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CSSE membrane preparation process
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(a) Schematic illustration for the preparation procedures of the 3D coral-like
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(b) Cycling performance of the Li|PVDF/3DLLZO-5%|LFP cell at 1 C and
the representative charge—discharge voltage profiles
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Fig. 5 Schematic illustration of the preparation of the LLZO/PVDF CSSE, and the curves of cycling performance

[41]
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BLRRENE, B0 DO 0 s I . i, Yu
2EBL LATP 9K BikIIN A\ 2] PEO/LICF;S0; H1, i
IR RIEIRTS T —Fh PEO/LATP/LICF3SO; H&
HAR . MARgE RN, ZE A MRS IEN LFP
R R R I AR G AR, ST HSERN
1.6x107* S/em (£ 60 °C). 4xHijth LilPEO-LiCF;SOs—
LATP|LFP MAZ R B, £ 0.5 C M 60 C, &id
1000 YXAEHR, HLHE) Coulomb R 5E 7E 98.85%~
99.90%, ZAEARFFEN 70%. Liang 5@ 189477
153543 7 —Fh PVDF-HFP/LAGP H-& Wik, %
JESF 35 R 55 7 HEL S 6 3.18% 107 S/em,  HAALEE 1A
53V, METIBEEN 0.61. MFREIBIE 2 mA/cm®
TR SE B R, PVDF-HFP/LAGP & & Hifif i ikt
548 Li 5 I0A H IR GF M1 - 2H 2% 1 NCMS81 |
PVDF-HFP/LAGP|Li 4xHijth, £ 0.2 C 5%, Zid
500 AEH, MR RRER N 84.5%.

LATP 1 LAGP &R & &5 5 & i
HL SR B, (R AN A A H AR T ) d
RN FE R AR 254 S5 AN A T A 1R K A8 4k
Bt , Zhao Z5EWIHEF F T A [H & B LAGP X

Nano-LAGP"
PVDF-HFP polymer LiTFSI dissolved
in Tonic liquid

LAGP-based solid polymer composite electrolyte

(a) Schematic illustration for the synthesis of PVDF-HFP/EMITFSI/

LiTFSI/LAGP and photograph of the membrane
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1- 2 3k -3 1 35 Ik e bk 00 ( = 4G P 3 il Tk L ) WU i
(EMITFSI)/LIiTFSI ', fil % T — % PVDF-HFP/
EMITFSI/LAGP/LIiTFSI & & (K 6a). &4
50%~60% (FiE5r%0) LAGP MR & M mRKIH
REMERE FHRSE, £ 9.2x107 S/em 1 9.6x
107 S/em 2 [i] . LFP|Li HIAE 0.05 C 155 T 414
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IRE4ERE 141.3 mA'h/g AR, RERFFEN
89.5% (K 6b). Liang 5"t — L3 m 7RO &
i, X4 PVDF Ml LATP [Pl 1:9 B, HEH
R (1 R LS 7 L R T Ik 6.26% 107 S/em. 18 IR
T H A 0E 1L S 1Y) PVDF/LATP/LiPF, 41 %% T
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(b) Cycling performance of LFP/Li at 0.05 C,
insets indicate charge and discharge profiles
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Fig. 6 Schematic diagram for the synthesis

of PVDF-HFP/1-ethyl-3-methylimidazolium bis(fluorosulfonyl)

imide

(EMITFSI)/LiTFSI/Li, sAly sGe, s(PO,); (LAGP) CSSE and the cycling performance test of battery™”)
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THSERE. HE, BHTHRAYERRES AP
H0 RAERMN, SAK H,S, SEHAES P
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GHMRT, BERT DRI B R SR, W
RedR i HRa e 140, Zhao N BRAL IS I IH
L LGPS I Z] PEO 1, il | —MES T iaE
) PEO/LGPS/LiTFSI & & IR . 1iZ5H 1% (i
®M40) LGPS M &M 7E = iR Bon s
(B T HL S %2 1.18x107° S/em. 7E LFP|Li 4> HE:
TR R B BT I A R R R R A MR . N
T LGPS 73 B 5), I 3-S5k = A A
FE(CTMSYE A7, K 3HE LGPS 5544 PEO
I R N AE AR R, TR T B — 3R

=i E TS % 9.83x107" S/em, LiTiEBE N
0.68. HLMMIRZE REKH, ZiLAE 0.5C MEH 150
Wb, BERFFRVIREG 91%.

