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Abstract: Solid-state lithium metal batteries (LMBs) have become increasingly important in recent
years due to their potential to offer higher energy density and enhanced safety compared to conven-
tional liquid electrolyte-based lithium-ion batteries (LIBs). However, they require highly functional
solid-state electrolytes (SSEs) and, therefore, many inorganic materials such as oxides of perovskite
La2/3−xLi3xTiO3 (LLTO) and garnets La3Li7Zr2O12 (LLZO), sulfides Li10GeP2S12 (LGPS), and phos-
phates Li1+xAlxTi2−x(PO4)3x (LATP) are under investigation. Among these oxide materials, LLTO
exhibits superior safety, wider electrochemical window (8 V vs. Li/Li+), and higher bulk conduc-
tivity values reaching in excess of 10−3 S cm−1 at ambient temperature, which is close to organic
liquid-state electrolytes presently used in LIBs. However, recent studies focus primarily on composite
or hybrid electrolytes that mix LLTO with organic polymeric materials. There are scarce studies of
pure (100%) LLTO electrolytes in solid-state LMBs and there is a need to shed more light on this
type of electrolyte and its potential for LMBs. Therefore, in our review, we first elaborated on the
structure/property relationship between compositions of perovskites and their ionic conductivities.
We then summarized current issues and some successful attempts for the fabrication of pure LLTO
electrolytes. Their electrochemical and battery performances were also presented. We focused on
tape casting as an effective method to prepare pure LLTO thin films that are compatible and can be
easily integrated into existing roll-to-roll battery manufacturing processes. This review intends to
shed some light on the design and manufacturing of LLTO for all-ceramic electrolytes towards safer
and higher power density solid-state LMBs.

Keywords: safety; perovskite; ceramic; solid-state electrolytes; LLTO; tape casting; lithium metal
batteries

1. Introduction

It is widely believed that the most efficient strategy to achieve meaningful reduction in
greenhouse gas (GHG) emissions is by electrification of transportation and expanding the
use of renewable energy sources. Both of these approaches require transformative energy
storage technology [1–6]. One of the most promising energy storage technologies is solid-
state lithium batteries (LBs) [7–10]. LBs are rechargeable, and they were first introduced
on the market by Sony Corporation in 1991 [11]. One of the key distinctions of LBs is that
they have a much higher energy density than conventional nickel-cadmium (Ni-Cd) [12],
lead-acid (Pb-acid) [12], nickel-hydrogen (Ni-H2) [13], and silver-zinc (Ag-Zn) [14] batteries
represented in a Ragone plot (Figure 1).

Batteries 2021, 7, 75. https://doi.org/10.3390/batteries7040075 https://www.mdpi.com/journal/batteries

https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0001-7321-1288
https://orcid.org/0000-0001-5993-2740
https://doi.org/10.3390/batteries7040075
https://doi.org/10.3390/batteries7040075
https://doi.org/10.3390/batteries7040075
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/batteries7040075
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries7040075?type=check_update&version=2


Batteries 2021, 7, 75 2 of 20Batteries 2021, 7, x FOR PEER REVIEW 2 of 24 
 

 
Figure 1. Ragone plot of lithium batteries [15]. 

However, another safety issue common for conventional LBs is the high flammability 
and low thermal stability of organic liquid-state electrolytes [16–19]. This issue can be 
solved by substituting solid-state electrolytes (SSEs) in place of liquid-state electrolytes 
[20–22]. Solid oxide electrodes and electrolytes enable energy/power cells to operate at a 
higher temperature range and accelerate reactions at the cathode and anode, leading to a 
higher discharging/charging rate. In addition, SSEs have wider electrochemical windows 
that increase their adaptiveness to high-voltage cathode materials and lithium-metal an-
odes, which can also enhance the energy density (up to 70% [23]) and cycling performance 
of LBs. When combined with a lithium metal anode and Ni-rich oxide ceramic cathode, 
SSEs can enable the safest batteries with the highest energy density to meet the demand 
for electrification of air and surface transportation [24]. 

SSEs include polymer, inorganic (e.g., ceramic-based oxide electrolytes) and hybrid 
electrolytes. Free-standing polymer electrolytes could be prepared with proper crosslink-
ers [25–29] followed by photopolymerization as an in-situ approach [30–34]. Fabricated 
gel polymer electrolytes are capable of creating high-quality interfacial contact with elec-
trodes and good electrochemical properties [35]. Besides, Li et al. [36] and Yao et al. [37] 
presented recently progress on polymer-based electrolytes. Unfortunately, they still have 
limited ionic conductivity at room temperature. Inorganic oxides SSEs mainly include 
perovskites, garnets, NASICON-type, and LISCON-type [38]. Cao et al. [38] comprehen-
sively reviewed inorganic SSEs for lithium batteries. Similar to perovskites, hybrid poly-
mer-ceramic systems utilize ceramic fillers with garnets as a dispersant into the polymer 
matrix (i.e., poly (ethylene oxide) (PEO)-based, polyacrylonitrile(PAN)-based, polyvinyl-
idene fluoride (PVDF)-based, etc.) [39]. Goodenough et al. [40] fabricated low-cost hybrid 
PEO-LLZTO electrolytes and applied them in LiFePO4|Li cells that delivered high dis-
charge capacity (139.1 mAh g−1 with capacity retention of 93.6 % after 100 cycles). Falco et 
al., innovatively prepared cross-linked hybrid electrolytes to enhance ionic conductivity 
by mixing LLZO, lithium bis(trifluoromethanesulfonyl) imide (LiTFSI), tetra (ethylene 
glycol dimethyl ether) (G4) together under UV-light [41,42]. The hybrid electrolytes ex-
hibited excellent ionic conductivity of 0.1 mS cm−1 at 20 °C. Passerini’s group [43] pre-
sented UV cross-linked PEO polymer electrolytes [44] with ionic liquids. The room tem-
perature ionic conductivity could reach nearly 10−3 S cm−1. 

