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Table 1 lonic conductivity, electrochemical window and battery cycling performance of PEO-based SPEs
- lonic . Positive and negative electrode/Operating
Msfriltfelgiuon Electrolyte composition conductivity/(S-cm2)/ E\l\?icr:(rj(;?/\r/]f\r/n ical temperature/°C; Charge cut-off voltage/V; ~ Reference
Temperature/'C Rate/C; Cycle number/Capacity retention
End-group PEGDME/LITFSI-LiFSI 1.5x1074/60 43 NMC532-L.i/60/4.3/0.2/100/80% [27]
modification MPEG-3F/LIiTFSI 8.71x1074/25 4.65 LFP-Li/25/4.2/0.5/300/50% [28]
Cross-linking ~ PEO/SN/LiTFSI/AI-O nanoclusters 1.41x10-4/30 >4.8 LFP-Li/25/3.8/1/1000/98.6% [29]
Introduction of FGPE 3.98x10-%/25 51 NMC622-L.i/25/4.3/0.5/1000/98.6% [30]
functional F4-EOEC1-2 1.9x10°5/25 5.2 NMCB811-Li/30/4.2/0.5/800/98% [31]
groups
Optimizing PEO(16:1)/PEO(4:1) 1.7x1074/60 >5 LCO-Li/60/4.2/0.1/100/82.6% [32]
lithium salt PEO/PI/LIFSI 8x10-%/60 3.8 LFP-Li/60/3.8/0.5/400/~20% [33]
formulations LCO-Li/60/4.3/0.1/45/55%
NCM523-L.i/60/4.3/0.1/50/32%
PEO/PI/LITFSI 2.2x10-%/60 >3.8 LFP-Li/60/3.8/0.5/400/~60% [33]
LCO-Li/60/4.3/0.1/45/57%
NCM523-L.i/60/4.3/0.1/50/90%
PEO/PI/LIPFSI 2.7x10-%/60 >3.8 LFP-Li/60/3.8/0.5/400/~70% [33]
LCO-Li/60/4.3/0.1/45/63%
NCM523-L.i/60/4.3/0.1/50/82%
PEO/LIiTFSI-LiNFSI 5.8x107%/80 5.3 LFP-Li/80/3.65/1/3/300/85% [34]
PEO/LIiSSA 2x1074/80 LFP-Li/80/3.65/1/3/200/80% [35]
Inorganic PEO/LITFSI/0.7%(in mass) CsClO, 1.9x10-4/60 4.35 LFP-Li/60/4.0/0.5/100/90% [36]
additives PEO/LITFSI/5% SnF, 2.08x1074/60 4.8 LFP-Li/60/3.8/5/1000/80% [37]
NMCB811-L.i/60/4.3/0.5/100/73.5%
PEO-Mg-Al-LiTFSI 2.3x107%/25 >5 NMCB83-Li/60/4.8/1/100/80.8% [38]
Organic PEO/LIiTFSI/5% 15-C-5 1.22x1074/25 5.2 NMCB811-Li/60/4.3/0.5/300/83.17% [39]
additives PEO,LiTFSI/24% TTE 3.2x107%/25 >4 LFP-Li/25/3.8/0.2/100/90.9% [40]
Inert filler PEO/LICIO4/SiO, 4.4x107%/30 55 LFP-Li/90/4.1/1/80/~80% [41]
PEGDE/LITFSI/AI(EtO)s 6.8x107%/30 5.3 LFP-Li/30/4.2/0.1/46/95.6% [42]
PEO/SNFS@MMT120 4.9x107%/30 53 NMCB811-L.i/30/4.3/0.5 C/180/82.5% [43]
Active filler PEGDE/LITFSI/Li10GeP,S:, 9.83x1074/25 51 LFP-Li/60/4.0/0.5/150/91% [44]
LTO-Li/50/2.5/0.5/120/94%
PEO/LIiTFSI/16%(in volume) 7.2x107%/30 4.6 LFP-Li/60/3.8/-/-/- [45]
Ga-LLZO 4.1x107%/60
Blending with  PEO/PBOJ/LITFSI 2.8x10°%/25 4.6 LFP-Li/60/3.8/0.5/300/73% [46]
polymers PEGDME/8% PBDT/LITFSI 2.3x107%27 >4 LFP-Li/80/3.6/2.0 mA-cm~2/100/96% [47]
PEO/10% ZCNF/LIiTFSI 5.37x1074/60 451 LFP-Li/60/3.8/5/900/85.5% [48]
Multilayer PEO/PMAJLITFSI 2.05x1074/65 4.75 LCO-Li/65/4.25/0.2/100/91.2% [49]
electrolyte PVDF@PEO/LITFSI 2.05%x1074/65 51 LCO-Li/60/4.4/0.1/150/>95% [50]
LFP-Li/60/-/0.1/125/99.4%
Interfacial PEO/30% 2.1x10-%/30 5 LATP@SC-NCMB83-Li/60/4.2/0.5/100/90.5%  [51]
modification Lig4lasZry 4TaggO12/LITFSI 2.9x1074/60
PEO/30% BT/LiTFSI 1.06x10-4/40 4.9 LFP-Li/40/4.2/2/100/94% [52]
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Fig. 10 (a) Relationship between the mechanical strength and ionic conductivity of PEO-based SPEs[*; (b) Structure of the
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(1) Path 1: Oxidation mechanism in carbon composite electrode