B& 7 WL LGPS Bt Pb ikl ob, B A
2 BB R IR TR Y B s PR s k). il
Zhang 5P B ALY B FE P IR 78L1,S-22P,Ss
IINFI &) PVDF/LITFSI t, @i AH 6 %% 1
—MEELA 120 um [ HSZHEEME AR, %
PVDF/78Li,S—22P,Ss/LiTFSI & & I 1 % 5 55 1
SR EILE] T 7.07x107* S/em; Z3d 100 VR4 HL
PRI, HxT (75 RN 93.2%. Self 2512
FIF IR LisPS, 1 PEO — P44 T PEO/LisPS,
ST LRI o T 50 R I VRN FA A B 4% A4 % LisPSy
SERFEMAR s LisPSs & & 1%~5% (i & 70 £
ATURIEE &2 A ARG — NG EMEE FHE S
K, el ikF] 1.1x107 S/em (7E 80 C).
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Table 1 Electrochemical properties of some active filler-based composite solid electrolytes

Electrochemical

Filler type Composite solid-state electrolyte (Tonic conductivity/( S-em™))/Temperature window (vs. LiLI"YV Reference
Perovskite PVDF/LLTO/LiClO4 5.8x107Y/RT 5.20 [17]
PEO/LLTO/LiTFSI 5.53x107Y/RT 4.75 [36]
Garnet PEO/LLZTO/LiTFSI 4.76x10"*/RT 4.75 [37]
PEO/PVDF-HFP/LLZTO/LIiTFSI 1.05x107%35 C 5.20 [38]
PEO/LLZO/LiTFSI 2.39x107%/RT 5.30 [39]
PEO/LLZTO/LiTFSI 2.13x107*/RT 4.90 [40]
PVDF/LLZO/LiClO4 1.51x10"/RT 4.70 [41]
PAN-Succinonitrile(SN)/LLZTO/LiTFSI 1.58x107/RT 5.10 [42]
NASCION PEO/ Li; 3Alo3Ti; 7(PO4)3(LATP)/LiCF3S0; 1.6x107'/60 °C [43]
PVDF-HFP/LAGP 3.18x107*/RT 5.30 [44]
PEO/20% (in mass)LAGP/LiTFSI 6.76x107*/60 C 5.30 [45]
PPO/LAGP/LIiTFSI 3.46x10"*/RT 4.78 [46]
PVDF-HFP/EMITFSI/LAGP/LIiTFSI 9.6x10™*/RT 4.80 [47]
PVDF/LATP/LiPF¢ 6.26x10™*/RT 5.50 [48]
Sulfide PEO/Li;¢GeP>S>(LGPS)/LiTFSI 1.18x107*/RT [49]
PEO—(3-chloropropyl) trimethoxysilane 9.83x10"YRT [50]

(CTMS)/LGPS/LiTFSI

PVDF/78Li,S-22P,Ss/LiTFSI 7.07x10"*/RT [51]
PEO/LisPS, 1.1x107/80 C [52]

RT is room temperature.
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— IR 52 T 2 AR DT TG VR s A 7R S v R TE A Y

SEA SR B2 SR B < e R R, RIS 98 58
RIHAL BT 1 o R, (5 B R S AN JE LI 25 H A
AR, it il s R BE 2 R E A A
AR 45 ) 2 R I — Tl R RO % Yao 251118
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N 4.92 V. %) NCMS811|Li HLIBAE 0.5 C 5%
TEFF 500 )5, Coulomb ZZE Ny 99.2%, i
TRFER A 88%.

Cathode

Anode

IR0
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(a) Schematic diagram for the fabrication CSSE with Li,,La;Zr,Al,,0O,,/PEO/LiTFSI and
I/PEO/LIiTFSIFY

I\ ?\’&‘e

Good interfacial contacts

(b) Schematic illustration of the preparation process for the asymmetric sandwiched structure
membranel®®!

PIC is polymer-in-ceramic.

