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New development of novel separators with high thermal stability for lithium—
ion batteries
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(China North Vehicle Research Institute, Beijing 100072, China)

Abstract: Lithium—ion batteries have been widely utilized in the new energy market due to their high energy
density, long cycling life, and low self—discharge rate. However, the commonly employed polyolefin separators in
lithium—ion batteries will shrink and meltdown at high temperatures, which can lead to the occurrence of battery
thermal runaway. The development of novel separators with high thermal stability is expected to improve the safety
of the battery. The latest research progress of new separators with excellent thermal stability in the field of lithium—
ion batteries is systematically reviewed, and their design ideas and structure—activity relationship are discussed. At
the same time, the key characteristic parameters of the above separators, such as thickness, ionic conductivity,
thermal shrinkage, etc., are summarized and compared. Finally, the future development direction of lithium—ion

battery separators is prospected.
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Fig.1 (a) The thermal runaway process of lithium—ion battery™; (b) Common types and performance requirements of novel separators

with high thermal stability
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Fig.2 (a) Schematic diagram of the fabrication process and structure of PI/Zr0, separator; (b) Photographs of PP separator, PI
separator and PI/Zr0O, separator after heat treatment at different temperatures; (c) Thermal mechanical analysis (TMA) curves of PP
separator, Pl separator and P1/Zr0, separator™"; (d) Schematic structure of MSD—PI separator; (e) Heat release rate and total heat
release curves of Celgard 2325 separator, PI separator and MSD—PI separator™,; (f) Schematic diagram of the fabrication process and
structure of PI/hBN separator; (g) Infrared thermal images of PP separator and PI/hBN separator using a line heat source and a point

23
heat source™
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Table 1 Physicochemical properties of PI based separators
Tensile Tonic
Material Preparation method Fhickness/ strengtl Porosity/ conductivity/ Electrolyte 'l"hermal Ref.
pm MPa % (mS-em™) uptake/% shrinkage/%
PI/CNFs/DPDBE casting 18 25.4 78 0.45 192 0(200°C, 1 h) [32]
PVDF-HFP@PI electrospinning 22 — 80 1.79 800 0(140°C,0.5h) [35]
PI/PEI-PEG impregnation 28 39 66.4 2.33 168 —(200°C, 0.5 h) [36]
Si.N,/PI casting 2948 182 722 0.66 180 —(400°C.1h)  [42]
PI/PVDF-HFP electrospinning 25 19 86.7 1.24 366.6 —(400°C, 0.5 h) [34]
cross—linked PI electrospinning 24 — 81 1.1 540.2 —(250°C, 1 h) [43]
PI/PEIL electrospinning 12.3 95.7 75 1.42 210.6 —(200°C, 0.5 h) [33]
PI/montmorillonite electrospinning 50 14.7 72 0.77 1615 —(250°C, 0.5 h) [38]
PI/hBN ion etching and coating 14 220.1 44.5 — 62.7 0(280°C, 0.5 h) [23]
PI/Z:0, electrospinning and pyrolysis 33 257 86 132 456 0(300C,—)  [21]
PI/AIOOH impregnation 31.7 35.21 80 2.04 392 0(250°C, —) [39]
PI containing carboxyl groups casting 26 1655 752 0717 344 0(200C,—)  [30]
TiO,@PI electrospinning 26.5 — 89.1 2.52 721 —(160°C, 0.5 h) [44]
PI aerogel casting — 13.7 74.38 0.524 329.1  #43(300°C,0.5h) [29]
cellulose/carboxylated PI  electrospinning and pyrolysis 20 42 78 0.51 638 0(200C,05h)  [31]
PI/SiO, electrospinning and pyrolysis 19 7369 61 1.55 264 0(200C,—)  [45]
PI/A-POSS electrospinning 41 13.58 83.8 2.617 1149 —(280°C, —) [46]
Si;N,/PI/Si;N, magnetron sputtering deposition 21.4 — 61.35 0.6631 321.66 0(200°C, 0.5 h) [22]
PI/PAALI electrospinning and impregnation 40 16.1 67.6 1.37 — 0(160°C, 0.5 h) [47]
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Fig.3