X oy X 3 3 To~2% To~% o Toy%
I \o/\H, 3 - ‘O/\H/ S . To/\NQ: N o o o0 - -2 .
3 o 0 $ o 0 29 oM 0 2 NS s-Neg”
iee Fac?‘s_g'&s'?cﬂ Flcls.é)"&s:ch FSC—S.;(;,&CF) p,c-SbNd§~cp, FiCS &S ok Fie % gers
- 45v  TESI%Pol  TFSI%Pol® TFSI®Pol® TESI®Pol® HTESIPol’ HTFSI-Pol®
< Gas release (2) Path 2: Oxidation mechanism in LiCoO, composite elpc/t{ggg
suppressed fo~O% &y " 3 X oy o™~
pp: 42V \o/\'L/ R “o/\Hr * . ?o/\H( j . .o/‘:{. — g‘c"g‘“’g)'
o0 o N0 QNP oo g™ e
: | 4 R I 1% W X O S R XS T o l.o
v 65 @ 0, © s 0 o
3 © TESI®Pol  TFSI®-Pol® TFSI®-Pol® TFSI®-Pol® HTFSI Pol-Li,CoO,
= o (3) Reaction between HTFSI and Li anode [O]: Under-coordinated
m— o . tec
o HTFSI + Li=TFSI®+ Li® + 0.5H,1 surface oxygen in Li,CoO,
(a) (b)
)PEO
B A AT
SC-NCM83 e | After cycling e u {salt strcture.
LiNO; ""00 R§C ‘. ‘ ;ﬁz’i" Corrosion
Poo S HTFSI %
". Xt’ga‘; ’ pf:‘.u,r holes
AINO,), 9H,0 £ : ém‘?f PEO :
Li.PO, a84% Ty A ——
PR i . -------- After cycling { LATPS
Ci6Hs560,Ti iy @ - s cn— s
R3m R3m layer.
TFSI strcture
(©
(@)

K12 (a) LI/PEO-LITFSI/LiC0O2 HLith7E 4.2V P L= S R ZEE4; (b) PEO 2 SPEs S1E ik & & AR AN LiCoO2 5 A HIAR
A HTFSI AT Ha (R BRI (c) LATP@SC-NCM83 {14 it FER m EBY; (d) LATP JZ%F IEMR R I i -9 15 R

‘%h,‘ @[51]

Fig. 12 (a) Schematic of Li /PEO-LITFSI//LiCoO2 battery gas production above 4.2VE4; (b) Mechanism of HTFSI and H:
formation in PEO-based SPEs coupled with inert carbon composite electrode and LiCoO2 composite electrode ®4; (c)
Schematic diagram of the synthesis process of LATP@SC-NCMB83; (d) Schematic illustration of the protective effect of

