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Abstract

At present, lithium lanthanum zirconate (LLZO) is regarded as one of the most promising
solid-state electrolyte materials due to its high ionic conductivity (about 1073 S/cm at
room temperature), high chemical stability, and excellent chemical stability toward cathode
materials and lithium metal anodes. However, there are several problems, such as poor
interface contact with the lithium metal anode resulting in high interface impedance, a
high sintering densification temperature (usually >1200 °C), a complex preparation process,
and high cost. In recent years, researchers have conducted extensive studies on LLZO and
achieved remarkable progress and results. This paper systematically reviews the research
progress of LLZO's structural characteristics, conductive mechanism, preparation methods,
improvement strategies, and so on.

Keywords: element doping; electrochemical performance; ionic conductivity; lithium
lanthanum zirconate; solid-state electrolyte

1. Introduction

The “Outline of the 14th Five-Year Plan for National Economic and Social Development
and the Long-Range Objectives Through 2035 of the People’s Republic of China” sets clear
targets, including advancing green and low-carbon development, reducing carbon emission
intensity, and focusing on controlling the consumption of fossil energy. The development
of new energy vehicles is far more than a trend—it is a key step in continuously adjusting
the energy structure, establishing a green and low-carbon circular economic system, and
achieving the strategic goals of peaking carbon emissions by 2030 and reaching carbon

W) Check for updates neutrality by 2060. There are increasing demands for high energy density and high safety

in electric vehicles and energy storage systems. Traditional liquid lithium-ion batteries,
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while approaching their theoretical energy density, have exhibited critical safety issues
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such as poor thermal stability and the leakage of flammable electrolytes [1-3]. Solid-state
batteries (SSBs), with their non-flammable and non-leaking advantages, are the most
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gained an in-depth understanding of their ion transport mechanisms in order to meet the de-
mand for high-energy-density solid-state batteries [8,9]. Solid electrolytes can be classified
according to their composition into inorganic solid electrolytes, polymer solid electrolytes,
and composite solid electrolytes [10,11]. In polymers and some complex organic systems,
macrocycles (such as crown ethers) and heterocycles have been widely studied due to their
unique ability to coordinate lithium ions and facilitate their transport [12,13]. In addition to
these complex molecular structures, phosphorus chemistry plays a very important role in
improving the performance of solid electrolytes. Its significance is reflected in the function-
alization of organic frameworks [12] and the optimization of inorganic conductor structures,
such as the recently discovered phosphorus garnet-based electrolytes [14]. Particularly,
inorganic solid-state electrolytes have attracted extensive attention due to their exceptional
ionic conductivity, structural stability, and safety features. They are primarily divided
into three categories: oxides, sulfides, and halides [15-17]. Furthermore, hydroborates are
very important ionic conductors. Their ionic conductivity is excellent in lithium-based
and sodium-based systems, and it also possesses good mechanical flexibility, a relatively
low density, and a relatively low environmental impact [18,19]. Although these various
electrolytes all have their own unique advantages, oxide solid electrolytes still demonstrate
outstanding performance. The main types of oxide electrolytes include garnet-type [20,21],
sodium super ionic conductor-type [22], and perovskite-type [23], etc. Lithium lanthanum
zirconate (LLZO) solid-state electrolyte with a garnet structure is regarded as one of the
most promising solid electrolyte materials at present due to its high ionic conductivity [24],
wide electrochemical window [25], and good chemical stability toward cathode materials
and lithium metal anodes [26]. This article summarizes the recent research progress of
LLZO in terms of structural characteristics, conduction mechanisms, preparation methods,
and improvement strategies, and looks forward to its future development prospects.

2. The Structural Characteristics of LLZO

Garnet-type solid-state electrolytes are a class of oxide inorganic solid-state electrolytes
with a crystal structure similar to that of natural garnet. LLZO is the core representative of
this type. They have outstanding application potential in the field of all-solid-state batteries.
Since Murugan et al. [27] obtained the cubic-phase LLZO of the garnet type through the
solid-state sintering method at 1230 °C in 2007, researchers have shown great interest in it
and conducted systematic studies on it.

The general formula of the garnet structure is A3B,C301,, corresponding to the nat-
ural garnet silicate structure, where A, B, and C represent cations at different lattice po-
sitions. Their coordination environments consist of eight-coordinated AOg dodecahedra,
six-coordinated BOg octahedra, and four-coordinated COy tetrahedra, respectively. The
basic framework of LLZO is constructed by LaOg dodecahedra and ZrOg octahedra; its
chemical formula is LiyLazZr,O1, [28].

LLZO mainly has two crystal structures: cubic (c-LLZO) and tetragonal (t-LLZO). In
these structures, Li* ions are located in the tetrahedral and octahedral interstices formed by
the framework and move through the interconnected three-dimensional channels. The dif-
ferent arrangements of Li* ions in these interstitial sites result in different crystal structures.
The cubic phase usually has higher ionic conductivity, while the arrangement of Li* in the
tetragonal phase is more ordered, resulting in significantly lower ion mobility.

In 2009, Awaka et al. [29] were the first to synthesize the crystal structure of t-LLZO. As
illustrated in Figure 1b, the lithium-ion in the tetragonal structure mainly occupies three types
of interstitial points; namely, the tetrahedral interstitial 8a where Lil is located, the octahedral
interstitial 16f where Li2 is located, and the octahedral interstitial 32g where Li3 is located.
Among them, the lithium ions at the 8a site are connected to four oxygen atoms, while the
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lithium ions at the 16f and 32g sites are all connected to six oxygen atoms. As shown in
Figure 1a, the lithium-ion sites in the cubic phase are only located at two types of interstitial
points: the tetrahedral interstice 24d, where Lil is located, and the octahedral interstice 96h,
where Li2 is located. At the 24d site, the lithium-ion is connected to four oxygen atoms, while
at the 96h site, the lithium-ion is connected to six oxygen atoms [29,30].
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Figure 1. Crystal structure and lithium occupancy of the inorganic solid-state electrolyte LLZO
(a) c-LLZO; (b) t-LLZO.

Awaka et al. [29] found that the room-temperature ionic conductivity of t-LLZO is
two orders of magnitude lower than that of c-LLZO. As shown in Figure 2a, in c-LLZO,
Li* partially occupy the Lil (0.94) and Li2 (0.35) within the ring-shaped channels. This
disordered arrangement and the relatively short Li-Li hopping distance between adjacent
positions result in a higher conductivity. On the contrary, in t-LLZO (Figure 2b), Li*
are arranged in an ordered manner in a completely occupied (Lil, Li2, and Li3, with an
occupancy rate of 1 for all positions) at specific locations. This ordered state leads to a
greater distance between adjacent Li* compared to the cubic phase, thereby making the
migration of Li* more difficult.

Li2 (g=0.35)

Li1 (g=0.94) (€ '

(a) (b)
Figure 2. Li* channels in inorganic solid-state electrolytes (a) c-LLZO; (b) t-LLZO.

e

The differences in the occupancy states and arrangement patterns of Li+ are the
fundamental reasons that determine the crystal structure and ionic conductivity of LLZO.
There are differences in the space group and ionic conductivity between t-LLZO and
¢c-LLZO, as shown in Table 1 [31].
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Table 1. Basic properties of tetragonal and cubic phases of LLZO [31].