(a) Schematic diagram of the fabrication process and structure of Cel @DBDPE separator; (b) Infrared thermal images of

Cel@DBDPE separator and PP separator at different temperatures; (c) Flame retardant mechanism of Cel@DBDPE separator™;

(d) Schematic diagram of the fabrication process and structure of BA@ATP separator'®”
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Table 2 Physicochemical properties of cellulose based separators

Tensile Tonic
Material Preparation method Fhickness/ strength/ Porosity/ conductivity/ Electrolyte T.hermal Ref.
pwm \ViPa % (mS-cem”) uptake/% shrinkage/%
cellulose/PPNBs co—exlrusion 20 50 78.4 1.04 326 30 (260°C, —) [53]
cellulose/APP/LPC casling 85 12.9 70 2.45 446 0(210°C, 1 h) [64]
cellulose/PVA casting and impregnation 45 50.1 63.3 1.81 397 —(300°C,0.5h) [57]
cellulose/hydroxyapatite filtration 28 9.94 76 0.81 162 0(250°C,0.5h) [55]
cellulose/DBDPE filtration 15 20 — 0.27 244 0(210°C,—) [48]
cellulose/PVDF/BaTiO,/SBR sizing, impregnation and 20 50.15 — 0.19 270.21 0(200°C, —) [67]
lamination
Z1F-8@cellulose/ANFs filtration and extrusion — 70.7 62.4 1.6 267.8 —(200°C, 0.5 h) [66]
cellulose/ANFs filtration and extrusion 40 33 49.5 0.75 157.4 0(200°C,0.5h) [52]
cellulose/PVDF-HFP/PEL/SIO, impregnation 49 9.9 71 0.69 254 0(250°C, 1 h) [68]
cellulose/chitosan/PVA/BaTiO, coating 70 41.31 — — 24140  0(200°C,0.167 h) [61]
cellulose/attapulgite filtration — 3.71 58.08 1.734 470.03 0(250°C, —) [49]
cellulose/halloysite nanotubes coating 120 20.1 76.8 0.42 295 —(200°C, 0.5h) [60]
cellulose/PVDF-HFP/PEI/ impregnation 55 19.9 70 0.59 230 —(200°C, 1h)  [59]
PDMSDGE
cellulose filtration — 45.3 61.5 1.08 2258  0(160°C,0.167 h) [69]
cellulose/chitosan/PVA/SiO, coating 70 34.86 — 0.58 147 0(200°C, —) [62]
cellulose/laponite/PEG dry — 143.3 68 0.977 260 0(200°C,0.5h)  [54]
cellulose filtration 35 49 63.4 0.71 136.4 0(150°C,0.5h)  [70]
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il B X N, HE 2% R S AR i Y kAT 4 ()]s
ARC MZE[ & 4(c) 122 BRI A i ZESMER AR 2 15 h
JEFm A M A mMBRE, T) . ok H ALO,-
Celgard P 5 ) B b 2235 8.9 h ) A MRS 145 21 fi =
WEE (T, )RR, MILZ R, TPFREMT,,,
FEAIR T 29 30°C, I 0 35 M G 3R T Ha s % A AR 45 1