We summarized the progress of LLTO electrolytes in solid-state LBs (as shown in 
Figure 2). Many investigations have been undertaken on LLTO composite SSEs and elec-
trochemical performance of selected electrolytes are summarized in the Table 1. However, 
hybrid electrolytes still suffer safety issues due to the flammability of the organic poly-
mers. There is few research working on 100% ceramic electrolytes in solid-state LBs appli-
cations. 
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However, another safety issue common for conventional LBs is the high flamma-
bility and low thermal stability of organic liquid-state electrolytes [16–19]. This issue
can be solved by substituting solid-state electrolytes (SSEs) in place of liquid-state elec-
trolytes [20–22]. Solid oxide electrodes and electrolytes enable energy/power cells to
operate at a higher temperature range and accelerate reactions at the cathode and anode,
leading to a higher discharging/charging rate. In addition, SSEs have wider electrochemical
windows that increase their adaptiveness to high-voltage cathode materials and lithium-
metal anodes, which can also enhance the energy density (up to 70% [23]) and cycling
performance of LBs. When combined with a lithium metal anode and Ni-rich oxide ceramic
cathode, SSEs can enable the safest batteries with the highest energy density to meet the
demand for electrification of air and surface transportation [24].

SSEs include polymer, inorganic (e.g., ceramic-based oxide electrolytes) and hybrid
electrolytes. Free-standing polymer electrolytes could be prepared with proper crosslink-
ers [25–29] followed by photopolymerization as an in-situ approach [30–34]. Fabricated gel
polymer electrolytes are capable of creating high-quality interfacial contact with electrodes
and good electrochemical properties [35]. Besides, Li et al. [36] and Yao et al. [37] presented
recently progress on polymer-based electrolytes. Unfortunately, they still have limited
ionic conductivity at room temperature. Inorganic oxides SSEs mainly include perovskites,
garnets, NASICON-type, and LISCON-type [38]. Cao et al. [38] comprehensively reviewed
inorganic SSEs for lithium batteries. Similar to perovskites, hybrid polymer-ceramic sys-
tems utilize ceramic fillers with garnets as a dispersant into the polymer matrix (i.e.,
poly (ethylene oxide) (PEO)-based, polyacrylonitrile(PAN)-based, polyvinylidene fluoride
(PVDF)-based, etc.) [39]. Goodenough et al. [40] fabricated low-cost hybrid PEO-LLZTO
electrolytes and applied them in LiFePO4|Li cells that delivered high discharge capacity
(139.1 mAh g−1 with capacity retention of 93.6% after 100 cycles). Falco et al., innovatively
prepared cross-linked hybrid electrolytes to enhance ionic conductivity by mixing LLZO,
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI), tetra (ethylene glycol dimethyl ether)
(G4) together under UV-light [41,42]. The hybrid electrolytes exhibited excellent ionic
conductivity of 0.1 mS cm−1 at 20 ◦C. Passerini’s group [43] presented UV cross-linked
PEO polymer electrolytes [44] with ionic liquids. The room temperature ionic conductivity
could reach nearly 10−3 S cm−1.

We summarized the progress of LLTO electrolytes in solid-state LBs (as shown in
Figure 2). Many investigations have been undertaken on LLTO composite SSEs and elec-
trochemical performance of selected electrolytes are summarized in the Table 1. However,
hybrid electrolytes still suffer safety issues due to the flammability of the organic polymers.
There is few research working on 100% ceramic electrolytes in solid-state LBs applications.
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Figure 2. Timeline for the development of typical LLTO (La2/3−xLi3xTiO3) solid-state electrolytes
(SSEs) in lithium metal batteries.

Table 1. Summary of electrochemical performance for selected LLTO SSEs in LBs.

SSEs Composition Anode|Cathode Ionic Conductivity
(S cm−1)

Discharge Capacity/Charging rate/Cycle
Number (Capacity Retention Rate)

LLTO/1 PAN/2 SN [45]
151 mAh g−1

Li|LiFePO4 2.20 × 10−3 at 30 ◦C C/2
150 (data unavailable)

LLTO/3 PEO/LiTFSI/SN [46]
Li|NMC 532

>10−3 at 55 ◦C
143.2 mAh g−1

C/20
30 (data unavailable)

LLTO/PEO [47]
147 mAh g−1

Li|LiFePO4 3.31 × 10−4 at 7 RT C/10
100 (~98%)

15 wt.% LLTO/4 PVDF [48] Li|LiFePO4 5.3 × 10−4 at 25 ◦C
121 mAh g−1

1C
100 (~99%)

LLTO/PEO/LiTFSI [49] Li|LiFePO4 1.3 × 10−4 at 60 ◦C
144.6 mAh g−1

1C
100 (~96%)

LLTO/PEO/LiTFSI [50] Li|LiFePO4 1.6 × 10−4 at 60 ◦C
135 mAh g−1

2C
300 (79%)

5 wt.% LLTO/PEO/LiTFSI
[51] Li|LiFePO4 3.63 × 10−4 at 60 ◦C

123 mAh g−1

C/2
100 (94%)