Index t-LLZO c¢-LLZO
space groups 141 /acd Ia-3
lattice parameters a=13.07~13.12 A, a=12975 A
room-temperature ionic ~6_10-5 4 _10-3
conductivity 107°~107>S/cm 107*~107>S/cm
activation energy 0.4~05eV 0.3~0.4 eV

8a, 16f, and 32g all occupy
the positions that 16e does  24d, 96h portion occupied
not occupy

lithium-ion occupancy
status

3. The Electrical Conduction Mechanism of LLZO

Although LLZO has a relatively high ionic conductivity, it still has a considerable gap
compared to the currently commonly used liquid electrolytes. Clearly understanding the
transport mode of Li* in LLZO, that is, the ionic conductivity mechanism of LLZO, is beneficial
to finding better improvement strategies to further enhance its ionic conductivity [32,33].

Xie et al. [34] synthesized an aluminum-free cubic phase of LLZO under low-
temperature conditions. Through neutron diffraction, they determined the lithium-ion
distribution in the aluminum-free cubic phase of LLZO. It was found that Li* almost
completely occupied the bridging octahedra (occupancy rate approximately 88%), while
the 48g sites at the center were basically empty; the occupancy rate of the 24d tetrahedral
sites was approximately 56%. Through this study, the following conclusion was reached.
An octahedron cannot share faces with two already occupied tetrahedra simultaneously.
The theoretical lithium capacity limit of the garnet structure is 7.5 lithium per chemical
formula unit. In actual materials, when the lithium content exceeds approximately 6.4,
the material system will optimize ion transmission by forming a short-range order of
tetrahedral vacancies. It is predicted that the optimal ionic conductivity occurs around a
lithium content of x ~ 6.4.

Wang [35] and other scholars systematically studied the W-doped garnet electrolyte
using multi-scale experimental methods. By employing high-resolution solid-state nuclear
magnetic resonance technology, they clearly distinguished the three lattice sites of lithium
ions (tetrahedral 24d, octahedral 48g, and distorted octahedral 96h), and through two-
dimensional exchange spectroscopy, observed the exchange of lithium ions between the
tetrahedral 24d site and the distorted octahedral 96h site, thereby experimentally confirming
that the specific migration path of lithium ions was a cyclic network of 24d-96h-48g-96h-24d.

Tian et al. [36] combined neutron and X-ray total scattering techniques, inverse Monte
Carlo simulation, and molecular dynamics simulation to study the three-dimensional
dynamic distribution and diffusion mechanism of lithium ions in the high-performance
solid electrolyte cubic phase LLZO without a preset lithium site model. They found that
lithium ions were mainly distributed near the Lil (tetrahedral) and Li2/Li3 sites. The Li2
site was nearly fully occupied, while there were a large number of vacancies at the Lil site.
The diffusion was not simultaneous for all lithium ions but was achieved by a small number
of instantaneous migrating ions that jumped between the Li2 sites and passed through
the vacant Lil sites. This revealed the structural root of the high ionic conductivity of the
material, indicating that the stable LazZr,O1, framework provides a rigid diffusion channel
for lithium ions, providing atomic-scale insights for rational design and optimization of
solid-state electrolyte materials.

Kuganathan et al. [37] used atomic-scale simulation methods to study the intrinsic
defect process and ion self-diffusion mechanism of the t-LLZO. They found that during
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high-temperature treatment, the material was most prone to lose Li,O, resulting in the
simultaneous generation of lithium and oxygen vacancies, providing a carrier for lithium
and oxygen diffusion. The activation energy for the migration of lithium ions through the
vacancy mechanism is low (0.45 eV), which is significantly lower than that of oxygen ions
(approximately 1.65 eV), indicating that lithium diffusion is easier than oxygen diffusion. A
small amount of Li/La and Li/Zr mislocation cluster defects may form. The binding energy
is negative, indicating that these defects are energetically stable. The electronic structure
analysis shows that LLZO is a wide-bandgap semiconductor (approximately 4.50 eV).
Oxygen vacancies and interstitial defects introduce defect levels but do not significantly
change the overall density of states distribution. This research work, from the perspective
of defect chemistry, revealed the fundamental structure of the rapid lithium conduction
in LLZO. It was found that the volatilization of Li;O at high temperatures, which creates
vacancies, is a key factor affecting its ionic conductivity and stability.

4. Preparation Method of LLZO

The most common preparation methods for LLZO currently include the solid-phase
reaction method, sol-gel method, field-assisted sintering method, co-precipitation method,
and advanced 3D printing techniques, etc.

4.1. Solid-Phase Reaction Method

The solid-phase reaction method is one of the most commonly used approaches for
manufacturing LLZO. This is because it is simple to operate, has low cost, high efficiency,
and is suitable for large-scale production. During this process, the precursor substances of
lithium, lanthanum, and zirconium (usually Li,CO3, LayO3, and ZrO;) are uniformly mixed
through high-energy ball milling, resulting in a uniformly mixed powder mixture. Then, the
mixed powder is dried and pre-calcined. During this process, initial solid-state diffusion occurs,
and an intermediate phase gradually forms. After secondary grinding to improve particle
uniformity, the powder is pressed into pellets and sintered at high temperatures to promote
phase transformation and form a dense garnet-type LLZO. The process is shown in Figure 3.
Although this method has some advantages, such as simple operation and industrial scalability,
it usually requires a long high-temperature treatment time, which leads to lithium volatilization,
formation of impurity phases, grain coarsening, and uneven element distribution. Therefore,
excess lithium sources, doping treatments, and other processes are usually needed to optimize
phase purity and electrochemical performance.

) i @ Calcination ® Grinding/Re- © Pellet pressing@ High-temperature Final product
(© Materials selction () high-energy ball @) Drying (Pre-reaction) milling) sintering
milling - =
C_nico, | 3 | ol
Q2 //La30; - —) - |3 ! = )l / — -_—
{
\FH 70 I F- -1 — f
Stoichiometric ratio 12-24h
LiLaZe=7:3:2 300-500 rpm 0 1204C 900-1000 °C 2-6h Uniaxial pressing 1100-1230 °C

(Li,CO; excess 5-10 Ethanol (or IPA) medium 12h 5-12h Break agglomerates 200-300 Mpa 6-12h ¢-LLZO or t-lizo

mol%) Ball-to-powder ratio Heating rate Improve homogeneity Pellet diameter Heating rate
to compensate Li loss 10:1 (or 20:1) 2-5°C min™! 10-20 mm 2-3 °C min-!
Air atmosphere Air atmosphere
(covered with mother powder to
suppress Li
volatilization)
Figure 3. Schematic illustration of the conventional solid-state reaction synthesis route for LLZO, including
raw material selection, mechanical milling, calcination, pelletization, and high-temperature sintering, with

key processing parameters and challenges such as lithium volatilization and impurity formation.

Rahmawati et al. [38] successfully synthesized Al-Y co-doped LLZO (LLZAYO) pow-
der using the solid-state reaction method. They increased the cubic proportion of the
material from 49.58 to 84.91%. The green body was densified by cold isostatic pressing
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(instead of high-temperature sintering), and the highest ionic conductivity of approximately
9.06 x 107® S/cm was obtained at a pressure of 40 MPa, which was about 8 times higher
than that of the non-doped sample.

Cao et al. [39] prepared Y and Sb co-doped LLZO by the solid-state reaction method.
When the doping amount of Y is 0.05, the material has the best performance. The ionic
conductivity reaches 3.20 x 1074 S/cm at 30 °C, and the relative density reaches 95.1%.
The LiFePOy full cell assembled with this electrolyte exhibits high discharge capacity
(154 mAh/g in the first cycle) and good cycle stability.