W], ARE TG £ F DSC i 2 [ & 4(d) 150 #7 , TPF
JAE 24 87°CHY T i 2 = (R &5 % At BE[POT- ) o
TEAEAS I 3 in#ad #2 (100~200°C) H, TPF B KT
FEHLIPO] -, 1 B 7E = T A B FE fif S R o L R A
A=A W E e TE A 2R (H- (HO-F10-). Mt
T, PE FREAE 2 140°CAL i I8 —>4R1E | SR W] PE [
JEE R A M5 B . PE B JBEI S5 25 1 | PN A 18 L i — 20
PR IR R PG . BT ARC i 4 R4
Iy Ml £k, 22 1.8 Ah K 0 HL L AE i ALO,-
Celgard [ i F TPF J5 B 114 16 B — 6 6] b [ <] 4 (e) ]
5 AL,0,~Celgard F@ BEAH L, TPF B ] LA RUAE 2% H
W TR T, M E A PR T 17.8 h
FA) S B IR TE) 767 11 Long 577K UL 2E 325, 40 K
CaCO, 3] A 3| PVDF-HFP %£ & v, 1 4¢ T PVDF-
HFP/CaCO, & & B I (CPVH) . CPVH g il 26 9L i
e 5 B S 2 ME (300°CTFCE | h RHTEAE1R) (FH
BRE R A Bt (LM PP 11%) . 53 4b, CaCO,
AT LA RITE % P ) HE  ARSIE T FE R S i 2 R e
PR P, >R CPVH BRI A it 7 120°C R DA 2C
A5 406 A 100 UK 5 10 25 5 A 47 32 7T 3K 78.4%.
Zhao 213 Bl TiN F1 SiC 5 PVDF-HFP A 454,
il 5 0 P FP LA SR BE AR M RE A O AT U 2K
PR I BN A PR . Hou 557 HAP 442K
2k MXene il PVDF-HFP =# MH45 4, 6l & 22 4
PERE BT = B9 M-HAP@PVHEF & & [ s, an &l 4. () B
o M—HAP@PVHF Pl ] LLAE 48 67 4 25 1 A i AR
SE W LiF 2, ¥ 50 AR B T iR T Ry, DI 90 il 4
R A TR B, TR B 7E IO BB O L B S AR
<t TR ARIE L A 2 e . R3RFEIHN T
I AF Sk T A B 1 BT 0 S AR E 1% ) PVDF-HEFP

%3 PVDF-HFP ERBEMYIRNF45HE
Table 3 Physicochemical properties of PVDF-HFP-based separators

Tensile lonic
) ) Thickness/ Porosity/ . Electrolyte Thermal
Material Preparation method strength/ conductivity/ . Ref.
pm o o uptake/% shrinkage/%
MPa (mS-em™)
PVDF-HFP/TiN casting 25 12.1 — 1.02 192 246 (175°C, 1 h)  [78]
PVDF-HFP/SiC casting — 14.6 — 1.32 249 5(150°C, 1h)  [79]
PVDF-HFP/TPP casting 235 — — 0.28 115.2 15(140°C, 0.5 h) [80]
PVDF-HFP/Fyrol DMMP casting 25 — 2748.9 — 2213 0(220°C,0.5h) [75]
PVDF-HFP/MPP casting 25 — 44.6 0.327 429.4 —(200°C, 0.5h) [76]
PVDF-HFP/TMPETA-DEAP casting 44 — — 2.8 — 2j2(160°C,—) [71]
PI/PVDF-HFP/PI electrospinning, extrusion and heat 46 19.09 71.57 1.23 529 2(220°C, 1 h) [74]
PVDF-HFP/CaCO, casting 20 3 — 0.18 2113 0(300°C, 1 h) [77]
PVDF-HFP/Si)N, casting 72 3.13 75.2 0.884 230 —(200°C, —) [81]
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B I %) S B BE AR AR, LA B 4 3 A A L B[]
et 7 3 e D BE T A RE X PYDF-HFP 5 b i 2 4k
FEPE AR LA
1.4 HfhFhEREER