LATP layer on the cathode surfacel>!
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Fig. 13 (a) Schematic diagram of the establishment of a dual ion—electron transfer interfacial layer in a LiFePO4PTPEO-PTILi cell;
(b) Electrochemical polymerization method for cell configuration and the PT formed at the interface between the LiFePO4
or stainless steels(SS) positive electrode and the electrolyte after battery disassembly!®2
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Fig. 14 (a) Preparation process of single lithium-ion conducting quasi-solid polymer brush electrolyte BC—g-PLiSTFSI-b-PEGM/
PI88l; (b) Molecular structures of copolymer electrolytes(®
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Fig. 15 (a) Schematic illustration of the traditional ex situ fabrication process; (b) Schematic illustration of the in situ dual curing
fabrication process; (c) Interfaces comparison of the EX-SPE and DC-SPEFY
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Fig. 16 (a) Scheme of the synthetic process for in situ formation of PEGMA-LAGP-Ilithium[®7; (b) Synthetic scheme of PEGMA
through free radical thermally initiated polymerizationl®7; (c) FTIR spectra of PEGMEMA monomer, PEGMA, and
PEGMA-LAGP integrationl®”); (d) Schematic representation of the structure for the PEGMEA1-SNx-SPEP; (e) lonic
conductivity of PEGMEA1-SNx-SPE at 30 ‘C[%9: (f) Photographs of the prepared PAN12—-SPE membranel®®]
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Fig. 17 (a) Schematic model of the polymerization mechanism of DOL induced by LiPFs'°4; (b) Schematic reaction mechanism of
Al(OTf)z-initiated DOL polymerization, and photographs of DOL electrolytes before and after polymerization['®Z; (c)
Proposed decomposition and recoupling routes of P-DOLI%I; (d) TGA curves of pure P-DOL (without any SnFz or LiTFSI),
P-DOL-1.5% SnF2 (with 1.5%(in mass) SnFz but without LiTFSI), P-DOL-1 mol/L LiTFSI (with 1 mol/L LiTFSI but
without any SnF2), and P-DOL-SPE (with 1.5% SnF» and 1 mol/L LiTFSI)[1:!
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Fig. 18 (a) Polymerization process of TPDOL electrolyte; (b) Optical images and ignition tests of TPDOL and PDOL electrolytes;
Thermal stability evaluation including (c) TG-DTAtests, (d) Cone calorimeter(CONE) tests of TPDOL and PDOL
electrolytes!'®; (e) Schematic diagram showing the polymerization process of HCPEs[1%]
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Fig. 20 (a) Schematic design principle of YSZ to improve the performance of PDOL-based solid-state batteries!*%: (b) Schematic
representation of the interaction between LiNOsz, LiFSI and DOLMSI; (c) Digital images of DOL with LiNOs (top) and DOL
with TEGDN (bottom) after adding initiators; 1 M LiTFSI was added to both samples!*€l; (d) Schematics illustrating the
ring-opening polymerization of DOL after the addition of initiators (top); LiNOs inhibits the ring-opening polymerization of

DOL (middle), while TEGDN does not (bottom)[11€]
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Fig. 21 (a) Schematic diagram of the selective methylation design of cyclic ether molecules and mechanistic comparison of
ring-opening polymerization in methylated dioxolanes™7]; (b) Reaction mechanism of in situ polymerization of DOL and
DOX initiated by AI(OTf)s; (c) Linear sweep voltammetry of the electrolytes at a scan rate of 1 mV-s™* with stainless steel

as working electrode; (d) Cycling performance of the Li//NCM111 full-cells using various electrolytes!*®l

1.4 BRERERSYHERER

1,3,5- =N (TXE) 2 — MRS,
HoaF4mhas 3 MERM PR, BARE
Fk 2 Ra e M. S S (POM)JE SPEs j#id TXE #
PRI 55 (ROP) il 25, o4+ F 4 HH{CH—Ol
HE IO ZREWEA R TR ERE
fiR I (40 PEO)HIHE T 4544, {H H AR i —FE AR F THI £
PEJT TR RS . HATSST POM RS
WFFATS AL T2 20 B By, Wu £ TXE FIBE3 G
(SN) PR IL S VA o2k i, @it in A\ LiDFOB £
80 ‘CHlk TXE R EE, KA TR FTEARR
PEREMI R SR (L 228~ 22b). ZAkRA

Uzrg

¥ LiCoO, IEM R AT POM F1 LiF {2, A

RUAERF T IEAR S M A4 s iy ELAE S < Dbl R T
POM {7 /2 W 5 2 $ vy 1 S THI A 1k » R IRy

FAARILE-REYME SRR st 7R

B, AR FCAE TR V2 1 AR T AR 2 A& MR T $h
JeYERfr it — P RIE.