8 wt.% LLTO/PEO/5

PPC/LiTFSI [52]

135 mAh g−1

Li|LiFePO4 4.72 × 10−4 at 60 ◦C C/2
100 (96%)

3wt.% LLTO/PEO/LiClO4
[53] Li|LiFePO4 4.01 × 10−4 at 60 ◦C

140 mAh g−1

1C
100 (92.4%)

LLTO/6 BC [54]
151.7 mAh g−1

Li|LiFePO4 1.54 × 10−3 at RT C/5
100 (98.5%)

Sr/Ta co-doped LLTO [55] Li|LiFePO4 1.40 × 10−4 at 25 ◦C
83.8 mAh g−1

C/10
80 (89%)

1 Polyacrylonitrile, 2 Succinonitrile, 3 Poly (ethylene oxide), 4 Polyvinylidene fluoride, 5 Propylene carbonate, 6 Bacterial Cellulose, 7 Room Temperature.
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Perovskites usually demonstrate relatively high lithium-ion conductivities (10−3~10−4 S cm−1

at room temperature as shown in Figure 3a and low electronic conductivity [56] (i.e.,
10−8 S cm−1). Inaguam et al. [57] was the first to report LLTO solid-state electrolytes (SSEs)
with relatively high bulk ionic conductivity (i.e., 1 × 10−3 S cm−1 at room temperature)
and total ionic conductivity (i.e., >2 × 10−5 S cm−1 at room temperature). Figure 3b shows
the Arrhenius plots of the ionic conductivities of the perovskite compared with other
ceramic SSEs. Thus, LLTO has been widely used as an additive within polymers to form
composited electrolytes for ionic conductivities enhancement.
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Figure 3. (a) Typical SSEs with highly ionic conductivities at room temperature; and (b) ionic
conductivities of selected SSEs with elevated temperature. Reprinted (adapted) with permission
from [56]. Copyright 2017 American Chemical Society.

In general, LLTO has many advantages: (1) large ionic transference numbers (i.e.,
0.5~0.9); (2) superior chemical and thermal stability in air; and (3) environmental friendless
without any release of toxic gases during decomposition reactions. Besides, LLTO SSEs
show wide electrochemical windows (8 V vs. Li/Li+) that increase their adaptiveness to
high-voltage cathode materials and if combined with lithium-metal anodes. Also, LLTO
exhibits excellent thermal stability (4–1600 K [58]) that provide potential applications even
at extreme conditions.

However, there are several challenges that hamper the application of LLTO SSEs in
batteries. First of all, the large grain boundary resistance reduces total ionic conductivity
below 10−5 S cm−1 at room temperature [58]. Secondly, LLTO is chemically unstable
when in direct contact with lithium metal. Lithium can be intercalated into LLTO at
voltages below about 1.8 V, which causes the Ti4+ reduction and enhanced electronic
conductivity [58]. Thirdly, the brittleness nature of LLTO makes it hard to fabricate and
assemble into batteries. Besides, due to internal volume changes of batteries during
operation, delamination of the ceramic oxide electrode and electrolyte layers can occur,
causing the battery life to be shortened [59].

In this review, we presented and analyzed the origins of large grain boundary resis-
tance for LLTO and solutions. We also gained an insight to the chemical instability of LLTO
electrolytes when contacts lithium-metal anode. Moreover, we reviewed the tape-casting
fabrication methods and electrochemical performances for 100% amorphous and crystalline
LLTO SSEs in LBs.

2. Crystal Structure/Composition of LLTO and Relationship to Ionic Conductivity

Perovskite La2/3−xLi3xTiO3 (LLTO)-family (0.04 < x < 0.16) with ABO3 structure
(Figure 4a,b) has Li, La (La-rich and La-poor regions), and vacancies occupying the A sites,
and Ti-ions occupying B sites that are octahedrally coordinated by oxygen [60].
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Figure 4c indicates the crystal structure of the tetragonal-type perovskite with the
lattice parameter of a = 3.8 Å [60] for cubic unit cell. Various x values of the lithium
and lanthanum lead to distorted structures which generally originates from the unequal
distribution of vacancies and displaced cations of Li+ and La3+. The bottleneck structure
of perovskites consists of 12-fold coordinated with corner-shared oxygen as shown in
Figure 4d [60]. The stable structure could be maintained when the x value is between 0.04
and 0.16.

Cubic and tetragonal LLTO (x ≈ 0.11) display a lattice structure with the stacking of La-
rich and La-poor regions (Figure 4b) to maintain high bulk conductivity [60]. Inaguma and
Itoh [61] showed that the conductivity of LLTO solid solution shows a parabolic dependence
on x due to variations in the lithium to vacancy concentration and the formation of low
activation energy pathways for ions controlled by site percolation and bottleneck size.

A lot of research has been dedicated to perovskite-type electrolytes to better under-
stand the relationship of the chemical composition, crystal structure, and synthetic methods
on lithium ionic conductivity [60,61]. Many works synthesized LLTO that the content of
lithium around 0.11. Proper adjustments of this value depend on dopants in LLTO. Table 2
shows the summary of room-temperature ionic conductivities for selected LLTO SSEs (with
common dopants) ionic conductivity at room temperature. The optimal x with the highest
conductivity (more than 10−4 S cm−1 at room temperature) was found by many researchers
to be around ~0.1 (LLTO commercial powder from TOHO TITANIUM CO., LTD).
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Table 2. Summary of selected LLTO SSEs in ionic conductivities.