R T5 Lk I BRI (OPBI) J2& — Ff B AT DR g 5E
A5 BB A Y . 1548 T HAIEFBAE | RAF
J1 5 R R 1 A2 Ae e 1, OPBI B FH 1 B J 44
L, AT RO R B L 2 A . Lin SEUR U AE
Bl & T &)@ A HLE 42 (MOF)/OPBI & & i i
(Ui0-66@OPBI) , 4N & 5(a) fii 7~ . OPBI (1) 2 £L 4%
¥4 5 MOF (1) 85 38 T8 i T BRI Z2 AL I 28 4544
T T EEAE SR (L74 mSem™) o [AIE],
UiO-66@OPBI [ 5 3¢ I3 R 410 BELR e Pk (465 1 i
AREBE) o Min SEY SO AN A HLHESL (COF) 5| A %]
OPBI 44 rfr 145 T OPBI@QCOF E-AFR., COF (1)

TNAFE T OPBI b I iy H Ak i W AC 6 (DA 308% %]
428%) , PRI It I JE 1) 5 - H 3 oK AR B T (A
0.873 mS+cm ™ #] 1.214 mS-em™) . dF— 4 #h, i fk
) COF #f k (SCOF) 5 OPBI # 45 & il %
SCOF@OPBI & A BB SCOF Ay ¥4 ) FL B Fb 14
Tt R BE AT 8 T4 B 1A% 5 (1.76 mS+-em™) , [l
) L= 1 B R BT S 1 i | 2 ST S 1 A
T EL ) S, SCOF@OPBI FF B 7E 200°C F /il E 1 h 5
R TeAs 4k, i BAT L S e v

JF LS LT Yk th TR E 0 5 A 5L A R I R
FE AT R UL S A AILBR R B RN ZE BT R AT R
F W S AN T DA R R RS E M . Liu SEY LS 48 94
KEFAE(ANFs) Ry HEAAT £ T ANFs SBERC R . 78
i T, ANFs BR RS2 91 1 R 47 i R0 M (76 300°C
TFRCE 1 h JEJCUE ) BRI R . L, #E 90°CHY
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4 TPF BEAYZE H 7R 2 () FBHARHLIE (b) 5 ()R H ALO,—~Celgard W5 TPF [ B4 £ A HEL 3 19 ARC 2K 5 (d) PE B 5 &%
TPF RO (TG) AT DSC 12 s () T ALO,~Celgard RELRI TPF FAIEAGHC s 20 2k A A L FIAR™ (1)
M-HAP@PVHF B[l () il 7 i Ft S A4 s T el ™
Fig.4 Structure diagram (a) and flame retardant mechanism (b) of TPF separator; (C) ARC profiles of pouch cells with Al,0,-Celgard

separator and TPF separator; (d) Thermogravimetry (TG) and DSC profiles of PE separator and TPF separator; (e) Temperature—time

axis after self-heating of pouch cells with Al,0,—Celgard separator and TPF separator”"; (f) Schematic diagram of the fabrication

process and structure of M—-HAP@PVHF separator™

TAEWRE T, R ANFs BB HL i 7F 3¢ T REIE AR
FENEIR 200K ([[E 5(b) ], HAREHE AE4F— T I 7E il
TR TAE[EI 5(c)]. Parekh 25 F) F .25 i Bl
H 2 2% 1k & T ANFs BRI, 3l 2o i 5 5 H
(CPD) T2 Hlb A7 T4, CPD T2 %8 TRy
FLBRGEH , 4035 T B B X R i R A YR o S5 4
JIT 1 5 1Y CPD-ANF [ JI5 2 B P 55 04 0 AR 1k
T2 Tt 5 22 350°CF JC AT A, IF HAE 300°CTF et
LR PGE N R RS iR R R AR
Zhang %558 123 FLZS 0 W A1 DRI 2R -8 (Z1F -
8) 5 ANFs #HZ5 & , il &t ZIF-8/ANFs &2 5 B i .
ZIF-8 JURLB 1k T ANF's (5502 HE R 8 b i i) L Bt
KM 23.8% 2 TF 2 61.6%, X i H B 1 i S R 45 5]
THTE. 54, T ANFs 1 ZIF-8 14 BH A 5 7k
ZIF-8/ANFs [ B 7E S8 be 52 06 v 3R B R 419 B 48
PEo S YERGUOR L 5 EH LA B e 5