Huang Z5M9t—3Pid@id TXE 5 LiFSI A
BRI S, Wb T —FrREsha £ SAUZ SEI 1),
fiE Ak R (L] 22¢~&] 22d). LiFSI 5638 5 A il s
LiF N2, BfiJG TXE EJEA AL LIPOM A
HMZ  RUZ SEN AR T L TR 3 S04,
W T A RRENE. M T m R R AR Lt
JG, AR R BRI B IR ARG PN A R AR
#1440 W-h-kg ).



%5 53 &4 6

PR S5 REWHRE & BRI B TT it fi

- 1541 -

SN w
TXE ~a.
< " LiDFOB

S
~ 7 <

. 4
5= |
Battery assembly @IS Polymerization GRS
=== prccursor [ mm——y SPE
Li metal PR ONoll i metal

(1) 2ui+ l:lzx:]-—& l_iolF\%F l- 4 L;'[ :j::;s/\z:/i;]_

) Li‘[p\i’F[ — F_B<F +  LF

o] -
( \\o» BF;
: r6:|:"“" T ) W o~
(€) ‘o ol —> — — 4(/\0/)
Eutectie solution Y f\l"ﬁr, J’/\/\‘t "

@

Single/F SEI °o .

------------------------

e 00 ¢
‘\//7\\/
757N

“\{ LiPOM

,,,,,,,,,,,,,,,,,,,,,,,,

NN

X LiF.rich inner layer (F)

Li metal anode

;‘:,r[ . { * LiF-rich inner layer (F)
T Li metal anode

(d)

22 (a) SPEs RAr L T 2R R (b) TXE AR R &l HE; (c)*)Z/F SEI, M4 A LiFSI:DME:HFE=1.00:1.80:2.00

(BB IR L) B LA O TR A IR0 (d)WUZ/P—F SEI, BA SN E & LiF I EFFLRFR 2 1 LIPOM 4NEFE S8 P), H
ZH RN LiFSI: TO:DME:HFE=1.00:0.16:1.80:2.00( & /K LL) () LAt Jo Fh 1), AR AR AR EL A B AR AT i 52 4 (1219

Fig. 22 (a) Schematic representation of the in situ generated SPEs process; (b) Possible polymerization process of TXE; (c) Single/F

SEI formed from an electrolyte composed of LiFSI:DME:HFE=1.00:1.80:2.00 (molar ratio)[*'%; (d) Bilayer/P—F SEI, with a
homogeneous LiF-rich inner layer and a mechanically stable LiPOM outer layer (abbreviated as P), formed in an electrolyte
with a composition of LiFSI:TO:DME:HFE = 1.00:0.16:1.80:2.00 (molar ratio), exhibiting excellent tolerance to the

volumetric deformation[19]
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Fig. 23 (a) Schematic representation of SEI formed by non-aqueous carbonate electrolyte on lithium metal electrode (left) and CEI
formed on the surface of NCM811 in Li//NCM811 battery (right); (b) Schematic diagrams of SEI formation on the Li metal
electrode (left) and CEI formation on the NCM811 surface (right) by the system electrolyte of TXE-FDMA-FEC in a

Li//NCM811 batteryl120]

2 BEEE SPEsHIETFHESXR, BUFEHEOMEMEIFELE

Table 2 lonic conductivity, electrochemical window and battery cycling performance of polyester-based SPEs

