded that currently the solid-state reaction method is
the best synthesis method due to its easy processing and
ability to prepare highly conducting solid electrolyte
materials.

4.

Figure 11. XRD patterns of (a) the precursor thin film calcined
at 450°C. (b and c) Heat-treated thin films at 900°C without and
with Li2CO3 powders. Reprinted with permission from reference
[107] (Copyright 2015 Elsevier).

Conclusion

A material’s properties are determined by how it is synthesized. Here various synthesis methods for LLZO-based
garnet-type electrolyte materials have been reviewed. The
bulk preparation methods such as solid-state reaction and
wet chemical methods are able to achieve high ionic conductivity (10–3 to 10–4 S cm–1) and low activation energy,
but the issues of interfacial instability, low density and high
temperature processing still remains unresolved for LLZObased electrolytes. The interfacial stability and conductivity
of an electrolyte material could be enhanced by reducing its
thickness. Therefore, a few methods to produce LLZO thin
films have been tried by many researchers. However, the
performance of LLZO thin films is poor as compared to
bulk LLZO pellets. There is still a requirement of some
newly designed synthesis methods to enhance the performance of LLZO-based solid electrolyte materials so that
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Figure 12. (a) Conductivities at different temperatures of LLZO-based solid electrolytes prepared by various
techniques. (b) solid-state reaction method [62,68], (c) sol–gel method [87], (d) Pechini method [80], (e) biotemplating
sol–gel route [84], (f) RF sputtering [91], (g) PLD [97], (h) CVD [103], (i) sol–gel dip coating [107].

these materials could be applied in commercial lithium ion
batteries.
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