Chen et al. [40] prepared Y-doped LiyLa3Zr,O1, (Y-LLZO) solid electrolyte using the
solid-state reaction method. The raw materials were LiOH, La;O3, and ZrO; containing
3 mol% Y,0O3. After grinding and mixing, they were calcined at 900 °C for 12 h to obtain
pure cubic garnet powder. During the pressing and sintering process, it was found that
Li; O volatilized severely at high temperatures (mass loss of 14.2%), resulting in difficulty
in achieving dense material and the formation of impure phase La;Zr,O;. By introducing
1-4 wt.% Al,Oj3 as a sintering aid, the volatilization of lithium was inhibited, and the
growth and densification of grains were promoted. After sintering at 1000 °C for 24 h, the
density reached 4.93 g/cm?3. The study found that the sample containing 2 wt.% Al,O3
had the best comprehensive performance, with a room-temperature ionic conductivity of
approximately 1 x 107> S/cm and an activation energy of 0.352 eV, providing a feasible
electrolyte preparation process scheme for all-solid-state batteries.

Huang et al. [41] systematically optimized the entire process of the traditional solid-
phase reaction method to achieve the controllable preparation of high-performance Ga-
doped LLZO (Ga-LLZO). Using simple oxides as raw materials, they carried out planetary
grinding and mixing treatment, then subjected them to calcination at 850 °C, obtaining
pure cubic-phase powders. Subsequently, at a temperature of 1100 °C in an air atmosphere,
they sintered for 320 min, successfully preparing a ceramic electrolyte with a density of
94.5% and a room-temperature ionic conductivity of 1.49 x 10~3 S/cm. The study found
that the high conductivity was mainly attributed to the high density and the significant
reduction in grain boundaries caused by abnormal grain growth (>100 um). This process
still demonstrated good repeatability at the kilogram-scale level, providing a reliable basis
for the large-scale preparation of LLZO electrolytes based on the solid-phase method.

Alam et al. [42] synthesized the tetragonal phase LLZO at 800 °C using a two-step
solid-state reaction method. They systematically investigated the low-temperature transfor-
mation path of this material to the cubic phase with high ionic conductivity. It was found
that the pure cubic phase can be obtained by secondary heat treatment of t-LLZO at 150 °C
and 650 °C. The transition at 150 °C is mainly attributed to the hydration of the material,
while the transition at 650 °C is directly related to the recombination of crystal structure
and the disorder of lithium ions. The mixed phase was obtained at 450 °C and 950 °C.
This research reveals a feasible low-temperature synthesis strategy, providing an important
reference for reducing energy consumption in the preparation process of high-performance
garnet solid electrolytes.

4.2. Sol-Gel Method

The sol-gel method is a wet chemical synthesis technique used for preparing LLZO.
This method typically uses the alkoxides or inorganic salts of lithium, lanthanum, and
zirconium as precursors. These precursors are dissolved in an organic solvent, and through
hydrolysis and condensation reactions, a sol is formed. Then, through aging and drying
processes, the sol transforms into a gel. The gel undergoes heat treatment, such as high-
temperature calcination, to remove organic substances and form crystalline phases. Finally,
through sintering, dense LLZO ceramic pellets or powders are obtained, as shown in
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Figure 4. The advantage of this method lies in its ability to mix the raw materials at the
molecular level, achieving a high degree of uniformity in composition. This helps to reduce
the synthesis temperature, inhibit the formation of impurity phases, and improve the ionic
conductivity of the final product.

La(NO3)3'6H20 LiNO3 ( ZI'O(NO3)2‘XH20 >

10 Wt% excess

Brown resin

Heated 500°C for 2h

l Annealed at
600/700/800°C for 12h

The gel heating process

Figure 4. Flowchart of the sol-gel method for preparing LLZO.

Sharifi et al. [43] synthesized AI**-doped LLZO by the combustion sol-gel method. By
using metal nitrate as a raw material and urea as fuel, the gel was formed by solution mixing
and heating, and then calcined at 1000 °C for 1 h to obtain precursor powder with uniform
composition, followed by pressing and sintering at 1180 °C for 10 h to obtain a ceramic
electrolyte. Al>* was successfully incorporated into the lattice and effectively promoted
the stability of the cubic phase. The sample with an Al molar doping level of x = 0.25
(i.e., LigosAlpo5LazZryO1p) exhibited the highest room-temperature ionic conductivity
(4.7 x 10~ S/cm), along with significantly improved density and hardness.

Tian et al. [44] systematically investigated the formation mechanism and sintering be-
havior of the aluminum-doped Liy_3,AlcLa3Zr,O1, prepared by the sol-gel method. They
found that the calcination process could be divided into three stages: formation of LayZr,Oy
(<750 °C), transformation to LLZO (750-850 °C), and decomposition of LLZO (>850 °C). Ap-
propriate aluminum doping not only can stabilize the cubic phase and reduce the densification
temperature to 1100 °C, but also can increase the ionic conductivity to 3.08 x 10~* S/cm. The
study also found that abnormal grain growth triggered by sintering would lead to random
grain orientation, which would further reduce the conductivity. It emphasized the need to
monitor the orientation through XRD to optimize the sintering process, providing key guidance
for the preparation of high-performance LLZO ceramic electrolytes.

Parascos et al. [45] synthesized Ga-doped LLZO powder using the sol-gel method.
By controlling the chemical homogeneity of the precursor solution and conducting low-
temperature calcination (700 °C), they effectively reduced lithium loss and enhanced the
sintering activity of the powder. Combined with a tape casting process and low-temperature
sintering (1050 °C), they successfully prepared a high-performance self-supporting film
with a density of 98% and an ionic conductivity of 1.41 mS/cm. Furthermore, they con-

https://doi.org/10.3390/inorganics14060148


https://doi.org/10.3390/inorganics14060148

Inorganics 2026, 14, 148

8 of 23

structed a multi-layer porous/dense/porous structure with a fully interconnected pore net-
work. This structure enabled the symmetric lithium battery to cycle stably for over 200 times
at 0.5 mA/cm?, and exhibited a high critical current density (CCD) of 2.5 mA /cm?. This
work provides an important approach for the large-scale preparation of high-performance
LLZO electrolytes using sol-gel and tape casting technologies for all-solid-state batteries.

Ashuri et al. [46] successfully synthesized aluminum-doped LLZO using the sol-gel
combustion method. This method achieved atomic-level uniform mixing of the components
through liquid precursors. At a sintering temperature of 1100 °C, the 0.25 mol Al-doped
sample formed a pure cubic phase, achieving a high relative density of 94% and exhibiting
optimal electrical conductivity.

4.3. Field-Assisted Sintering Method

The field-assisted sintering method, such as spark plasma sintering (SPS) or field-assisted
sintering technology (FAST), is an advanced process for preparing LLZO. By applying direct
current, pulse current, and axial pressure, the LLZO precursor powder can be rapidly densified
and sintered within a few min at 1100-1180 °C and 5-10 MPa using the electric field induction
effect. This method can effectively solve the problems of serious volatilization of traditional
sintered lithium, low density, and long cycle. It can stabilize the cubic phase structure of
LLZO, inhibit the impurity phase, and improve the density and room temperature lithium-ion
conductivity. In addition, the crystal structure and ion transport properties can be optimized
by adjusting the electric field strength, sintering temperature, and doping elements, which
provides a key technical guarantee for the low-cost and large-scale preparation of LLZO
electrolyte for high-performance all-solid-state batteries.

Zhang et al. [47] used the ultra-fast sintering technique to prepare LLZO. They used a
direct current power supply to generate Joule heat in the two layers of carbon felt, thereby
rapidly heating the LLZO sample to a high temperature within an extremely short period
to achieve rapid densification. The study also found that ultra-fast sintering would leave a
Li,O contamination layer approximately 40 nm thick on the surface of LLZO, significantly
reducing the critical current density and cycle stability of the battery. Therefore, the
research team proposed adding a brief thermal treatment (900 °C, 10 min) after sintering,
successfully eliminating the surface Li;O and restoring the electrochemical performance
to a level comparable to traditional sintering. This method significantly shortened the
sintering time, reduced lithium loss, effectively inhibited the formation of low conductivity
inclusions, and provided an important solution path for the large-scale preparation of
high-performance solid-state batteries.