Composition Space Group Conductivity at RT (S cm−1) Synthesis Method

Type I: pure LLTO SSEs

La0.61Li0.17TiO3 Cmmm 3.76 × 10−4 Pulsed Laser Deposition [62]

La0.5Li0.5TiO3 P4/mmm 3.52 × 10−7 Spin Coating [63]

P4/mmm 7.2 × 10−7 Microwave Sintering Method [64]

Type II: composite LLTO SSEs

La0.5Li0.5TiO3/nano-Ag Pm3m 2.8 × 10−5 Sol-gel Processing [65]

La0.5Li0.5TiO3/silica P4/mmm 1 × 10−4 Wet Chemical Method [66]

Sr-doped La0.56Li0.33TiO3 Pm3m 9.51 × 10−4 Sol-gel Processing [67]

Y-doped La0.46Li0.33TiO3 P4/mmm 1.95 × 10−3 Sol-gel Processing [68]

Nb-doped La0.5Li0.5TiO3 P4/mmm 1.04 × 10−4 Solid-state Reaction Method [69]

Sr/Co-doped La0.557Li0.33TiO3 Pm3m 1.4 × 10−4 Solid-state Reaction Method [55]

3. Challenges and Potential Solution of Ceramic LLTO SSEs
3.1. Low Ionic Conudvtity of LLTO Electrolyte

Despite numerous attractive properties, the high grain boundary resistance of LLTO
that leads to its low total ionic conductivity (2 × 10−5 S cm−1 at room temperature) [70],
is a major challenge of incorporating LLTO SSEs in LBs. The total ionic conductivity is
influenced by both grains and grain boundaries. Modifying the composition of grain
boundaries is the dominant approach taken by researchers to increase total ionic conduc-
tivity for specific electrolytes. Another approach is to improve the density and reduce the
grain size of LLTO, as explained in the following paragraphs.

Solutions to Improve Total Ionic Conductivity

Morphology modification of LLTO (i.e., random or aligned one-dimensional (1D)
LLTO nanofibers) is an effective way to improve its total ionic conductivity. Compared
with LLTO particles, one dimensional LLTO nanofibers with high surface-to-volume ratios
can increase the amount of continuous ion-conducting pathways [70–72]. Liu et al. [72]
reported that 1D Li0.33La0.557TiO3 ceramic nanowire fillers can facilitate the formation of
ionic conduction networks in the polyacrylonitrile-LiClO4 matrix to enhance their total
ionic conductivity of the resulting SSEs by three orders of magnitude than using nanopar-
ticles (2.4 × 10−4 S cm−1 at room temperature). Figure 5 shows the difference between
lithium-ion pathways when using LLTO nanoparticles and nanofibers (i.e., random or
aligned) [72]. Compared with isolated nanoparticles in Figure 5a, random nanowires could
supply continuous fast pathways for Li-ion transportation. While compared with random
nanowires in Figure 5b, well aligned nanowires in Figure 5c are free of crossing junction.
The ionic conductivity for well aligned LLTO SSEs is 6.05 × 10−5 S cm−1 at 30 ◦C, which is
one order magnitude higher than SSEs with randomly aligned nanowires [72].
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3.2. Large Grain Boundary Resistance of LLTO

Grain boundary resistance is generated at the interface between crystallites in LLTO
matrices and can hinder the pathway of lithium-ion migration, thus limiting grain boundary
conductivity. Lattice mismatch refers to the mismatch between LLTO grain boundaries that
is composed of a Ti-O binary compound with a 2–3 unit-cell thickness. Lattice mismatch
appears when most grain boundaries between LLTO matrices tend to comprise structural
and chemical deviations for compensation of random orientation of neighboring LLTO
grains [73]. It is not energetically favorable for either lithium-ion accommodation or
migration, resulting in poor grain boundary conductivity [73].

Sasano et al. [74] proposed that the grain boundary conductivity can be significantly
enhanced by increasing the number of coincidence-site lattices (CSL) at the grain bound-
aries. For the geometric CSL of the grain boundary, the index Σ is used and the smaller Σ
value, the higher lattice coincidence grain boundaries. When Σ values are larger than 29,
the grain boundaries are considered as random. SEM-EBSD crystallographic orientation
map and ESM loop area map measured at the same region (the black square as shown in
Figure 6a). The higher ESM signal intensity corresponds to the higher Li-ion conductivity
(grain boundary of black arrowheads as shown in Figure 6b,c). CSL at the grain boundaries
are relatively regular than random regions, which have fewer composition deviations
and structural distortions. These results suggested that control geometries of the grain
boundaries for the improvement of the Li-ion conductivity in LLTO.

Another contributing factor to grain boundary resistance is the 90◦ domain boundary
that exists between neighboring La-rich regions [75] as shown in the Figure 7. Moriwake
et al. pointed out that when lithium ions migrate through La-rich layers, an extremely
high activation energy (Ea = 3.58 eV) in the 90◦ grain boundaries significantly blocks the
pathways of lithium ions and limits their diffusion [75,76].