ANF's FH 25 A il 4 H 5LAT 00 55 i 24 A R A 4 1) T
BRI, L ORIIE R Tt i S 38 1T 5 A B e /M o
3 21 4t (GF) AR —Fh s Pk e JCHLAE 43 J& 1
b, BAT S R AR R R SRR 1 AR
PR A W A S . Chen ZMJF & T — b PE/GF-
Mg(OH),/PE & & R (PGMP) , & 5(d) fif s . K¢
GF 8L KL M 12 21 58 TN I TR TR A1 Mg(OH), TR &
SR, ITAE GF MR IR B PE LR , e 15
FPCMP IR . 5 PE FREAH L, PGMP ff I 2 A 5
1 LA SR B | B T R A R OR P
A1, PGMP BRI AE 350°CF A 0.5 h 5 R JLF-Jeik
o BIS(e)JB/R T HERL TSI b, SR AN [7) B Aot
(4 LT PR T P R R R I AR AL S5 SRR AE LR
IKE]S5 VZHT, {8 PE R sk PGP B B[ JE Mg(OH), ]
%) P b ) UL R AR AL 2208 (HY F IR 5 VI
b 14 TR B T R b, 3T BB Rl N A AL AR
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K5 (a)Ui0-66@OPBIF@ A A5 F 7R A5 (b) R H ANF's [ BN PP B 5 FL I AE 90°CTR IPRFRIERE 5 (o) SR JH ANF's BB A9
FLTIAE 90°CTR 58 LT LAY BEA™ 5 (d) PCMP B 5 il 5 Ut S T AR AILER /R L 5 SR PE B IS (PGP B IE AN PGMP i [l 11 Fit
WAE R FESC R P AR L R S AL R R (o) DL RCSEBR SR O P (6™ (g) Na—Alg/PMIA BB 2544 K TAEHLEE R BIE™; (h)

PPS-mGNFs B 1 il # W FRIE 5 (i) Celgard 2400 BRI PPS-mGNF's B R A HABE I 1
Fig.5 (a) Structure diagram of UiO-66@OPBI separator™; (b) Cycling performance of batteries with ANFs separator and PP separator
at 90°C; (c) Photographs of a battery with ANFs separator lighting a light bulb at 90°C™"; (d) Schematic diagram of the fabrication
process and work mechanism of PGMP separator; Temperature, voltage and current curves (e) and digital images after the test (f) of
batteries with PE separator, PGP separator and PGMP separator during overcharge test™; (g) Schematic diagram of the fabrication
process and work mechanism of Na—Alg/PMIA separator”™™; (h) Fabrication process of PPS=mGNFs separator; (i) The flammability test
of Celgard 2400 separator and PPS-mGNF's separator™



ol

www.hgxb.com.cn

+ 2537 -

TR LR A 0 i ABCIAA C o 2 far R A 5 #
160% B, Ll Fe i3 [ T 2] 10 v, R B R s
300°CEA b, T2 M ABEEI 5 (D], R PGMP R
%) R Ttb F AR Ak 5 0 P PR B A 5 PGP o L %) FL
b F R AR LI A [R] AR T2 . Y e i
FEIRF 98°CHY , Bl 78 HL L Tt 136/ ), P b VL
WIS, I HAE DS L R FH PGMP [ H5 1 H 3l 71 YO8
RSFoEsE ., 3 Ak, b o it (0 T A v o 25300 3 )
FE R B PGMP [ 5 BB % A7 0B T i b 1) 2 41, HL
K FH PGMP i I %) %1 6 v, A 2R 45558 1R I BE A
120°C (2R H PE B B (% B3 3t ) 48 F+ %8 146°C . Chafi
SR FHYCACEE T2 78 GF 324K ¥ B R 2,
TEBRK R B W RN RREE (PEGDMA )
kR ALOGUKRIR & A, 155 PEGDMA/ALO,/GF
BAMRE, 455820, PEGDMA/ALO,/GF & 4 F ikt
LA S B ORI BE ), AR be S 56 vh SR
LS B BRI R, 4 T IEA AR . RN
IR TG B 51 A B GF v LIS 2 ke i T B i 42
AR, 3 H LR MR vl LA B A TAE R Ry
RIS TE .