Fukuda et al. [48] conducted a systematic comparison of the performance of two rapid
sintering methods, namely induction heat pressing (HP) and SPS, for the preparation of
aluminum-doped LLZO. They found that both methods could achieve a high density of
approximately 98% within 5 min under optimized conditions, and could obtain excellent
performance with a room-temperature ionic conductivity exceeding 0.45 mS/cm. Although
SPS has a slight advantage at lower temperatures due to a more uniform heat distribution
within the mold, both methods essentially rely on thermal conduction and mechanical
pressure as the dominant sintering mechanisms, and their final performances are similar.
This challenges the traditional view that “SPS is necessarily superior to HP”, providing
an important basis for the selection of rapid and efficient sintering processes for oxide
electrolytes in solid-state batteries.

4.4. Co-Precipitation Method

The co-precipitation method is a classic liquid-phase synthesis process for prepar-
ing the LLZO. It uses soluble metal salts such as lithium nitrate as raw materials, and
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precipitates Li*, La®", Zr**, and dopant ions with precipitating agents such as ammonia
water and ammonium bicarbonate to form hydroxides or carbonate precursors. After being
dried and pre-fired at 700-850 °C to remove impurities and initially form a tetragonal
phase, it is then subjected to high-temperature sintering (at atmospheric pressure/two-step
sintering) at 1100-1200 °C to stabilize and densify the cubic phase. This method has low
raw material cost, uniform element mixing, and controllable powder particle size. The
room-temperature ionic conductivity of the prepared LLZO ranges from 1.5 x 10~# to
2.0 x 10~*S/cm. Moreover, by adjusting the pH value of the precipitation process and
other parameters, the purity of the crystal phase and the ionic transport performance can
be optimized. This is one of the feasible and economical key approaches for the large-scale
production of LLZO.

Wang et al. [49] used the low-temperature synthesis method and successfully prepared
cubic Lig 1 Alg sLazZryO1, with an average particle size of approximately 180 nm at 600 °C.
This preparation process involved three steps: co-precipitation, hydrothermal aging, and
low-temperature calcination. It avoided the formation of the tetragonal phase and lithium
loss problems that occurred in the traditional high-temperature process. The prepared
material has high ionic conductivity (0.42 mS/cm), low activation energy (0.17 eV), and
high current density. The symmetrical battery test showed that it exhibited good cycle
stability and high current density (2.16 mA/cm?) at the lithium metal interface, providing
a feasible experimental basis for the development of high-performance and easy-to-process
all-solid-state lithium metal batteries.

Guo et al. [50] used the co-precipitation method to synthesize high-performance
Lig 4Gag2LazZr,01p powder. They precipitated Ga®*, La®*, and Zr** together in an alkaline
solution to prepare nano-sized ternary GaLaZr precursors. These precursors were then
formed into micron-sized spherical secondary particles through spray drying. Subsequently,
Li;CO3 was introduced through three methods: wet ball milling, dry ball milling, and dry
mixing. It was found that wet ball milling could achieve uniform mixing at the nanoscale,
reducing the synthesis temperature of the cubic phase Ga-LLZO to 800 °C, which was
significantly lower than the 1000 °C required by the dry method. Eventually, a high-
performance electrolyte material with an ion conductivity of approximately 1 mS/cm was
obtained. This method avoids the use of toxic gases and flammable solvents, and has the
advantages of safety, environmental friendliness, and ease of large-scale production.

4.5. 3D Printing and Complex Architecture Fabrication

3D printing and complex architecture manufacturing are extremely advanced tech-
nologies for producing LLZO solid electrolytes. Traditional synthesis methods (such as
solid-phase reactions and sol-gel methods) can produce flat pellets or films with good
density, but they cannot customize the macroscopic and microscopic geometries of the
solid electrolytes. By using 3D printing technology or template-assisted techniques (such
as freeze casting), LLZO can be processed into complex 3D structures. This advanced
method has unique advantages. It can significantly expand the contact area of the elec-
trode/electrolyte, alleviate the mechanical stress at the interface, and facilitate the inte-
gration of thicker composite electrodes, thereby breaking the ion transport limitations of
traditional planar batteries [51,52].

Dandeneau et al. [53] investigated the structural stability and electrochemical per-
formance of Ga-doped c-LLZO tubular electrolytes prepared by 3D printing and reactive
sintering in the molten eutectic PbLi. The experiments demonstrated that after being
immersed at 350 °C for 100 h, the material maintained a cubic phase structure with high
ionic conductivity; while at 450 °C, a tetragonal phase transformation and secondary phase
formation occurred within only 6 h, and a darkening in color was observed after 50 h.
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This indicates that the temperature needs to be controlled below 450 °C to maintain phase
stability. Linear voltage sweep tests showed that lithium could be successfully pumped out
through the electrolyte at 350 °C, proving that this material is promising for use in fusion
reactors for extracting hydrogen isotopes (tritium) from PbLi by direct electrolysis.

Shen et al. [54] fabricated a porous c-LLZO scaffold with oriented low-tortuosity chan-
nels through the freeze casting technique, and further infiltrated it with LiNip ¢Mng 2Co( 202
active material to construct a composite thick electrode for solid-state batteries. The pore
size (approximately 52 and 23 pm) and porosity (73 and 60%) could be controlled by
adjusting the freezing temperature (—20 and —50 °C). The synchrotron radiation, X-ray
micro-CT, and fluorescence spectra confirmed the uniform orientation of the channels and
the effective distribution of the active material. The hybrid half-cell (containing liquid
electrolyte and lithium anode) exhibited excellent capacity and Coulombic efficiency after
cycling 90 times at 0.3 mA /cm?; simultaneously, a dense/porous LLZO bilayer structure
was successfully prepared, and the open-circuit voltage of the all-solid-state battery was
preliminarily verified. The theoretical model indicated that high porosity and small pore
size could shorten the lithium-ion diffusion path and increase the contact area, thereby
enhancing the battery performance. This freeze casting strategy provides a new idea for
designing thick electrodes for high-energy-density solid-state batteries.

Karuppiah et al. [55] utilized digital light processing (DLP) 3D printing technology to
fabricate T-doped LLZO. By optimizing the slurry formulation (using HDDA as the binder
and Irgacure 1173 as the photoinitiator) and the debinding and sintering process (extending
the 400 °C holding time), they successfully eliminated cracks and delamination defects, and
obtained high-density and highly pure cubic-phase LLZO ceramics. The electrochemical
impedance spectroscopy measured the total ionic conductivity at room temperature to be
3.15 x 107> S/cm, with an activation energy of 0.57 eV. Moreover, the study demonstrated
that through DLP technology, LLZO scaffolds with oriented porous structures could be
customized, providing a new idea for constructing thick solid-state battery electrodes with
high interface contact and low tortuosity.

Conclusions: Different preparation methods have their own characteristics. The
solid-phase method [38-42] is suitable for large-scale production, but it has prob-
lems of high temperature and lithium volatilization. The sol-gel and co-precipitation
methods [43-46,49,50] have advantages in component uniformity, but the process is rela-
tively complex. In contrast, field-assisted sintering [47,48] can achieve high density in a
short time, thereby improving material performance. Moreover, new technologies such
as 3D printing show potential in structural design, but they are still in the development
stage. Therefore, in the future, it is necessary to achieve a balance between cost reduction,
structural controllability, and performance improvement.