3.2.1. Solutions to Reduce the Grain Boundary Resistance

As mentioned previously, modifying the LLTO grain boundary composition would be
an effective way to reduce the grain boundary resistance. One successful approach is to
introduce dopant elements into the A-sites and/or B-sites in the crystalline structure of
LLTO via the formation of more point defects. Another way is to introduce an amorphous
layer or valence ions (e.g., Ag+ ions [65]) into LLTO grain boundaries. Mei et al. [77] intro-
duced an amorphous glassy silica layer into LLTO grain boundaries that reduced the grain
boundary resistance and further enhanced the total ionic conductivity (>1 × 10−4 S cm−1

at room temperature).
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3.2.2. Solutions to Enhance Grain Conductivity

To increase grain conductivity, researchers have used hot-pressing techniques, par-
ticularly spark plasma sintering (SPS) to make LLTO SSEs with higher density and lower
porosity [78,79]. Compared to conventional hot-pressing, SPS can achieve higher heating
rates (up to 600 ◦C min−1) and densities, at much lower times (0–10 min in most cases).
Luo et al. [80] fabricated perovskite-type Li3/8Sr7/16Ta3/4Zr1/4O3 (LSTZ) SSEs via hot-
pressing and the obtained LSTZ pellets showed an increased density (i.e., relative density
of 96.7%), enhanced total ionic conductivity (i.e., 4.1 × 10−4 at 25 ◦C), and improved
compressive strength due to fewer pores and better grain contact. Mei et al. [81] prepared
LLTO SSEs by SPS that yielded highly dense (i.e., a relative density of over 97%), fine-
grained (i.e., a grain size of 2 µm) LLTO ceramics, with an increased total ionic conductivity
(>10−3 S cm−1 at room temperature).
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3.3. Chemical Stability of LLTO Electrolyte against Lithium Metal
3.3.1. Ti Reduction at the Interface

LLTO reacts readily with lithium metal and changes color from white (pristine) to
deep black due to the ease of reduction of Ti4+ cation to lower oxidation state Ti3+ specie as
evidenced by X-ray photoelectron spectroscopy (XPS) studies [82]. This also accompanied
with the formation of oxygen vacancies which in turn makes the interface very conductive
electronically and not suitable as an electrolyte for lithium metal battery [82]. Liu et al. [82]
confirmed that black LLTO showed two new peaks at the lower binding energies corre-
sponding to the formation of Ti3+ with lower electron densities. Galvez-Aranda et al. [83]
identified that Ti reduction occurs at the LLTO/Li metal interface. The reaction rate at
the interface increases as the applied external electric field increases corresponding to an
electrochemical instability of the LLTO/Li-metal interface. S Wenzel et al. [84] further
investigated the reaction of LLTO with lithium metal (i.e., by lithium insertion) by in situ
XPS system. Detailed spectra for the Ti 2p, La 3d and O 1s of LLTO is shown in Figure 8.
The lithiation process clearly impacts the reduction of Ti 2p. Figure 9 shows the color
change from white to black for LLTO electrolyte. The increased deposition times have no
effect on La 3d and all specific peaks remain unchanged. XPS results for Ti 2p plot indicate
the fits for the four Ti oxidation states (Ti4+, Ti3+, Ti2+ and Ti0). Ti4+ can be greatly reduced
to metallic titanium Ti0 when depositing time is 300 min. The formation of metallic Ti
would cause the higher electronic conductivity of LLTO.
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However, there are few articles that mention how to overcome this problem for LLTO
electrolytes. PVDF-b-PTFE polymer matrix was mixed with LLZO and LLTO nanofibers
(PPLL) [82] to ensure a gapless solid interfacial contact against Li-metal anode and de-
creased Ti4+ reduction. The assembled battery of LFP|PPLL|Li delivered a high initial
discharge capacity of 150 mAh g−1 and retained 127 mAh g−1 over 550 cycles. The coulom-
bic efficiency was always more than 99.5% during cycling.

Most works coincidentally use the metal-layer coating (i.e., Au, Ag, and Cu) for the
conductivity measurements as an interfacial layer in symmetric cells to protect LLTO from
reacting with a lithium-metal anode. One approach that worked successfully with garnet-
type electrolytes which the most popular of which is to use an interfacial layer that have
greater stability (kinetic or by the formation of stable SEI such as PEO-based electrolyte
films. One direction is to use metal oxides. Wang et al. [85] coated an ultrathin ZnO layer
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onto garnet solid-state electrolytes that significantly decreases the interface resistance to as
low as about 20 Ω cm−2. Han et al. [86] used Al2O3 by atomic layer deposition on a garnet
electrolyte that the interfacial impedance was reduced to 1 Ω cm−2. Another direction is
to induce alloying reaction between the Li metal and metal layer. Luo et al. deposited a
20 nm germanium (Ge) on garnet electrolyte. Fu et al. [87] alternatively applied Al metal
coating and could reduce the interface resistance by more than an order of magnitude.
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3.3.2. Formation of Lithium-Oxide and Lanthanum-Oxide Phase at the Interface

Galvez-Aranda et al. [83] used an ab initio molecular dynamics study to propose
that lithium-oxide and lanthanum-oxide phases are formed when LLTO is in contact with
Li metal. The main reactions at the interface lead to the formation of Li-O and La-O. O
comes from the TiO3 structure of LLTO crystal and breaks the original Ti-O bonds. Besides,
presence of La at the interphase helps break the Ti–O bonds and create more Li–O bonds.
Thus, the formation of lithium-oxide is always faster than the lanthanum-oxide. From
a mean square displacement (MSD) analysis, the oxygen atoms migrate at the constant
positive rate and keep being displaced toward the Li-metal anode. When applying an
external electric field, the formation of both oxides is accelerated as shown in Figure 10.
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3.4. Fabrication of LLTO into Thin Films
3.4.1. Amorphous LLTO Thin Films

Amorphous thin-film of LLTO SSEs have an open and disordered structure and can
be prepared using a chemical solution method, like the sol-gel process [88], or physical
vapour deposition techniques, such as radio frequency (RF) magnetron sputtering, pulsed
laser deposition (PLD), electron-beam (e-beam) evaporation, and spin coating [63].