PMIA ELAG R4 A B AR 8 77 RO S 00 #A8e E 1
(53U 3 24 400°C) , PRI I 4 FH AV Bl RS A ek B T i
FIRE RN A 2. Ho 5% FAREF A S
BRI IR A T BT OGP T RE ) B iy R
TR 38 R BB 1 PMIA & 4 B I (Na—Alg/PMIA) o 401
% 5(e) 7 , PMIA Fl Na—Alg i i S04 45 4 , H Na—
Alg [0 P 3 A A5 R T80 8 1 B 9 1, 1 40 T
DA Ry AR - 4 0 0 P A7, DA 10 o R 5 1 0
o 45RFW], Na-Alg/PMIA &I 7E 200°C T TCH
PO G, I FLAT LA KIS S PR LB, BHLIE 22 B 8K
TITHE R JE [0 S U0 7 , 7 b P o PN R . Hu S5
F I PMIA R AL 2 7L — Ak sk (F-Ti0,) 2 If] 1 %
SHEVER L R4S T F-TiO/PMIA & R, BFoT
B, F-TiO,/PMIA & & W B5 B A7 B4 i AILBR RS o 1
FR A (250°C) , HAERRBESC 50 P R 80 AR 519
JOPE R AR 3 T LTt Y 2 4

ROR Bt (PPS) P EAT I 55 i #A R e P (4 fi
TLE 21 450°C) AR BHAAME DA K B4 (il A2 R e T
TR 25 P 7T DA Ry o2 — AR AT T 3% 1 5 i e o g
POBHACE o Kim S5 45 8 4 B HLik Ak
SRR T AFZ PPS 5 Si0,1BA W Sio, i
LR oA 15T 1 J i a2 ik T2 4 B AL
BR A Z fL PPS Bl . 55 PP [ AR L , PPS B i

B O 04 f SRR T | O LR B AL AR
FEME AR E M (250°C R RS R AT LAE L) o Yu
R Y5 22 g R T 20 4 T —Fh LB R
FFL AR AT 45 (9 PPS £F 4E/GF % £L & 45 B JIE (PPS—
mGNFs), N 5(H) IR . R T 2085 G fk e e
(3—457 7K H- b ik 48 2 9 22 = 1 R R e, y—GPS) Y
UPERR T T PPS—mGNTF's b JI5 5 11 32 490 P Fn A 5 1)
J12PERE . AN, PPS-mGNFs [5 I B A £ 1 ke
M (FE 250°CF 0.5 h o4 ) FBH R PERELE] S
(g) ~ (D], PRAIE T HL 3t 9 28 4 M o 3R &0 3 B
(PAMAM) KR A 1™ 5 BC 40K 25 G-, 95 BiF 5
5 PPS I A E A, Lhifil 25 EA e i AP R S - He
SRR

HoAh HLA A 5 IR e P 0 PR B SE 4, 40 2R 55 ik
JiE (PEN)™™' B Mt W e (PIA)™™ | 5 Ik 1% 7 fiig
(PED"" B Bk Bk i (PEEK)"™ T R T B fig
(PBS)"" &G 12 WF9E . R4 LA TR
JUT AT ) LA g T A AR BEL AR P g At i 75 o
(RS R I X AR 254 (4 F 4544
SCROWZE A, anfLER A ) AT RET T, 5l 5 HA
DIReEA BRI TS24, T il 2%t A 35 25 o 34 22 2
HE L T b 2R D Je o B B P S A A LR 1, DA T
PF T H 22 4 HASGE 138 1T .