5. Improvement Strategies for LLZO

LLZO exists in two forms: the t-LLZO and the c-LLZO. The ionic conductivity of the
latter is two orders of magnitude higher than that of the former. However, c-LLZO is a
stable phase at high temperatures. The c-LLZO present at room temperature is essentially
an amorphous and unstable phase of lithium ions. Moreover, it has poor contact with
the positive and negative electrode solid—solid interfaces and a thick thickness, which
significantly reduces the volumetric energy density of the battery and makes it difficult to
be used alone as an electrolyte in solid-state batteries.

Regarding the issues faced by the LLZO in practical applications, such as insufficient
ionic conductivity, low sintering density, high interface impedance, and poor mechanical
flexibility, current research has developed a set of internal-to-external, multi-scale collabo-
rative improvement strategy systems. (1) Starting from the lattice interior, optimize the Li*
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transmission channels through element doping to enhance the intrinsic ionic conductivity;
(2) At the material preparation level, introduce sintering aids to reduce the temperature
required for increasing density, inhibit lithium volatilization, and regulate the crystal bound-
ary structure; (3) In the electrolyte structure design, combine with polymer electrolytes
to form flexible composite electrolytes, which can balance good ionic conductivity and
mechanical properties; (4) In the battery integration process, optimize the contact inter-
face between the electrode and the electrolyte to significantly reduce interface impedance
and inhibit the growth of lithium dendrites. These strategies complement each other and
jointly point towards the ultimate goal of constructing high-performance, highly stable,
and scalable solid-state batteries.

5.1. Element Doping

At room temperature, the t-LLZO is more stable than the c-LLZO; therefore, finding
a method to stabilize the cubic structure is of great importance. Elemental doping is a
commonly used modification method. By introducing appropriate high-valent cations, the
lithium content in LLZO is reduced, thereby introducing more Li* vacancies as charge
carriers to enhance the migration and ionic conductivity of Li*. An appropriate amount
of lithium vacancies (studies show that introducing approximately 0.4 to 0.6 vacancies
per formula unit is optimal) can effectively stabilize the cubic structure and prevent its
transformation to the tetragonal phase, thereby generating room-temperature stable cu-
bic LLZO [56]. For the LLZO material, the most effective doping strategies involve the
substitution at lithium sites (such as AI**, Ga®*) and zirconium sites (such as Ta>*, Nb°*).
Among them, Ta>* is considered one of the best dopants because it has excellent electro-
chemical stability. From the perspective of crystal chemistry, the ionic radius of the dopant
is crucial for the stability of the framework. For example, Ta>* (0.64 A) is slightly smaller
than Zr** (0.72 A), and AI** (0.39 A) is also smaller than Li* (0.59 A). A well-matched and
usually smaller radius not only minimizes lattice distortion but also causes a slight lattice
contraction, thereby further enhancing the stability of the garnet framework. Due to the
high structural stability of the framework of garnet, this moderate aliovalent doping does
not alter its structural properties. Therefore, it is an ideal method for adjusting the lithium
content, increasing Li* vacancies, and enhancing ionic conductivity [57,58].

Miara et al. [59] explored two key approaches to enhance the performance of LLZO
through first-principles calculations of the system. (1) They systematically screened 128 poten-
tial cation dopants and found that new dopants such as Zn?* and Mg?* might have greater
potential for stabilizing the high-conductivity cubic phase than the traditional Al**, as shown
in Figure 5. (2) They evaluated the thermodynamic stability of the interface between LLZO
and different cathode materials, and the results indicated that the LiCoO, interface was the
most stable, while LiFePO, was prone to interface reactions and the formation of products
such as Li3POy, as shown in Table 2 and Figure 6. This research provides valuable references
for finding stable cation dopants and cathodes, and helps to improve the overall performance
of solid-state batteries with LLZO electrolytes and cathodes.

The different doping positions of the elements in the LLZO are classified into three
categories: Li substitution, Zr substitution, and La substitution, and they are divided into
three different doping forms: single doping, double doping, and triple doping. Detailed
information on the calcination temperature, sintering time, room-temperature conductivity,
relative density, and activation energy of the different doping methods of LLZO studied in
recent years is listed in Table 3.
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Figure 5. Position and oxidation state preferences of dopant elements. The color indicates the stable
cation occupancy sites (Li site is green, La site is red, Zr site is blue). The darker the color, the lower the
defect energy. Reproduced with permission from Ref. [59] Copyright © 2015 American Chemical Society.

Table 2. Maximum reaction energy and decomposition products of the electrolyte/cathode combina-
tion, where the available voltage for lithium is 3 V [59].

(x) Electrolyte (1 — x) Cathode A@ (eV/Atom) Normalized Decomposition Products

0.29 LLZO 0.71 LCO —0.207 0.143 LayO3 + 0.565 LiLaZrOy4 + 0.715 LipCoO3
0.22LLZO 0.78 LMO —0.665 0.78 LipMnOs + 0.111 Lay O3 + 0.221 Lay Zr, O7
0.35LLZO 0.65 LFP —1.735 0.53 LiFeO, + 0.65 LizPOy + 0.12 LagFeOg + 0.35 Lay Zr, Oy
0.50 LLTO 0.50 LCO —0.105 0.50 LazTaO7 + 0.50 LizTaOy4 + 0.50 LiCoO3

0.50 LLTO 0.50 LMO —0.402 0.50 La3gTaO7 + 0.50 Li3TaO4 + 0.50 Li;MnO3

0.38 LLTO 0.62 LFP —1.161 0.375 LaFeOs + 0.625 Li3PO4 + 0.750 LaTaOy4 + 0.125 Fe,O3

0.0

|
o
U

I
=
o

|
=
w

Stability Ranges:

Reaction energy (eV/atom)

—20F . i .
LLTO
-25} . L >
2.5 ® LMO »
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i TR T
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Figure 6. Blue: LiCoO;, Red: LiMnO;, Green: LiFePOy, thick: LLZO, thin: LLTO. Driving force for
interphase formation between electrolyte and cathode, with varying voltage from 0 to 5 V vs. lithium
metal. The calculated LLZO, LLTO, and LCO, LMO, LFP intrinsic stability windows are marked on
the bottom for reference. Reproduced with permission from Ref. [59] Copyright © 2015 American
Chemical Society.
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Table 3. Chemical formula, doping elements, calcination conditions, total electrical conductivity,
activation energy, and density of LLZO.