SPEs Electrochemical window/V lonic conductivity Battery performance Reference
PDCL40-SPE > 51 3.54x107°S-cm (30 'C) Li//NCM52 [121]
xBt-PCL >5 1.3x105S.cm™ (40 C) Li//NMC622 86% after 60 cycles [122]
CL-LA+3 M LiTFSI 5.0 8.9x10°5S-cm*(30 C) Li//NCM62 92.5% after 160 cycles [123]
PCL-PPC-PCL 5 3x10°S:cm (30 C) Li//LFP/ 90% after 200 cycles [124]
PCL-CS with 50%(in mass) LiTFSI 4.38 7.7x104S-cm (25 C) Li//LFP [125]
PCL with 45% LiTFSI and 75% LAGP 5.0 1.75x10 4 S-cm* (30 'C) Li//LFP 96% after 130 cycles [126]
C5-POE-F-Li >5 3.6x10°5S.cm* (45 C) Li//NMC811 82.8 % after 100 cycles [127]
. . Li//LMFP 89% after 300 cycles
C2-C9-3F-Li 45 0.21x104S-cm™ (25 C) . [128]
Li//NCM811 74.2% after 200 cycles
. . Li//LMFP 95% after 300 cycles
C6-C5-3F-Li 45 0.59x104S-cm (25 C) . [128]
Li//NCM811 21.9% after 200 cycles
PPC 4.6 3.0x104S-cm* (20 'C) Li//LiFeoMnogPO4 96% after 100 cycles [129]
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Fig. 25 (a) Schematic diagram of preparation of P(TMC) and P(TMC-CL)!13U: (b) Preparation diagram of PEOEC polymer
electrolytes!*33]; (c) A diagram of the preparation process of CSE'%4l; (d) Schematic diagram of electrochemical degradation
pathway of PPC based electrolyte under different conditions during contact with lithium metal or electrochemical
cycling[33; () Possible depolymerization of PPC under different conditions(*36]
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Fig. 27 (a) Influence of each segment of linear fluorinated polyester on the electrochemical performancel*?®; (b) HOMO-LUMO

energy diagram of C6—C5 (C6—C5-1 and C6—C5—2) and C2—C9 dimers with Li* coordination?®; (c) Cycle performance
of Li/C6-C5-3F-Li/LMFP(LiFeosMnosPO4), Li/C2—C9-3F-Li/LMFP, Li/C6-C5-3F-Li/NCM811(LiNiosMno1C00.102)

and Li/C2-C9-3F-Li/NCM811 batteries!128!
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Electrochemical . .
SPEs i lonic conductivity Battery Performance Reference
window/V
Li//LiNiosC00.15Al0.050
PVEC 45 2.1x1023S-cmt (25 °C) (08-T01TH00s2 [23]
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Li//LiNigsMn 504 96.4% after 300 cycles
PVEC-PETEA 5.3 6.9x103S-cm™ (25 C) Li// LCO 83.42% after 100 cycles [142]
PVN-GPE 45 2.63x10*S-cm™ (25 C) graphite//LiNigsMn1 504 93.2% after 200 cycles [143]
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Fig. 29 (a) Images of in situ polymerization of VC into PVCA after heating at 60 ‘C for 24 hl*44; (b) Cycle performance of
Li/PVCA/ LiCoO battery at 5.5-4.3 V and 0.1 CI"4; (c) Schematic diagram of full battery modell**8l; (d) Cycle
performance of Si/C@C-Gr/GPE/NMC, Si/C@C-GI/LE/NMC and Si/G@C-GI/LE/NMC all-batteryl'48l: (e) Schematic

diagram of a high-performance battery model designed with PVFH-PVCA polymer electrolyte*]; (f) Charge and

discharge curve of Li/PVFH-PVCA/LCO battery!14%]
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Extended Abstract