LLTO thin films prepared by RF magnetron sputtering and PLD can transform amor-
phous LLTO into a crystalline phase [89–91]. Xiong et al. [89] deposited LLTO thin films
by RF magnetron sputtering and results showed that LLTO thin films were amorphous at
annealing temperatures below 400 ◦C; while crystalline phase appeared when annealing
temperature was higher than 400 ◦C.

Fabricating thin-film LBs with a pure LLTO matrix only would be an effective way to
enhance ionic conductivity. Thin-film LBs with LLTO matrices have large active surface
areas and reduced volumes, which increases the charge rates via decreased diffusion
lengths of lithium-ions. However, thin-film electrolytes of crystalline-phase LLTO matrices
have significant grain boundary resistances and are unstable when in contact with lithium
metal due to the reduction reaction of Ti4+ to Ti3+ [92]. Thus, adjusting the orientation of
LLTO grains, or directly replacing the crystalline phase of LLTO with an amorphous one,
were found to be effective modifications that resolve these issues and enhance the total
ionic conductivity of the SSEs.

Epitaxial growth of LLTO thin films on single crystal substrates prepared by e-beam
evaporation results in uniform LLTO grains without obvious pinholes or cracks [93]. The
orientational growth of LLTO thin films significantly affects the size of the LLTO lattices. For
example, the growth of these films on the (100) and (111) oriented SrTiO3 (STO) substrates
reduced lattice and thermal strains in the LLTO films, which is expected to further improve
the total ionic conductivity and stability [94].

3.4.2. Tape-Casting LLTO Films

Physical vapour deposition methods mentioned above are able to deposit thin layers
but are often expensive or limited in their scalability [95]. The cold-pressed pellets are still
fragile; and the thickness limitations of the cold-pressed pellets are around 200 µm [96,97].
This problem could be addressed by implementing the tape casting technology to cast thin
and suitable electrolytes of LLTO. Tape casting is increasingly popular as it is compatible
with current manufacturing processes of lithium batteries hence lower capital cost and
easier penetration into the market.

LLTO is brittle and thus proper fabrication methods are essential to make high-quality
ceramic SSEs with good mechanical strength. Tape casting technology which consists of
casting slurry on a carrier film, has been effectively used for mass production of thin-film
solid-state electrolytes and layered ceramic structures. The slurry consists of powdered
ceramics, binders, plasticizers, and dispersants. The tape is formed by moving the doctor
blade with a certain height [98] over the poured slurry and the height of the blade determin-
ing the thickness of the green tape. After the drying, the thickness of tapes could shrink to
less than 100 µm which will be followed by sintering to enhance the densification [99,100].

A high-quality cast tape should satisfy some criteria [99–101], such as (1) no agglom-
eration and cracks during drying; (2) microstructural homogeneity; (3) free-standing from
carrier film after drying; and (4) good lamination ability and mechanical strength after
sintering. Thus, several rules need be considered to prepare satisfying pellets: (1) viscosity
control of the slurry by changing the ratio among ceramics, binder, plasticizer, dispersant,
and solvent; (2) drying condition adjustment to obtain flat and homogeneous green tape;
and (3) sintering temperature and duration set-up for binder removal and final pellets
densification. Table 3 summarizes green tape preparations and casting parameters. A ball
mill is normally used in the casting process to obtain homogeneous slurry. Laminations by
several layers of green tapes before sintering is effective to enhance mechanical strength
and packing integrity.
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Table 3. Summary of preparations for green tapes and casting/sintering parameters.

Preparations for Green Tapes Casting Parameters Sintering Conditions

(1) Dissolution of dispersant (Zschimmer
and Schwarz KM 3014) in ethanol;

(2) Added LLTO powder;
(3) Mixed plasticizer 1 PEG 400 and

binder 2 PVB with solution above [102]

Casting gap = 200 µm
Casting speed = 5 mm/s

950 ◦C/1000 ◦C/1050 ◦C/1100 ◦C for 1 h
in air

30 wt.% LLTO
30 wt.% acetylacetone
22 wt.% isopropanol

9 wt.% polymethyl-methacrylate
2 wt.% dibutyl phthalate

2 wt.% hallotannin
5 wt.% PEG 4000 [103]

Cast substrate: polished α-Al2O3
Cast speed = 0.1 mm/s 1000–1350 ◦C for 2 h in air

(1) LLTO powder was mixed into ethanol;
(2) Acrylic resin was added as a

dispersant;
(3) Added binder PVB and plasticizer

diisononyl phthalate [104]

Casting gap = 50–500 µm
Casting speed = 5 mm/s 900 ◦C/1000 ◦C for 1 h in air

Lack of details [105] Casting gap = <200 µm 1200 ◦C for 12 h in air

(1) Dissolved 5 PVDF and LiClO4 (at a
weight ratio of 6:1) in 6 NMP solvent;

(2) Added 15/45/75 wt.% LLTO powder
into above solution [106]

Casting gap = 50–150 µm No sintering process

51.2 wt.% LLTO
1.3 wt.% triethanolamine

10.7 wt.% PVB
6.1 wt.% 3 BBP

30.7 wt.% ethanol [107]

Cast substrate = 4 PET film
Casting speed = 10 mm/s

500 ◦C for 2 h + 1050 ◦C for 2 h + 1260 ◦C
for 12 h in air

1 Polyethylene glycol, 2 Polyvinyl butyral, 3 Benzyl butyl phthalate, 4 Polyethylene terephthalate, 5 Polyvinylidene fluoride, 6 1-methyl-2-
pyrrolidinone.