Doping Calcination Temperature, Sintering Room Temperature Activation Relative

Chemical Formula Element Time, and Method Conductivity/S/cm Energy/eV Density/%

Single-Doping

solid-phase reaction

Lig4GagaLazZr, O3 [41] Ga 850°C/6h 1.49 x 1073 — >94
Second 1100 °C/320 min
combustion sol-gel method
L16‘25A10'25La3Zr2012 [43] Al 1000 OC/l h 4.7 x 1074 —_— 90.1
Second 1180°C/10h
sol-gel method
L16_25A10_25La32r2012 [-1—1] Al 850 OC/Z h 3.08 x 1074 0.273 925
Second 1100°C/12h
chemical co-precipitation
Lig1AlysLaszZr,O1 [49] Al 600°C/4h 42 x107* 0.17 97.8
Second 1050 °C/2h
chemical co-precipitation
. ° h
Lig4GagaLazZryOg; [50] Ga gigescsé (61 1.05 x 1073 0.24 —
1240°C
combustion sol-gel metho sol-gel
Lis5GagsLazZr, 01 [60] Ga method 58 x10°* 0.3 94.2
1100°C/5h
rapid high-temperature sintering
Li6V25Gag_25La3Zr2Ou [6]] Ga (RUHTS) 1.48 x 1073 —_— 99.1
1200 °C/2 min
LigosLazAlg25Zr,012 [62] Al hot-press,1225 °C, 47 MPa, 40 min 6.8 x 1074 — 98.16%
. 2ot o solid-phase reaction, argon atmosphere 3.04 x 1074 o
LiyLasZr,O1n (Al-3wt.%) [63] Al 1000°C/12 h (60°C) 97.32
. 1-gel
LizLasZr1 5Nbg 501 [64] Nb 950 Cg/e4h 7.4 x 1074 0.40 99
. . lid-ph ti 4
LizLa g5 Ybg.15Zr2012 [65] Yb o b0ee, /rf;; on 253 x 1074 0.294 90.2
. lid-ph t
Lis 625Las Zr1 625 Tag 375012 [66] Ta 1220 f‘é‘/l D 50 ¢ /1h 7.68 x 1074 0.43 96.1
solid-phase reaction
LigyLaszZr; 7Sbo 3012 [67] Sb 900°C/6h 1.87 x 10~* — —
Second 1100°C/10h
Co-Doping
. - lid-ph ti _
LisgAlg2LazZr1 75 Wo25012 [35] AL W S0 1111;0 223 /rleza ; ton 49 x 1074 0.35 —
solid-phase reaction
. 650°C/15h —6
LisgLay7Zr2Yo2Alp2011.75 [38] ALY Second 1000°C/4h 9.26 x 10 — —
40 MPa, cold isostatic pressing
solid-phase reaction
Li5,925La2,g5Y(),U5Zr1_9255b0_075012 [39] Y, Sb 900 °C/12 h 3.2 x 1074 (30 OC) 0.30 95.1
Second 1190°C/6 h
. o o solid-phase reaction
L17Laszrz—xngfzc()S)nEfOl]/o Y203, 2 wt.% Y, Al 900°C/12h, 1.0 x 10-5 0.352 o
2M3 Second 1000 °C/24 h (2 wt.% Al,O3)
. lid-ph: t
Ll(,](,Alg,24La2‘72Gdg,zgzrzo12 [68] Al, Gd sol 9};0 2?/1‘78;(: ton 2.19 x 1074 — —_—
Lig2GagLazZry §Nbg 2012 [69] Ga, Nb sol-gel 800°C/8 h 3.7 x107* — —
Lig»Gag1LazZr 5Big 5012 [70] Ga, Bi sol-gel 800 °C/12h 1.70 x 1074 0.34 93.5
solid-phase reaction
Li6,75Ca0_252r1,75Nb0_5012 [71] Ca,Nb A1203 crucible 1.68 x 1074 — >90
1100°C/12h
. lid-ph t
Lis4LasZry 3TageCeo1 012 [72] Ce, Ta SOl 1%01582*’}? ron 1.05 x 1073 0319 >95
. lid-ph t
Lig 6LasZrNbosZno»0m [73] Nb, Zn sol 1{606‘33 ;’f}f ton 21 %1074 0.39 90
solid-phase reaction
LigaLazZry 4Nbg3Tag3012 [74] Nb, Ta 900°C/6h 448 x 107* 0.29 92.3
Second 1150°C/12h
Lis 7Cug 35 Las Zrs 4 Tag 012 [75] Cy,Ta flash sintering: 600 °C, 95 V/cm, 380 283 x 1073 — 96.6

mA/mm? (terminated).
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Table 3. Cont.

Doping Calcination Temperature, Sintering Room Temperature Activation Relative

Chemical Formula Element Time, and Method Conductivity/S/cm Energy/eV Density/%

solid-phase reaction

Lig2sAlp2sLazsNdo2ZrOn [76] Al,Nd 1150°C/15h 47 x 1074 0.32 94
: lid-ph: ti
Liz15La114Alo.a20B0.15Zr1.1012-5 [77] AL B sot 9530 fée/;;aﬁ ron 6.898 x 1074 0.153 —
Li(,.25A10_25La3zr1_75T10,25012 [78] Al, Ti Sol—gel 900 O(:/6 h 1.51 x 1074 — 89.2
: - ipitati thod _
Lig5Gag2Laz 95Rbg 05212012 [79] Ga, Rb «0 pref;%hié(}r;?e © 203 %1073 — —
. busti 1-gel method
Lig4Gag2LazZr1 7 Y3012 [80] Ga, Y com uillg(r)lgg/%g ﬁne ° 1.04 x 1073 0.28 96.6
. lid-ph: ti _
L16_65Laazr1_655b0_3Nb0_05012 [81] Sb,Nb sol 91;0 3?;2;‘1 ton 2.08 x 10 4 — 88.7
Three Doping
solid-phase reaction
Li5,7Ga0.z5LaZ85Rb0'15Zr1_35SC0,15012 [82] Ga, Rb, Sc 900 OC/lz h 1.21 x 1073 0.22 >93
second 1200°C/12h
. lid-ph. ti
Lis6Geo.05Laz 5Ca0.05Zr1 75 Tag 25012 [83] Ge,Ca, Ta om0 fge/;‘fg‘il“’“ 9.95 x 10~ 023 95.09
: lid-ph ti
LiyLa3Zro5Nbg s TagsHfo5012 [84] Nb, Ta, Hf S0 11 1]80 gze/rleéai ron 4.67 x 107* 0.25 94
Note: “—” indicates that the data were not reported in the corresponding literature.

5.2. Incorporation of Sintering Aid Agents

In view of the problems of high-temperature sintering, lithium volatilization, high
energy consumption, and poor interface compatibility in the preparation of LLZO, the
incorporation of sintering aids has proven to be the most direct and effective modification
strategy [85]. By introducing low-melting-point oxides, fluorides, or glass phase additives,
transient or permanent liquid phases can be formed during the sintering process, thereby
significantly reducing the sintering activation energy, and high densification of the material
can also be achieved in the medium temperature range of 800-1000 °C. This provides the
possibility for low-temperature co-sintering of LLZO and electrode materials, and also lays
the foundation for large-scale industrial production.

Yang et al. [86] used Li3POy as a sintering aid and combined it with rapid ultra-high-
temperature sintering technology to successfully prepare a high-performance garnet-type
electrolyte (LLZNO-LPO) for solid-state lithium-sulfur batteries. The sintering agent
LisPOy played an extremely important role in the process. It melted into a liquid phase
at high temperatures, effectively filling the gaps between LLZNO grains, significantly
improving the density of the ceramic and enhancing the contact between grain boundaries,
thereby increasing the ionic conductivity to 4.28 x 107* S/cm. The solid-state lithium—
sulfur battery assembled with this electrolyte achieved a high initial capacity of 943 mAh/g
and a Coulomb efficiency of 99.5%, proving that the sintering aid is crucial for constructing
a dense, highly conductive solid-state electrolyte that is capable of effectively blocking the
shuttle of polysulfides.

