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Research Progress and Perspectives on High Voltage, Flame Retardant
Electrolytes for Lithium—Ion Batteries

Xia, Lan Yu, Linpo Hu, Di Chen, Z. George*
(Faculty of Science and Engineering, University of Nottingham Ningbo China, Ningbo 315100)

Abstract The electrolyte is an indispensable constituent in lithium ion batteries, and its role conducts electricity by means
of the transportation of charge carries between the pair of electrodes. Its properties directly affect the energy density, cycle
life and safety of the battery. However, there are two major challenges to using carbonate-based electrolytes in recent lithium
ion batteries (LIBs) to further increase the energy density of the devices without compromising the safety. One is that car-
bonate-based electrolytes are not sufficiently stable at the positive electrode, and the other is their relatively high flammabil-
ity. Therefore, developing high voltage and flame retardant electrolytes for LIBs is highly desired. Herein, we review the
recent progress and challenges in new electrolytes, focusing on high-voltage electrolytes, flame retardant electrolytes and
highly concentrated electrolytes. Among the reported electrolytes, highly concentrated electrolytes are worth a special atten-
tion, showing various unusual functionalities, for example, high oxidative stability, low volatility, high reductive stability, and
non-corrosive to Al. These special properties are totally different from that of the conventional 1 molsL™" LiPF¢/EC-based
electrolytes, which are result from solution structures. A discussion is also provided in this review on the prospects of further

development of new electrolytes for LIBs.
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Figure 1 Problems and their solutions for the conventional electrolytes in lithium-ion batteries

ﬁ‘éﬁﬂ%ﬂ%%%rﬂ@g””l. R, & B A R E

o PUEAAPELT 1 5 PR PRV R R PR TE AR A R
EI’J B

Fo=, H A URR R TG H ARV AR TR SR 5 R 1
SRR TR AR AR BRIESE RO 2 R A, R,
IAfAES FEL PR V0 T R R e L S T R 22 4 M A R0
7. G ARRIA R R T &AM LiPFe. M
BHIRIRRIR M5 EE EC 4b, R A, R
2R R R TG VA 751 DMC. DEC Bt EMC 28, TATIA 55
JEHEBAK, 4508 17, 33 f123 C(ER 1 NHE AR
B AT b o5 TR EEER). M eithib it e L 4
P AT A T B DL, R P PRI AT R
PR, BRI F AR S 2 v s %, AR AT RE 51 A H it
Akbe . B EBIES AR K, SHREAA RN
(R TR R S R PR AR i v B - P v P P T
R ER, fRIE% eV XaeeE.
R OTERESA AR N e

Table 1 Comparisons of physical properties of conventional carbonates

Solvent DMC DEC EMC EC PC
Melting point/'C 4.6 —743 —53 36.4 —48.8
Boiling point/'C 91 126 110 248 242
Flash point/C 17 33 23 160 132
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Figure 2 Chemical structures of some high voltage additives
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Figure 3 Cycling performance of graphite/LiNiysMn, sO4cells at 25 C
and 55 C with the baseline electrolyte with and without added lithium
4-pyridyl trimethyl borate (LPTB)"¢!
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vol%IE N ZE 80 vol%, AR HLARK 1 molsL™" LiBETI/
MFE+EMC I HL S 2.39 mSeem™ ! [F{KZE 0.5 mSe
em™ ). N T fERIX )8, Naoi ZUOOUg T SRR
Bk TMMP 1E 4 EC #1 DEC M3y, 458 E M,
AN TMMP &84 50 vol%Hf, HLf#EH 1 moleL™
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Figure 5 Chemical structures of some fluorinated solvents
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Table 3 Numerous flame retardant additives tested in most of the standard Li-ion electrolytes with mixed results as indicated in as follows®* *>*!
Flame retardant additives (FRs) The amount of FRs (Totally nonflammable electrolytes) Reference
/
. O~
I
I /\o/llj\o N/ \\N
~o-t~o o \\ /o‘lg\ _ }3_0/ >40 wt% [1 molsL™" LiPF¢/EC+EMC (1 : 1, by weight)] [84]
o \ 7 N7
~ (l) o—
T™P TEP HMPN
0]
o~~o F _P-
fe) F \I/\O | O F
F J; F F _0 \Q(F >30 wt% [1 molsL™" LiPF¢/EC+EMC (1 : 1, by weight)] [90]
F
F" " F F
TFP BMP
F
F ~
o-T~o -
F o >20 wt% [1 molsL™"' LiPFs/PC+EC+EMC
F A [93]
F e (3 13 14, by weight)]
TTFP
RO
I
o P< o
(5 >40 wt% [1 molsL™' LiPF/EC+EMC-+DMC
[98]
©/ @ (15111, by weight)]
CDP
Several fluorinated phosphazene-based flame retardants >15 wt% [1 molsL™" LiPF/EC+DMC (1 : 1, by weight)] [92]
0O
p PN
-0~ ~0-N=R—0
ro <O \\ >80 wt% [1 moleL™" LiPF¢/EC+EMC-+DMC (1 : 1 : 1, by weight)] [88]
PNP
(0]
'g
~NA—P—
O o
o \fF
J;F \Q( >50 wt% [1 moleL™" LiPF¢/EC+DMC (1 : 1, by weight)] [89]
F
FoF
TFMP
F
RN/
F-P~ "P-Q
| Illl —
N °p< =5 wt% [1 molsL™ LiPF¢EC+DMC (1 : 1, by vol.)] [95]
FF
PFPN

HEH SR EZE 13 mSeem . FfiJ5, Quinzeni Al Kim
SN 2 G227 IR B R B TR (IL) 55 B IR TG 2%
T F(OCs) TR & F AR A 28 B Ad 1 ot B AE 52 o H it o
AL =R, WIE 7 Fos. BERORIL, 4B Tk IL
TEVR A B RRAT B & 8N 60 wt% or vol%h), JRE
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Figure 6 Chemical structures of some cation and anion in ionic liquids
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Cycle life of Pyrrolinium-based Binary Electrolytes at 60 °C
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e M SRR s (P 8 ) L s v g R A
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BB, AT 28] T BL N gt JE 7 R & dn
LiTFSI 1 LiFSA ZEXFIEMREE AR Al 76 18 ol A
)gﬁ[ll9N121].