Reports of fabricating LLTO electrolytes using tape casting technology are scarce. Some
have reported on how to optimize the slurry composition by adjusting various parameters
including dispersant concentration, ratio of binder to plasticizer, total amount of binder
and plasticizer, and drying conditions. Schrökert et al. [102] found that a dispersant
concentration of 2 wt.% was sufficient to obtain homogenous suspension of slurry. The
binder-plasticizer ratio was set to 2:1 and the slurry with a total amount of binder and
plasticizer of 15 wt.% yielded high-quality tapes. In addition, fast drying was proven to be
beneficial for preparation of the best tapes.

Others aim to increase ionic conductivity of tape-cast LLTO films. Jiménez et al. [103]
prepared LLTO thick films (sintered at 1100 ◦C) with bulk conductivity of 1.7 × 10−5 S cm−1

at 300 K. However, incomplete reincorporation of lithium results in less-conducting grain
boundary, which decreased dramatically the total lithium conductivity (5 × 10−8 S cm−1 at
300 K). Schiffmann et al. [104] casted LLTO pellets and then assembled it with LTO anode
into half-cell by co-sintering as shown in Figure 11a,b. LLTO tapes with the thickness of
about 25 µm maximizes the ionic conductivity close to 10−3 S cm−1 at sintering temperature
of 1100 ◦C (as shown in Figure 11c). Employing a lamination process ensures the formation
of close and homogeneous interface between LLTO and LTO during co-sintering.

In order to enhance ionic conductivity, polymers and oxides are employed to form
composite or hybrid electrolytes. Zhang et al. [105] employed tape casting and calcination
to fabricate LLTO|Al2O3 composite electrolytes (details as shown in Figure 12). The new
phase of LiAl2O8 could reduce Li2O loss from the composites and extend the junction
between LLTO grains. LLTO|10 wt.% Al2O3 exhibits higher bulk (9.33 × 10−4 S cm−1)
and grain boundary conductivity (2.38 × 10−5 S cm−1) at room temperature, which were
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enhanced around six times and three times compared to pure LLTO. Li et al. [106] fabri-
cated ultrathin 75% LLTO|PVDF (LLTO-75) with a thickness of 7.5 µm with a high ionic
conductivity (4.7 × 10−4 S cm−1 at room temperature). The LLTO-75 membrane was used
as intermediate layer and sandwiched by two 15% LLTO/PVDF (LLTO-15) membranes.
Symmetric Li|sandwiched SSE|Li maintains a low voltage gap of 98 mV for 450 h at 1 mA
cm−2. Li|LFP achieves a specific capacity of 108 mA h g−1 at 1C with a high-capacity
retention of 91.8% after 1000 cycles.
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Figure 11. Schematic images of: (a) LLTO green tapes; (b) microstructure of the cross section and interface between LLTO
and electrode sintered at 1100 ◦C for 1 h; and (c) plot of the real resistance for sintered LLTO. Reprinted from [104], Copyright
(2019), with permission from Elsevier.

Jiang et al. [107] fabricated tape-cast ceramic LLTO film with a reduced thickness of
25 µm. Figure 13 shows fabrication for tape-casting methods and related battery perfor-
mance. The total Li ionic conductivity was improved to 2.0 × 10−5 S cm−1 compared to a
thick electrolyte (>200 µm) prepared by cold-pressing. Symmetric Li|PEO|LLTO-41 (41
µm is the thickness of LLTO pellet) | PEO |Li cell was assembled to obtain the Nyquist
plot. The aid of PEO electrolyte coating could avoid reduction of Ti element and alleviate
contact between Li metal and electrolyte. In this way, the total resistance of a symmetrical
cell was reduced to about 2250 Ω. Galvanostatic stripping and plating was performed on a
symmetrical Li cell to evaluate the long-term interface stability. After 20 cycles, the original
overpotential of 67 mV at 0.025 mA cm−2 was reduced to a relatively stable value of 26 mV.
The average overpotential increased to 100 mV at 0.1 mA cm−2. The stable overpotential
remained to 54 mV at 0.05 mA cm−2. Li|LFP full cell was successfully assembled and



Batteries 2021, 7, 75 14 of 20

exhibited good battery performance. The initial discharge capacity was 145 mAh g−1 at
current density of 0.1C and a capacity retention of 86.2% after 50 cycles.
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Figure 12. (a) The schematic illustration of the sandwiched SSE preparation by blade casting; (b) dig-
ital photograph of the bent sandwiched SSE; (c) the cross-sectional FE-SEM image of sandwiched
SSE; and (d) battery performances of all-solid-state LMBs at 25 ◦C: Long-term cycling of assembled
cell at 1C. Reprinted from [106], Copyright (2020), with permission from Elsevier.

Batteries 2021, 7, x FOR PEER REVIEW 18 of 24 
 

 

 

 

Figure 13. Schematic images of (a–d) tape-casting method and battery performance of Li|LFP cell. 
Reprinted from [107], Copyright (2019) John Wiley and Sons, Inc. 