Fuchigami et al. [87] synthesized LayZrq 4Tap¢O7/Lig4LazZr; 4Tag,O12 composite
nanoparticles (approximately 120 nm) through planetary ball milling and annealing. They
used these as sintering aids to enhance the performance of the LLZTO. It was found that
when the composite nanoparticles were mixed with LLZTO microparticles at a ratio of
20 wt.%, a nearly monolayer coverage could form on the surface of the microparticles, and
after sintering at 1160 °C, it could effectively promote densification and inhibit abnormal
grain growth. The resulting product achieved a relative density of over 90%, an ionic
conductivity of 3.9 x 104 S/cm, and a Vickers hardness of 6.26 GPa, indicating that
this nano-composite additive can improve the sintering properties, electrochemical, and
mechanical properties of the LLZO ceramic.
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Luo et al. [88] used SiO; as a sintering aid to prepare W-doped Lig 4LazZr; ;W 3012
(LLZWO) through solid-phase reaction. They found that an appropriate amount of SiO,
(0.2 wt.%) could effectively promote sintering densification, increasing the relative density
to 93.8%, and could increase the ionic conductivity to 9.11 x 10~% S/cm, while reducing
the lithium-ion migration activation energy to 0.38 eV. SiO, is mainly enriched at the grain
boundaries to form a glass phase, optimizing the grain boundary structure. However, adding
too much (0.4 wt.%) would lead to performance degradation due to lithium volatilization and
increased micropores. This study proved that an appropriate amount of SiO; as a sintering
aid is an effective way to improve the comprehensive performance of the LLZWO electrolyte,
providing an important reference for its application in solid-state batteries.

Li et al. [89] employed a one-step preparation process combining solid-state reaction
sintering (SSRS) with the addition of 1 wt.% CuO as a sintering aid to successfully prepare
Ta-doped LLZO ceramics with a relative density exceeding 90% and without any impurity
phases at a temperature of 1100 °C. The ionic conductivity of these ceramics reached
approximately 1.06 x 10~* S/cm, while the electronic conductivity was negligible, and
the lithium-ion migration number was close to 1. The mechanism of CuQ’s action lies in
promoting the formation and decomposition of the intermediate phase Lay;Cug5Lig504,
accelerating the lithium-ion transport and densification process. This process is simple
and energy-efficient, providing an effective approach for the large-scale preparation of
all-solid-state lithium-ion battery electrolytes.

Hayash et al. [90] successfully reduced the sintering temperature of the LLZO to
750 °C by introducing Li3BOj3 as a sintering aid and combining the Ca and Bi co-doping
strategy. Ca®* reacted with Li3BO3 to form a low-melting Li;Ca(BO3); liquid phase, and
the doping of Bi further promoted the formation of Li-Ca-Bi-O liquid phase. These two
liquid phases effectively promoted the flow, rearrangement, and necking between particles
during the sintering process, thus achieving a relative density of up to 89% at low tem-
peratures. The electrolyte obtained a high ionic conductivity of 3.0 x 10~* S/cm at room
temperature and was successfully applied to all-solid-state lithium batteries, showing good
cycle performance.

Lee et al. [91] introduced different contents (1-10 wt.%) of Li,O-B,O3-5i0, (LBS)
glass as sintering additives into the preparation process of Ga-doped Lig 1Gag 3LazZr,012
(LGLZO), and studied its effects on material structure, ion transport, and lithium dendrite
resistance. It is found that an appropriate amount of LBS (1 wt.%) can effectively fill
the grain boundary pores, improve the density, increase the lithium-ion conductivity to
2.64 x 1073 S/cm, and reduce the activation energy to 0.299 eV, giving the material the best
dendrite resistance (critical current density of 0.38 mA/cm?) and cycle stability. However,
excessive addition (>3 wt.%) will lead to the formation of the impurity phase LayZr,O7,
which will hinder ion transport and deteriorate electrochemical performance. Therefore,
an appropriate amount of LBS as a sintering aid is a very effective strategy to improve the
comprehensive performance of the solid electrolyte.

5.3. Construction of Composite Electrolyte

Although the intrinsic ionic conductivity of LLZO can be significantly enhanced
through element doping and sintering process optimization, the inherent brittleness, high
hardness, and poor solid—solid point contact with electrodes of all-ceramic electrolytes
still severely restrict their practical application in flexible devices. To break through the
performance bottleneck of a single material, combining LLZO ceramic fillers with high
ionic conductivity and high-flexibility polymer matrices such as polyethylene oxide (PEO)
and polyvinylidene fluoride (PVDF) to construct composite solid electrolytes (CSEs) has
emerged as a highly promising solution. This “rigid-flexible” composite strategy not only
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effectively improves the mechanical processing performance and interfacial wettability of
the electrolyte but also provides new high-speed channels for lithium-ion transport through
the synergistic effect of the ceramic/polymer interface [92-95].

As shown in Figure 7, Zheng et al. [96] conducted a systematic study on the mechanism
of lithium-ion transport in the LLZO-PEO composite electrolyte using solid-state NMR
and isotope tracing techniques. They found that when the content of LLZO was less
than 20 wt.%, Li* tended to transfer within the PEO matrix. When the content of LLZO
was 50 wt.%, a large amount of Li* was transferred within LLZO. They also discovered
that adding TEGDME liquid electrolyte could reshape the transport path to the polymer
phase and significantly improve the ionic mobility. This highlights the importance of
understanding the microscopic mechanism to optimize the design of composite electrolytes,
providing a theoretical basis and method guidance for the design of high-performance
solid-state battery composite electrolytes.

PEO (LiTFSI) LLZO @ Interface Decomposed LLZO TEGDME

ss e

0 ® > e evo 00
Liv, - O ~— 9 O .. /
e Xeie g
: ° : -...'-. PRI 9 W e ;:"q *
LLZO (5 wt %)- LLZO (20 wt %)- LLZO (50 wt %)- LLZO (50 wt %)-PEO
PEO (LITFSI) PEO (LITFSI) PEO (LITFSI) (LITFSI) (50 wt %)-TEGDME

Figure 7. Schematic diagram of lithium-ion channels in the composite electrolytes of LLZO (5 wt.%)—
PEO (LiTFSI), LLZO (20 wt.%)—PEO (LiTFSI), LLZO (50 wt.%)—PEO (LiTFSI), and LLZO (50 wt.%)—
PEO (LiTFSI) (50 wt.%)—TEGDM. Solid arrows: main Li* pathways; dashed arrows: minor pathways;
red X: blocked transport. Reproduced with permission from Ref. [96] Copyright © 2018 American
Chemical Society.

Li et al. [97] successfully reduced the crystallinity of the polymer matrix and enhanced
the thermal stability and mechanical strength by blending PEO with PVDF in a 7:3 ratio.
After further adding 10 wt.% cubic-phase LLZO ceramic fillers, they achieved an ion con-
ductivity of up to 4.2 x 1075 S/cm at 30 °C. The all-solid-state LiFePO, | | Li battery based
on this electrolyte maintained a capacity retention rate of 96.5% after 100 cycles at 60 °C.
The Li| | Li symmetric battery could stably cycle for over 300 h at 0.2 mA /cm?, significantly
inhibiting the growth of lithium dendrites. The composite solid-state electrolyte also exhib-
ited excellent flame-retardant properties. The comprehensive performance indicates that it
is an ideal candidate material for the next generation of high-safety and high-performance
all-solid-state batteries.

Saran [98] conducted a study introducing the tetragonal phase of In-doped LLZO into
the PEO/LIiTFSI polymer electrolyte at room temperature. They achieved a spontaneous
transformation from the tetragonal phase to the cubic phase within the composite system. It
was found that this transformation occurred only when the indium doping content was less
than 20%. This phase transition significantly enhanced the ionic conductivity of the composite
electrolyte (240 x 107> S/cm at room temperature). Additionally, the material exhibited a
wide electrochemical window (5.3 V), a high lithium-ion migration number (0.34), and excellent
cycling stability. This research revealed the synergistic effect between PEO and LLZO and
the lithium-ion rearrangement mechanism, providing a new approach for the low-cost and
low-temperature preparation of high-performance solid-state electrolytes.