2 REEEZE

RS - R 1) B O S T R A e
FHBE T BRI TR ESA K R R
b N TINS5 N O S T i
ST [ B e BT R R
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Table 4 Physicochemical properties of other separators
. Tensile Tonic
Material Preparation method Thickness/ strength/ Porosity/ conductivity/ Electrolyte T.hermal Ref.
pwm ViPa o (mS-em”) uptake/% shrinkage/%
SCOF@Li/OPBI casting 36 23.2 51 1.363 391 —(200°C, 1 h)  [105]
SCOF/OPBI casting 34 8.9 58 1.76 439 (200 C,1h) [88]
Ui0-66-S-Li@OPBI casting 31 13.5 58 1.46 249 0(200 h)  [106]
OPBI@COF casting 26 15.4 60 1.214 428 —(200°C, 1 h) [87]
Ui0O-66@OPBI casting 25 10.3 63 1.74 213 —(200°C, 1 h) [82]
GF/PPS electrospinning, filtration and press 34 22.2 65.4 1.43 270.7 0(250°C,0.5h) [86]
PE/GF-Mg(OH),/PE impregnation and press 65 250 61 0.93 86 —(350°C,0.5h) [84]
GF/polyacrylate impregnation and press 150 20 75.8 2.16 335 —(350°C,0.5h) [107]
GF/PEGDMA/ALQ, casting 50 12.7 — — 24326 0(458°C,—) [93]
ANFs/CNF/diatomite/PI filtration, impregnation and extrusion — 2374  69.34 1.04 237.16  0.31(200°C, 0.67 h) [91]
ANFs casting — 0.75 86.5 1.04 695 0(300°C, 1 h) [83]
ANFs/Z1F-8 filtration — 52.8 61.6 1.37 224 —(200°C, —) [90]
ANFs/PEO electrospinning — 4152 75.85 433 650 0(200°C, 1 h) [92]
chitosan nanofibers filtration 25 22 65 1.15 281 0(160°C,0.5h) [108]
polyimine aerogel casling 50 — 78 0.92 591 0(210°C, 0.167 h) [100]
PPS/PAMAM/PVDF-HFP impregnation 51 10.2 85 0.92 236 0(200°C, 1 h) [96]
sodium—alginate/PMIA coating — — 52.5 1.26 252.3 —(250°C,0.5h) [85]
fluoride TiO,/PMIA casting 40 24.6 73 1.3 322 —(250°C, —) [94]
ALO,/PEL casting 30 16.2 62 1.07 165 —(350°C, /) [101]
PBS/Mxene/SiO, filtration 45 2J4.15 54.3 3.386 633 —(160°C, 0.25 h) [103]
PEEK electrospinning and extrusion 40 15.8 71.2 1.48 245.5 3.4(300°C,—) [102]
Alginate fiber-PEA filtration 85 — — 1.8 — —(200°C,2h) [109]
sulfonated cellulose/PLA/ coating 35 — 87.7 3.24 290.6 0(150°C,0.5h) [104]
PBS
PEN@PDA-PEI casting 230 20.6 75 1.5 618 0(200°C, —) [98]
cellulose/PPS filtration 60 218 62.7 1.55 216.2 0(200°C,0.5h) [97]
CaSi,0 (OH), filtration and freeze drying 6~15 — 82 3.08 — 272.6 (150°C,—) [110]
PEN-IPA casting and impregnation 30 — 73.1 1.47 400 0(180°C, 1 h) [99]
Li-SPEOD electrospinning — 6.7 65.52 3.57 476.2 0(400°C,0.5h) [111]
PPS plasma—assisted mechanochemical 50 _ _ _ — 0(250°C, —) [95]
treatment, compression moulding and
etching
PAEK casting 40 21.1 85 — 310 2412 (300°C, —) [112]
sulfophenylated PEEKK/ | rospinning and impregnation — 53 387 0.28 195 2(200°C,0.5h)  [113]
LiTFSI
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