Compared with inorganic solid-state electrolyte, solid polymer electrolyte (SPESs) is an ideal electrolyte material for solid-state
lithium metal batteries due to its high flexibility, excellent processability and good interfacial contact. The ionic conductivity,
electrochemical window and interface stability of SPEs with electrodes play a crucial role in the overall performance of solid-state
lithium batteries. According to the different electrochemical stability windows, this review represents research progress on two types
of typical SPEs systems, i.e., low-voltage stable polyethers and high-voltage stable polyesters. Polyether-based electrolytes, which
mainly outlines the problems and challenges faced by four types of polyether, such as poly(ethylene oxide) (PEO), poly(ethylene
glycol monomethyl ether acrylate) (pPPEGMEA), poly(1,3-oxolane) (PDOL), and polyoxymethylene (POM)-based SPEs. These
electrolytes have a better compatibility with lithium metal, but a poor oxidation resistance and a low ionic conductivity at room
temperature. The molecular structure design of polymers and the introduction of functional groups (—F, —CN, —C=0) can reduce
the HOMO value of SPEs and improve the antioxidant ability of electrolytes. The crystallinity of PEO-SPEs can be reduced via
compounding, blending and cross-linking with inorganic fillers to improve the ionic conductivity. In addition, the balanced
interactions between Li*, lithium salts, ether groups, anions and polymer matrix structure also need to be considered to achieve high
ionic mobility and ionic conductivity. Polyester electrolytes mainly outline the challenges and solution strategies of four types of
polyester, i.e., poly(e-caprolactone) (PCL), poly(trimethylene carbonate) (PTMC), poly(propylene carbonate) (PPC) and polyoxalate
(POE). This type of electrolyte is a good match for high-voltage cathode materials, but is easily reduced by lithium metal. The
construction of a stable solid electrolyte interface membrane (SEI) layer can improve the stability with lithium metal via introducing
multifunctional groups. In addition, the development of in-situ polymerisation processes is also reviewed, considering that solid-state
electrolytes suffer from a poor electrode—electrolyte interfacial contact, a low ionic conductivity and complex manufacturing
processes. Therefore, this review outlines the advantages and disadvantages of the two types of polyether-based and polyester-based
SPEs, and analyzes their key scientific issues as well as recent research progress of the modification methods to provide a reference
for future research and practical applications.

Summary and prospects Despite important advances in solid polymer electrolytes (SPEs), polyether and polyester electrolytes and
in-situ polymerisation technologies still face several challenges before they can be applied commercially. Improving ionic
conductivity and electrochemical stability while maintaining good mechanical properties and interfacial compatibility are key issues
in the development of SPEs. In addition, the economics and scale-up of preparation are important considerations for commercial
applications, and greener and more efficient preparation processes also need to be explored. The development of SPEs in solid-state
lithium-ion batteries focuses on the following aspects, i.e., 1) designing new molecular structures, exploring the constitutive
relationship between molecular structure and properties, and improving the ionic conductivity and antioxidant properties of
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electrolytes, 2) since all electrochemical reactions occur at the interface, constructing a stable cathode-electrolyte (CEI) and SEI
membrane between SPEs and cathode and anode to improve the interfacial stability and inhibit the interfacial reactions, 3) improving
the ionic conductivity of SPEs through strategies such as grafting, copolymerisation and organic-inorganic composites, and 4)
exploring the recycling methods of lithium salts and polymers to further reduce the manufacturing cost of SPEs.

For quasi-solid state electrolytes (QSSEs) with a high ionic conductivity, it is necessary to solve the following problems, i.e., 1)
to improve the molecular stability of polymers for high-voltage cathode materials and low-voltage anode materials, 2) to enhance the
liquid-locking ability of polymer molecules, inhibit the interfacial side reactions and improve the safety of the battery, 3) to regulate
the interactions among the components of polymer, solvent and lithium salt to optimize the solvation structure of Li* and achieve the
rapid migration of Li*, and 4) the electrolyte film thickness and electrode active substance loading must be as close as possible to or
exceed the targets of commercial liquid batteries. In addition, the production of large capacity energy storage batteries (i.e., >200
A-h) , results in local inhomogeneities within the cell due to the inhomogeneous heating within the cell. The influence of various
factors (i.e., initiator activity, initiator dosage, and polymerisation temperature) on the polymerisation process should be investigated.
The "step-by-step in-situ curing” route should be adopted, so that the polymer is cured in the battery separator, cathode and anode,
and the polymer is cured in a step-by-step process. The polymer is in-situ cured at the battery diaphragm, positive electrode and
negative electrode, and then laminated to assemble the solid-state battery. In summary, the synergistic development of polyether
electrolyte, polyester electrolyte and in-situ polymerisation technology has an important foundation for the commercial application of
lithium solid-state batteries. In the future, high-performance, low-cost SPEs, especially the development of in-situ curing, are
expected to be applied in a large scale, becoming the first practical solid-state battery system.
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