Pang et al. [99] successfully prepared a high-performance organic-inorganic composite
solid electrolyte (O-ICSEs) by combining Ga/Ta co-doped LLZO particles
(Lig4Gag 1LazZr; yTag 3012) with PEO-LiTFSI polymer. This electrolyte achieved an ion
conductivity of 4.35 x 10~%S/cm at 60 °C, expanded the electrochemical window to 5.5 V,
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and significantly increased the lithium-ion migration number to 0.39. The solid-state battery
operated stably for over 1000 h at 0.2 mA /cm?, and the full battery maintained a capacity
retention rate of 91.1% after 100 cycles. This provided a feasible electrolyte solution for the
development of high-safety and high-energy-density all-solid-state lithium-ion batteries.

5.4. Optimization of Electrode/Electrolyte Contact Interface

LLZO has a relatively wide electrochemical window [100,101]. However, when in
direct contact with the oxide cathode under high voltage conditions, it is still difficult
to completely avoid the occurrence of element interdiffusion and the space charge layer
effect (Space Charge Layer). This leads to the formation of a decomposition product layer
with high resistance at the interface. This chemical and electrochemical instability severely
restricts the interfacial transport of lithium ions. To address this challenge, using materials
with good chemical stability (such as LNbO3, LizBOg, etc.) to perform surface coating
on LLZO or positive electrode particles, and constructing an artificial cathode—electrolyte
interphase (CEI), or constructing an interface buffer layer, has become a practical and
effective modification method [102-105]. The aim of this strategy is to physically isolate the
direct contact between LLZO and the cathode, inhibit the diffusion of harmful elements,
and, at the same time, ensure the smooth transmission of lithium ions by leveraging the
ionic conductivity of the coating layer itself.

As shown in Figure 8, Li et al. [106] employed a “rigid-flexible” design concept to
develop a novel soft-hard laminated hybrid electrolyte, referred to as polymer-in-ceramic
(PIC), to enhance the performance of solid-state lithium metal batteries. The intermediate
layer of this PIC electrolyte is a polymer—ceramic composite with a high ceramic content,
providing robust mechanical properties to inhibit lithium dendrite growth. The outer
layers consist of commercial separators impregnated with a liquid electrolyte, forming a
soft and porous interface that significantly reduces electrode contact resistance. The PIC
electrolyte exhibits a high room-temperature ionic conductivity of 4.76 x 10~* S/cm and
an interfacial resistance of less than 300 (), demonstrating excellent thermal stability and
effective dendrite suppression. Furthermore, LiFePO, | Li cells based on this electrolyte
deliver a high initial capacity of 125.8 mAh/g at room temperature, good cycling stability
(94.9% capacity retention after 200 cycles), and high Coulombic efficiency, indicating their
great potential for practical applications in solid-state batteries.
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Figure 8. Schematic diagram of a solid-state lithium metal battery with an interlayer structure and

mixed electrolyte (PIC: polymer-in-ceramic). Reproduced with permission from Ref. [106]. Copyright
© 2022 John Wiley and Sons.

Song et al. [107] employed the dry coating technique to uniformly coat LiNbO3 on
the surface of LLZO powder particles to isolate H,O and CO; in the air and inhibit the
formation of surface insulating Li,COj3. After the aging test, the initial ionic conductivity of
the coated sample (9.17 x 10~* S/cm) was maintained at 79%, which was much higher than
that of the 23% of the uncoated sample. In the electrochemical tests, the lithium symmetric
battery and LFP all-cell assembled with this electrolyte both had lower interface resistance,

https://doi.org/10.3390/inorganics14060148


https://doi.org/10.3390/inorganics14060148

Inorganics 2026, 14, 148

18 of 23

higher critical current density, and more stable cycling performance. This study indicates
that performing preventive surface coating on the electrolyte powder is an effective way to
improve the stability of the electrode—electrolyte interface and enhance the comprehensive
performance of all-solid-state batteries.

To address the poor interface contact between garnet-type solid electrolytes and
lithium metal anodes, as well as the problem of lithium dendrite growth, Ruan et al. [108]
proposed a simple acid—salt treatment method. They constructed a 3D cross-linking LiF-
LiCl (CF) interfacial layer on the surface, which enhanced the wettability of molten lithium
through capillary action, forming a dense and stable interface. Benefiting from its excellent
electronic insulation properties, this layer blocked electron conduction and inhibited the
nucleation and growth of lithium dendrites. The modified symmetric cell achieved an ex-
tremely low interfacial resistance (11.6 Q)-cm?), a high critical current density (1.8 mA /cm?
at 25 °C), and an ultra-long cycling stability of over 1000 h. Furthermore, they first proposed
the concept of critical areal capacity (CAC), defined as the areal capacity at which the CCDs
obtained from time-constant and capacity-constant testing modes are equal, to systemati-
cally evaluate the endurance of the interface. Full cells matched with different cathodes
demonstrated outstanding rate and cycling performances, providing a simple and effective
interfacial engineering strategy for the development of high-safety and high-performance
solid-state lithium metal batteries.

Qin et al. [109] proposed a strategy that utilizes the high-speed mechanical polish-
ing (HMP) method to effectively remove Li,CO3 impurities on the surface and pores
of the LLZTO, thereby significantly improving its interface contact with lithium metal.
Through this experiment, the surface of LLZTO changed from being desorptive of lithium
to being receptive of lithium, and the interface resistance decreased from approximately
1000 to 28.15 Q-cm?. At the same time, the cycling stability of the symmetric battery (last-
ing for 1200 h at 0.1 mA/ cm?) and the performance of the all-cell (with a LiFePOy positive
electrode cycling 500 times at 0.2C rate, with a capacity retention rate of 89.5%) were
significantly enhanced. The study shows that HMP is a simple, environmentally friendly,
and potentially scalable efficient interface engineering method.

Conclusions: Current research indicates that different optimization strategies have
distinct focuses in enhancing performance. Doping [59-84] is mainly used to regulate the
crystal structure and increase conductivity, while the composite strategy [96-99] focuses
more on improving interface issues. In contrast, the structural design method can simul-
taneously affect the ion transport path and interface contact, but it is more challenging to
implement. Therefore, future research may need to combine multiple strategies to achieve
a coordinated improvement in performance.

6. Prospects

Although LLZO has a high ionic conductivity and inherent safety, which makes it
a core component in the field of solid-state electrolytes, its commercialization process is
still constrained by two key issues: the failure of rigid interface contact and the growth of
lithium dendrites. Future research should not merely focus on improving a single ionic
conductivity indicator, but should be conducted from the perspective of multi-physics field
coupling. On one hand, it is necessary to utilize grain boundary engineering and composite
interface design to solve the problem of dendrite penetration under high current density
and break through the limitation of critical current density (CCD); on the other hand, it
is essential to overcome the challenges of ultra-thin film (<50 um) fabrication, processing
technology, and low-cost low-temperature sintering techniques, in order to balance the high
energy density and mechanical stability of the entire battery. In addition to the research on
large-scale energy storage, integrating solid-state electrolytes into miniaturized, on-chip
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integrated energy devices is also a highly promising development direction. Currently, in
the field of micro-energy systems, advanced technologies such as photolithography and
3D thin-film architectures (such as the Swiss roll design) have been successfully utilized
to develop high-performance chip-level micro batteries [110] and micro supercapacitors
with sensing functions [111]. On this basis, Zhang et al. [112] further achieved monolithic
integration of energy storage and actuation at sub-millimeter scales through micro-origami
technology. Therefore, exploring the feasibility of combining LLZO films and other in-
organic solid-state electrolytes with the aforementioned advanced micro-manufacturing
technologies is expected to provide miniature power sources for next-generation, inherently
safe, microelectronic devices. Only when a balance is achieved between the microscopic
mechanism explanation and the macroscopic engineering preparation can the LLZO-based
solid-state battery truly move from the laboratory to large-scale application.
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