K7 R AR R = B 6 454 10 18125 B 1 rh e I ) 67 2

Fig. 7 Schematic diagram for the preparation of CSSE with double-layer and asymmetric sandwich structures
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Fig. 8 Possible lithium—ion transport pathways in composite
solid-state electrolytes?”
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Research Progress on Application of Organic—Inorganic Composite Solid Electrolyte in
Lithium Batteries

XING Xueqi, NI Yu, WANG Zekai, LU Hongyu, JIANG Xiaoxia, BAl Ning
(State Power Investment Corporation Research Institute, Beijing, 102209, China)

Extended Abstract

Solid-state lithium-ion batteries (SSLBs) are one of the most promising next-generation batteries due to their excellent safety,

higher energy density and longer cycle life. Solid-state electrolytes (SSEs) with a high ionic conductivity, a wide electrochemical
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window, and good mechanical properties are the importance of the high-performance SSLBs. The organic polymer SSEs have
some advantages of flexibility and good mechanical property, that makes them almost have no serious interfacial problems. However,
the low ionic conductivity is a major drawback for most polymer SSEs. Inorganic SSEs show a high ionic conductivity, a good
electrochemical stability, and a high thermal stability, but their main disadvantages are a weak mechanical property (i.e., brittle and
fragile), a poor air stability and an inferior compatibility with metal lithium anode. Compared to inorganic and organic polymer SSEs,
composite solid-state electrolytes (CSSEs) integrating the merits of organic polymers and inorganic electrolytes exhibit a good
electrochemical performance and an excellent interface compatibility, which have attracted extensive attention in the SSEs research.
This review detailly summarized the research progress on CSSEs in lithium batteries.

The CSSEs are usually composed of inorganic fillers, organic polymers and lithium salts. The inorganic fillers are classified into
inert and active fillers. The inert fillers, such as SiO,, Al,O; and TiO,, do not transport Li" themselves, but can promote the ionic
properties of polymer matrices. The active fillers conduct Li" themselves including oxides (i.e., perovskite-type, garnet-type,
NASICON-type), sulfides, and halides, etc.. Lithium salts used for the investigation of CSSEs include LiPFs, LiBF; and
LiN(CF;S0,),(LiTFSI), etc..

The first CSSE with an inert filler was prepared via introducing an Al,0O3 into a matrix, thus improving the mechanical property
of LiCIO4/PEO CSSEs at 100 C. SiO, and TiO, were a commonly used inert ceramic filler for the fabrication of CSSEs. The content,
particle size and shape of metal oxide inert fillers affect the performance of CSSEs. The layered nano-sized claylike montmorillonite
(MMT) as a passive filler was doped into polyvinylidene fluoride (PVDF)-hexafluoropropylene (HFP) polymer to prepare a ultraviolet
(UV)-crosslinked MMT/PVDF-HFP membrane, having a room-temperature ionic conductivity of 1.6x10> S/cm. Carbon materials were
also served as inert fillers to prepare CSSEs.

