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Abstract: Compared to traditional liquid-state lithium batteries, solid-state lithium batteries have distinct
advantages such as high safety and high specific energy, and have attracted widespread attention in both academia
and industry. Exploring organic-inorganic composite solid electrolytes that combine excellent mechanical proper-
ties, high ion conductivity, and large electrochemical windows is a feasible solution to developing high-performance
solid-state lithium batteries. In recent years, composite solid-state electrolytes based on polymer electrolytes and
inorganic materials have become a hot topic. In this tutorial review, we focus on recent advances in various classes
of organic-inorganic composite electrolytes and summarize the state-of-the-art strategies for improving the

performance (Especially the ionic conductivity) of solid-state electrolytes. This is followed by detailed discussions
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on the implementation of composite solid-electrolytes in various energy storage systems, including solid-state lithi-

um-metal batteries, solid-state lithium-sulfur batteries and solid-state lithium-air batteries, and the current chal-

lenges and future opportunities of organic-inorganic composite solid-state electrolytes for lithium batteries are also

provided.

Keywords: solid-state lithium batteries; organic-inorganic composite electrolytes; solid-state electrolytes; poly-

mers; solid-state lithium-sulfur batteries; solid-state lithium-air batteries
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Fig.1 (a) Garnet-type Li;LayZr,0,, (LLZ0)™; (b) Possible complex

structures in the poly(vinylidene fluoride) (PVDF)/Lig 75LagZr; 75Tag 25012

(LLZTO)™; SEM images ((c), (d)) of PVDF-LLTO nanofibers solid-state

electrolyte and symmetrical battery test (e)*); Schematic illustration (f)

for the preparation procedures of the coral-like LLZO/PVDF electrolyte

and SEM images ((g), (h))"*"!
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Table1 Performance of polymer-garnet ceramic electrolyte

Composite electrolyte Conductivity/(S-cm™)

Li//Li cells

Solid-state cells Ref.

PVDF-LLZTO nanoparticles 5.0x10™* —
PVDEF-LLZTO (3D) 1.5x10™
PVDF-LLZTO nanofibers 1.2x10™"
PVDF-LLZTO nanoparticles 2.1x10™
PVDF-LLTO nanowires 2.4x10™ —

0.1 mA-cm™, 200 h
0.5 mA-cm™, 700 h
3.0mA-cm™ 700 h

140 mA-h-g™" at 1.2 C; LCO//Li cell [28]
168 mA-h-g™ at 0.1 C; LFP//Li cell [29]
213 mA-h-g" at 0.2 C; NCA//Li cell [30]
141 mA-h-g™" at 0.1 C; LFP//Li cell [32]

(33]

Notes: LLTO—Lig 35La, 557 TiO3; LCO—LiC00,; LFP—LiFePO,; NCA—LiNi; 3C0g 15Al) 0505
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Table 2 Performance of polymer-NASICON
ceramic electrolyte

Composite Conductivity/ Electrochemical

Ref.
electrolyte (S-cm™) window €
PEG-CA/LATP .

LiClo / / >10*at60C ~5.0V [37]
4

PVDE-HFP/LAGP/ oo
EMITFSI 7.6x10*at25°C 4.8V [39]
PEO/LATP/LiCIO, 1.6x10*at60C — [40]
LAGP-PEA/LIiTFSI  1.3x10"at25'C — [43]
PEO-PEG/LAGP \
LiCIO, / 4 1.7x10"at25C — [44]
PVDF/LATP/LiTFSI 3.3x10*at20C — [45]
PEO/LiTFSI+PAN/ e
LATP 6.5x10at60C 4.2V [46]
PEO/LiTFSI+LATP .
PAN// LliTFSI+ ! 63x10*at60C  -5.0V (47]
PEO-
SN/LiTFSI+PAN/  1.3x10*at25C 5.0V [48]
LATP/LiTFSI
iiETE;IL/ LaGe/ 7.8x10°at30C  4.55V [49]
PEGDA/LiTFSI+ 4o

3.7x10"at25°C 5.0V 50
PAN/LAGP/LiTFSI [50]

Notes: PEG-CA—Polyethylene glycol-cellulose acetate; HFP—
Hexafluoropropylene; PEO—Polyethylene oxide; PEA—Poly
(ether-acrylate); PET—Polyethylene terephthalate; PIL—Polyme
rized ionic liquid; PEGDA—Polyethylene glycol diacrylate;
LiTFSI—Lithium  bis (trifluoromethanesulphonyl)  imide;
PAN—Polyacrylonitrile; SN—Succinonitrile; EMITFSI—1-ethyl-
3-methylimidazolium triluoromethanesufonate.
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Fig.3 (a) Perovskite-type LLTO"; (b) Comparison of possible lithium-
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Table 3 Performance of polymer-perovskite
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Composite Conductivity/ Electrochemical Ref
electrolyte (S-cm™) window/V ’
PEO/LLTO/LiTFSI 8.8x10*at25°C 4.5 [54]
PEO/LLTO/LiTFSI 1.8x10*at25°C 4.5 [55]
PEO/LLTO/LiCIO, 2.3x10*at60C 4.5 [56]
PVDF/LLTO/LIiTESI 5.3x10* at60°C 5.1 [57]
PAN/LLTO/LIiTFSI 2.2x107°at30C 5.1 [58]
PEO/LLTO/LiTFSI 1.3x107%at24’C 3.8 [59]
PVDF-HFP/LLTO/ ~ o

LITESI 1.2x10"at25'C 4.7 [60]
PVDF/LLTO/LIClO, 5.8x10 at25°C 5.2 [61]
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Fig.5 (a) Sulfide-type Li;(GeP,S;, (LGPS)"*¥; Arrhenius plots (b) and
charge/discharge curves (c) for the ionic conductivities of the composite
electrolytes'®); (d) Schematic illustration of the in-situ synthesis of PEO-

LGPS solid electrolyte®; Lattice model (e) and Arrhenius curves (f) of

sulfide electrolyte Lig 5sPSs 25Clg 75"
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