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Fig. 1. Development history of three-dimensional framework in lithium battery!2%-39.
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Fig. 2. Overview of the three-dimensional porous ceramic

framework reinforcing composite electrolytel!-44.
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Fig. 3. Schematic view of rigid-flexible coupling composites with different microstructures and various Li" transportation

pathway!*!

: (a) Single-phase percolation: percolated organic phase; (b) double-phase percolation: percolated organic and organic/in-

organic interfacial phase; (c) triple-phase percolation: percolated organic, inorganic, and organic/inorganic interfacial phase.
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Fig. 4. Tonic conductivity and the promotion factor comparison of different solid electrolytes!

defined as the ratio of the conductivity of composite to the conductivity of polymer.
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Fig. 5. (a) Photographs of composite electrolytes with 0 dimensional particles and three dimensional framework before and after

heating at 400 °C for 2 h*¥); (b) heating experiments operated at 150 °C for 3 h on the three dimensional composite electrolyte (top)

and pure polymer electrolyte (bottom )P,
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Fig. 6. (a) Flammability test of composite electrolytes with O-dimensional particles and three-dimensional framework; (b) flam-

mability test of commercial separator and composite electrolyte with three-dimensional framework!*3.
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Fig. 7. Template method to prepare three-dimensional skeleton: (a) Schematic demonstrating of the procedure to prepare three-di-

mensional skeleton with bacteria cellulose as a templatel*”); (b) schematic illustration for the synthesis of three-dimensional skeleton

with sponge as a templatel; (c) cycle performance of LiFePO,|Lig ;LagZroAl)5015/PEO|Li battery at 0.2 CIP3l.
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Fig. 8. (a) Schematic setup of electrospinning garnet-PVP nanofibers®); (b) schematic procedure to fabricate the FRPC lithium-

ion —conducting membranel®™; (c) SEM images of the as-spun nanofiber networkP; (d) SEM image of the garnet nanofiber

network?); (e) schematic illustration of the fabrication procedure of the composite electrolyte film prepared by solution spraying

method !,
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Fig. 9. (a) Schematic representation of the synthesis of composite electrolytes generated by sol-gel method!*?; (b) schematic of the

templating procedure used for the synthesis of structured composite electrolyte, generated by 3D printing. Corresponding SEM im-

ages of each synthesis stage are included below each schematicl52,
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Table 1.  Advantages and disadvantages of three-dimensional framework prepared by different methods.
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Fig. 10. (a) The SEM cross-sectional view of LFMP |PVCA-LSnPS|Li cell and LFMP|LSnPS|Li cell*!; (b) galvanostatic charge-dis-
charge curves of LFMP|PVCA-LSnPS|Li cell and LFMP|LSnPS|Li cell*4.
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SPECIAL TOPIC—Fundamental physics problems in all solid state batteries

Three-dimensional porous ceramic framework
. . . *
reinforcing composite electrolyte

Cui Long-FeiV?  Ju Jiang-Wei®?  Cui Guang-Lei !t
1) (Qingdao Industrial Energy Storage Research Institute, Qingdao Institute of Bioenergy and Bioprocess
Technology, Chinese Academy of Sciences, Qingdao 266101, China)
2) (Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 18 September 2020; revised manuscript received 28 October 2020 )

Abstract

All solid-state lithium batteries demonstrate excellent characteristics of high safety and energy density,
which make them very promising energy storage devices. Among various kinds of solid electrolytes, rigid-flexible
coupling composite electrolyte combines the advantages of rigid solid inorganic ceramic electrolytes, i.e.,
excellent room temperature ionic conductivity, and of flexible solid polymer electrolytes, i.e., the flexibility, and
thereby is considered to be one of the most ideal electrolyte candidates for all solid-state lithium batteries.
Dispersing 0- or 1-dimensional inorganic fillers is a widespread method to fabricate rigid-flexible coupling
composite, where the ionic conductivity of polymer can be improved by one order of magnitude mainly due to
the decreased degree of crystallinity. However, aim to further increase the ionic conductivity by increasing the
filler content cannot be accomplished because of the fillers' tendency to aggregation. what's more, the highly
conductive inorganic fillers are separated by the polymer phase and thus cannot form fast and continuous Li*
transportation channels. Accordingly, inorganic fillers which can provide percolated pathway for LiT
transportation and avoid aggregating are highly desirable. To this end, different from adding 0- or 1-
dimensional inorganic fillers into polymer matrices, polymers can be cast into porous inorganic substrates, that
is, 3-dimensional porous ceramic framework, to obtain organic-inorganic composite electrolyte, in which organic
phase, inorganic phase, and organic/inorganic interfacial phase are all continuous for fast Li* transportation.
And meanwhile, its self-supported structure prevents the agglomeration of inorganic particles. In recent years,
the 3-dimensional porous ceramic framework has been more and more frequently used in rigid-flexible coupling
composite electrolytes. To have a deep insight into the positive function of 3-dimensional porous ceramic
framework, in this review, we firstly reveal the mechanism of the huge improvement in the ionic conductivity
and thermostability of the composite electrolyte. Then, we summarize the frequently used preparation methods
of the 3-dimensional porous ceramic framework reported recently. Finally, for the future perspective of rigid-
flexible coupling composite electrolyte development, we propose two feasible improvement strategies. This
review can thereby provide great significance of designing solid electrolytes with comprehensive performance for

all solid-state lithium batteries with high energy density and superior safety.

Keywords: three-dimensional porous ceramic skeleton, organic-inorganic composite electrolyte, all-solid-state

lithium battery, in-situ polymerization
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