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Fig 1. (a) The thermodynamics stable window of oxide and sulfide solid electrolytest*’l. (b)

The first principles calculation results of the thermodynamics stable window of LizLazZr,01,181.
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Fig. 2. (a) The Li* conductivity of LLZTO/PEO composite electrolytes as a function of
different particle sizes and volume fractions of LLZTO[?l. (b) Schematic diagram of LLZO
nanoparticle in the PEO composite electrolyte and (c) the fast ionic conduction pathway along the

space charge regions. Schematics illustration of the percolation behavior along the LLZTO/PEO



interface: (d) volume fraction of LLZO is less than the percolation threshold; (e) the onset and (f)

the disruption of the percolation?4].
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Fig. 4. (a) Schematics illustration of the rigid-flexible organic/inorganic composite
electrolytel®?. (b) “Ceramic-in-polymer” (CIP) and “polymer-in-ceramic” (PIC) composite

electrolytel®3l, and (c) hierarchical sandwich-type composite electrolytes®4.
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Fig. 7. (a) Cross-sectional SEM image and impedance spectra of all-solid-state batteries after
cycling which indicate the cracks of the solid-solid interface between the composite cathode and
LLZO ceramics pellet*]. (b) Illustration of garnet-based all-ceramic Li battery enabled by high-

lelastic Liz.985B0.00s0CI solderl4l,
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Fig. 8. (a) Hlustration of low-dense LLZO ceramic with lattice defects®®!]. (b) The wettability
of Li metal against LLZO ceramic electrolyte with Li»CO3 contamination. (c) The inhabitation
effect of Li-penetration with ionically conducting intermediate layer, (d) Ti-doping
electronic/ionic interphase is formed at the lithium anode side to homogenize local electrical field
and hinder the e™ infiltration, which is effective to inhibit the Li-penetration through LLZO

ceramic pellet®2,
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Fig. 9. (a) Morphology of LLZO ceramic pellet after Li penetrationl®. (b) Simplified

model of a Li filament in a solid electrolyte which predicts the aggerating stress at Li/LLZO
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interfacel™. (c) Chemo-mechanical coupling mechanism that cause strain/stress at the interface
between Si anode and solid electrolytel®8l. (d) Illustration of the flexible and rigid interfaces

between Si anode and flexible composite electrolyte which alleviate the interfacial strain/stress
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it 11 AR P8

Fig. 10. (a) Thermal stability between lithium metal and NASICON-type LAGP solid
electrolytel®l, (b) Accelerating rate calorimeter test results of four oxide electrolytes and Li

metals, and schematics of the thermal runaway reaction between oxide electrolyte and Li metall®,
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Thick Composite Cathode

High-performance
solid garnet batteries

Thin garnet-based solid electrolyte

Dendrite-free Lithium Metal Anode
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Fig. 11. Development strategies of solid garnet batteries with energy density higher than 400

Wh kg3,
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Fig. 12. (a) Cross-sectional illustration and SEM images of bipolar quasi-solid-state batteries
with LMFP cathode, LLZO-based hybrid electrolyte and LTO anodel®8l, (b) the electrochemical

stable window of Al foil and Cu foil, and the schematics of Cu/Al bipolar current collector(®* 68l,
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Fig. 13. (a) Schematics of bipolar solid-state batteries composed of solid-state electrolyte
(SSE), cathode, anode and bipolar current collector (BCC). (b) Based on bipolar battery
architecture, the gravimetric energy density as a function of thickness of four solid electrolytes
(LiPON, sulfide, LLZO ceramic electrolyte and LLZO composite electrolyte), and (c) the mass

loading of composite cathodel®3,
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Fig. 14. Key physical issues involved in solid garnet batteries (the insets

excerpted from references).
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Physical issues in solid garnet batteries’

Zhao Ning Mu Shuang Guo Xiangxint

College of Physics, Qingdao University, Qingdao, 266071, China

Abstract

Solid-state lithium batteries with solid electrolytes have the potential to achieve

high energy density and safety, which are promising in the electric vehicles and

wearable devices. The garnet-type LizLasZr.012 (LLZO) attracted a great deal of

attention due to its high ionic conductivity and good chemical stability to lithium metal.

Herein, based on recent progress, this review provides a fundamental understanding of

garnet-based electrolytes by evaluating the thermodynamic/kinetics stability and
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analyzing the Li* conduction mechanism of ceramics and composite garnet electrolytes.
To address the key factors influencing the cyclability and safety of solid-state batteries,
the rational design of solid electrolyte/electrode interfaces are discussed in terms of
interface matching, charge transfer, strain/stress, and thermal stability, etc. Finally, the
design guidelines of high-energy-density solid-state batteries are introduced by
analyzing the fabrication of electrodes, solid electrolyte and bipolar current collectors.
Through the above discussion, this review aims to provide insight into the physical
parameters affecting the performance of garnet-based electrolytes and interfaces, to
guide for more target-oriented research on developing high-performance solid-state

batteries.

Keywords: Solid-state batteries, Garnet-based solid electrolytes, Electrolyte/electrode

interfaces, Solid-state battery design
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