4. Conclusions 
Solid-state lithium batteries (LMBs) can provide enhanced safety and a higher energy 

density compared to liquid-based lithium-ion batteries (LIBs). In particular, ceramic-
based oxide electrolytes (e.g., LLTO) with high ionic conductivity, excellent oxidative elec-
trochemical stability, and superior thermal stability are currently considered as potential 
solid-state electrolytes for the fabrication of SSBs to enable their commercialization. 

However, LLTO still has many challenges to overcome at many levels including the 
material design and synthesis with the required properties, processing level and battery 
performance. 

Challenge 1: at the material level: LLTO suffers from high grain boundary resistance 
that leads to limited ionic conductivity of polycrystalline ceramic-based oxide SSEs. Sev-
eral strategies have been adopted to overcome the issue such as microstructural engineer-
ing of grains or introducing amorphous phase into grain boundary directly which was 
found to decrease resistance and thus enhance total conductivity. Other strategies include 
fabrication of amorphous and single-crystal LLTO films. 

Also, many approaches have been followed to improve total ionic conductivities: 
1. Doping: dopants such as Sr, Y, Nb, etc. could modify the crystal structure of LLTO 

and enhance the ionic conductivity in excess of 10−4 S cm−1 at room temperature. 
2. Nano-structuring: we have shown that there is enough support to the idea that im-

plementing well aligned 1D LLTO materials in nanoscale morphology can enhance 

Figure 13. Schematic images of (a–d) tape-casting method and battery performance of Li|LFP cell.
Reprinted from [107], Copyright (2019) John Wiley and Sons, Inc.



Batteries 2021, 7, 75 15 of 20

4. Conclusions

Solid-state lithium batteries (LMBs) can provide enhanced safety and a higher energy
density compared to liquid-based lithium-ion batteries (LIBs). In particular, ceramic-
based oxide electrolytes (e.g., LLTO) with high ionic conductivity, excellent oxidative
electrochemical stability, and superior thermal stability are currently considered as potential
solid-state electrolytes for the fabrication of SSBs to enable their commercialization.

However, LLTO still has many challenges to overcome at many levels including the
material design and synthesis with the required properties, processing level and battery
performance.

Challenge 1: at the material level: LLTO suffers from high grain boundary resistance
that leads to limited ionic conductivity of polycrystalline ceramic-based oxide SSEs. Several
strategies have been adopted to overcome the issue such as microstructural engineering of
grains or introducing amorphous phase into grain boundary directly which was found to
decrease resistance and thus enhance total conductivity. Other strategies include fabrication
of amorphous and single-crystal LLTO films.

Also, many approaches have been followed to improve total ionic conductivities:

1. Doping: dopants such as Sr, Y, Nb, etc. could modify the crystal structure of LLTO
and enhance the ionic conductivity in excess of 10−4 S cm−1 at room temperature.

2. Nano-structuring: we have shown that there is enough support to the idea that
implementing well aligned 1D LLTO materials in nanoscale morphology can enhance
ionic conductivity by effectively facilitating lithium-ion migration and reducing grain
boundary resistance. From this idea, fabricating 3D vertically aligned channels within
100% ceramic electrolytes may be effective to maintain high ionic conductivity with
no presence of flammable polymeric components as matrix.

Challenge 2: processing and fabrication of all-ceramic LMBs: Fabrication of all-ceramic
LMBs might be a potential solution to eliminate safety hazards for LMBs.

1. Tape casting technology is very compatible with existing roll-to-roll battery manu-
facturing processes and a lot of research is focused on its use in SSBs to make thin
films (<100 µm). Optimization of slurry recipe and sintering conditions is essential
to obtain good quality of final tapes. It is still challenging to fabricate large-scale
tape-casting films for solid-state LMBs.

2. Li loss during sintering: thin films always need to be sintered at high temperature
to be further densified, while Li evaporates apparently over 900 ◦C. To counteract
the undesired Li loss in pellets, researchers typically surround green tapes with the
mother powder during sintering to reduce any further Li losses from electrolytes, but
Li sublimation still occurs. Introducing low melting point phases (also called sintering
aids) could be acceptable for processing electrolyte with improved sinterability and
density [108,109].

Challenge 3: capability of lithium metal and battery performance. Battery assembly
and manufacturing based on ceramic SSEs is another important consideration for high
energy density LMBs. The following issues still need to be addressed:

1. Compatibility with Li metal: the poor contact between Li metal and LLTO SSEs.
Li metal reacts easily with Ti4+ cation inside LLTO. Thus, it is essential to modify
the surface of LLTO SSEs. Some researchers employed protective layers including
metal or metal oxides or polymers for garnet-type (i.e., LLZO) SSEs. Moreover, the
addition of liquid electrolyte [87] could be one compromising way to reduce interfacial
resistance.

2. Mechanical strength and stacking pressure: the brittleness of LLTO ceramic thin films
makes battery assembly very challenging. Appropriate a stacking pressure needs to
be applied that could maintain good contacts among layers but cause no damage to
SSEs. Buffer layers such as nickel-coated sponge [107] may be effective to prevent
SSEs from crack and fracture.
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Finally, LLTO is a promising solid-state electrolyte material with potential use in
solid state batteries. However, like all other candidate materials (other oxides, phosphates,
sulphides, or halides), it suffers from many drawbacks that currently hamper their com-
mercialization into SSBs. Nevertheless, intensive research into innovative strategies to
overcome these challenges can lead to its adoption in high-energy LMBs.
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