The CSSEs with active fillers were synthesized via adding active fillers to polymers. LiysLagsTiO; (LLTO) is a typical
perovskite-type active filler. The reduction of Ti ions in LLTO with lithium was prevented as combining LLZO with polymers, and
the LLZO CSSEs exhibited a wide electrochemical window and a good stability. For instance, a PVDF polymer CSSEs with LLTO
nanowires delivers a room temperature ion conductivity of 5.8x10™* S/cm, an electrochemical window of 5.2 V, and a mechanical
strength of 10 MPa. The cell of LijPVDF/LLTO-15%/Li‘[LiFePO, (LFP) has a superior Coulomb efficiency of approaching 100%
after 200 cycles. The garnet-type active filler Li;LasZr,0;, (LLZO) and Lig4la3Zr;4Tags0,, (LLZTO) were divided into
zero-dimensional nanoparticles, one-dimensional nanowires and nanotubes, two-dimensional nanosheets, and three-dimensional
structures according to the geometric structures. For instance, a LLZTO/PEO CSSEs was prepared by dispersing a zero-dimensional
LLZTO powder into acetonitrile solution of PEO/LiTFSI. The room-temperature ion conductivity and electrochemical stability
window of LLZTO/PEO CSSEs are 4.76x10* S/cm and 4.75 V, respectively. The multi-mixing CSSE membrane consisting of
LLZTO, PEO, PVDF-HFP, and LiTFSI has a high ionic conductivity of 1.05x107* S/cm at 35 °C, an electrochemical window of 5.2 'V,
and a high Li" transference number of 0.52 at 60 ‘C. A three-dimensional PVDF/LLZO/LiClO, CSSEs was obtained by adding 3D
coral-like LLZO nanofiller into PVDF/LiCIO,. This CSSE membrane structured 3D interconnected framework has an enhanced ionic
conductivity of 1.51x10™* S/cm at room temperature. The assembled battery delivers a capacity retention of 95.2% after 200 cycles at
1 C. The NASICON-type Li;3Aly3Ti; 7(PO4); (LATP) and Li; 5Aly5Ge; 5(PO4); (LAGP) ceramics as active fillers were added into
PEO and PVDF-HFP polymers. A PVDF-HFP/LiTFSI CSSE containing 50% (in mass fraction) LAGP displays the maximum ionic
conductivity of 9.2x10™* to 9.6x10™* S/cm at room temperature. After 50 cycles, the cell with PVDF-HFP/50% LAGP/LiTFSI CSSE
remains 141.3 mA-h/g and a capacity retention rate of 89.5%.

Besides, sulfide fillers were investigated. However, sulfides are instability in air because it intrinsically tends to react with
moisture to generate toxic H,S gas. The CSSEs prepared with sulfide fillers improve asulfide stability and offer a high ion
conductivity. For instance, adding sulfide active filler Li;(GeP,S;, (LGPS) to PEO polymer can prepare a PEO/LGPS/LiTFSI CSSE
membrane with a stability in air. The CSSE has an ionic conductivity of 1.18x10™* S/cm at room temperature. After 150 cycles at
0.5 C, the cells using PEO/LGPS/LiTFSI as a membrane demonstrates superior capacity retention and rate performance.

To meet high-voltage cathodes and lithium metal, CSSEs with bi-layered or multi-layered structures maximize the synergistic
effect of each layer without or withless sacrificing their properties, particularly for adjustable interphase. A bi-layer structure used
Lig4La3Zr, Al ,0,,/PEO/LiTFSI and I,/PEO/LiTFSI CSSE layers to contact with cathode and anode, respectively. After 500 cycles at
0.2 C, the LFP||Li cell maintains a specific capacity of 146.20 mA-h/g. A sandwich structure CSSE with PAN/PVDF-80% (in mass)
LLTO/PEO was prepared by a casting method, having an ionic conductivity of 2.81x10™* S/cm and an electrochemical window of
4.92 V. The assembled battery delivers the Coulomb efficiency of 99.2% and a capacity retention rate of 88% at 0.5 C after 500 cycles.

The mechanism of ion transport in CSSEs has not yet clarified due to itscomplexity. The current well-known ion transport
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pathways in CSSEs include polymer matrix, inorganic active fillers and interfacial regions between polymer matrix and active fillers.

Among them, the ion-transport pathway at the interfaces is relatively complex, and more efforts are needed to reveal the mechanism.

Summary and prospects CSSEs have attracted great attention for the development of SSLBs because they can improve ionic
conductivity and enhance the mechanical strength and stability of the SSEs by incorporating inorganic fillers into polymer electrolytes.
Recent research progress on the CSSEs were summarized. The main components of the key materials of CSSEs, i.e,, inert and active
fillers in the polymer matrix, were classified and summarized. The advanced structures of CSSEs to withstand lithium metal reduction
and high-voltage positive electrode oxidation were explored. In addition, the possible mechanism of ion conductivity in CSSEs
wasalso discussed. Although CSSEs were used in battery applications, they still had some challenges in ion conductivity, lithium-ion
transport mechanism, and interface compatibility. Some key issues need to be considered for the future studies, i.e., further increasing
in the room-temperature ionic conductivity of CSSEs, understanding of ion conduction mechanism in different types of CSSEs, and
optimizing the interphase between the solid electrolytes and the electrodes.

Keywords composite solid electrolytes; solid lithium battery; filler; ionic conductivity; lithium-ion transport mechanism