TEF R, BRI EE N 1 moleL ™", DUA 2
R B L i A EC PRI, 1 BC BASR
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Figure 7 Left: cycle performance of the Li/LiFePOy cells in six different electrolytes at 25 °C; E 00 (black), E 20 (red), E 40 (blue), E 60 (green), E 80
(orange), and E 100 (pink). Right: images of the flammability tests of E 00, E 20, E 40, E 60, E 80, E 100"
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Figure 8 Physicochemical properties dependent on solution concentration!''®!
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Figure 9 Charge-discharge curves of natural graphite/Li metal half cells with dilute and concentrated LiTFSA electrolytes of (a) DME, (b) DMSO, (c)

SL, and (d) AN at C/10 rate and 25 ‘C. All the highly concentrated electrolytes correspond to the solvent/Li salt molar ratio of ca. 2. The charge-discharge
test with a dilute LITFSA/AN electrolyte was not possible because of high reactivity of AN solvent with Li metal!''”

R4 PR A = S R R AR RE LA

Table 4 Properties of different types of electrolyte used in lithium ion batteries

Electrochemical

Electrolyte Typical example Viscosity/(mPass) Conductivity/(mSecm ') Flammability Ref.
window/V
1 molsL™ LiPF¢/EC+DMC (1 : 1in 5 ~17.5, glassy carbon
. . — 44,25 °C — [39]
wt%)-Sebaconitrile (50 : 50, by vol.) electrode
1 mol+L™ LiBF,/EC-DMC-Sebaconitrile 5 0.4~7.0, glassy carbon
o — 1.8,25C — [39, 40]
(25 1 25 1 50, by vol.) electrode
1 mol+L™ Lithium bis(trifluoromethane .
.. . . 0~5.8, Pt working
sulfonyl) imide (Lilm)/Ethyl methyl — 631,25 C — [45]
electrode
sulfone (EMSF)
High voltage 1.0 molsL™" LiTFSI/ethylmethoxyethyl o 141,25 C 0~5.6, Pt working - [47]
electrolytes sulfone (EMES) ’ electrode
0.5 molsL™' LiTFSI/PP,,-TFSI-TMS . 0~5.7, Pt working .
K — 2.04,25 C Non-flammability [65]
(60 : 40, by wt.) electrode
1 molsL™" LiPF¢/FEC-TFTFEP . .
K 9.44,25 C 351,25 C — — [67]
(1:1,byvol)
1 molsL™ X
. 0~5.5, Pt working .
— 8.57,30 C Non-flammability [72]

LiPF/FEC-DMC-EMC-HFPM
(2:3:1:4,byvol)

electrode
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. . . . _,. Electrochemical .
Electrolyte Typical example Viscosity/(mPass) Conductivity/(mSecm ') | Flammability Ref.
window/V
1 molL™" LiPF¢/CIEC-TFPC — 3~4,25C — — [99]
1 mol-L™' LiBETI-MFE/EMC (80 - 20, . .
— 0.56,25 C — No flash point ~ [100]
by vol.)
1 mol-L™' LiBETI/EC+DEC+TMMP . 0~5.6, Pt working .
Flame R — 1.0,20 C Non-flammability [102]
(5 .45 :50,byvol.) electrode
retardant
0.5 molsL™" LiTFSI/EC-DEC 0~4.5, Ni workin,
electrolytes 25,20 C 7.0,20 C £ Non-flammability [113]
PYR,,0,TFSI, by vol. electrode
1 molsL™ LiPF¢/EC-EMC (3 : 7, by vol.)
e . . 1.2~4.5, glassy carbon >
+1 molsL™" LiTFSI/E(OMe)Pyrl-FSI 25,20 C 6.9,20 C ectrod Non-flammability [114]
electrode
(20 : 80, by wt.%)
= 5 5 ~35.0, Pt working
4.27 molkg '/PC 706.5,30 C 0.403,30 'C — [117]
electrode
LiFSA/DMC 1 : 1.1 molar ratio 238.9,30 C 1.1,30 C >5.5V, Al electrode Not burn [118]
Hihl LiFSA/AN 1 : 1.5 molar ratio 153,30 C 33,30 C >4.5V, Al electrode — [121]
1ghly
concentrated LiFSA/DME 1 . 1.9 molar ratio 25.1,30 C 72,30 C — — [126]
electrolytes e
7 mol-L ™" LiTFSI/DOL-DME . .
K 72,25 C 0.814,25 C — — [128]
(1:1,byvol)
iy o 0~5.0, Pt working
5 mol-L™" LiTFSI/DME — 1.7,25°C — [129]

electrode

BELAA TR 0 FEL A VBT AS BE AR A _E 304 B v b R o8 = i 11
KA R, T A R K LR A R RE AR
figp e R R AR R R 22 A B AR N EL T R S 2 R R
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FUmARE M, A MR RATE R S H TR
FEBAT ML AT TR E . A, G R R PR AR R D L T
ZANF T H R AR L3, LT LM L AR
LR R e TSRt 1R .
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