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Abstract: To satisfy the increasing discharge capacity demand of next generation electric devices, various high
working voltage cathodes have been explored. However, traditional carbonate solvents, such as ethylene carbonate
and ethyl methyl carbonate-based electrolytes are prone to oxidative decomposition at high voltage (>4.3 V, vs.
Li/Li*), which results in the increase of irreversible capacity and the inferior cycling performance of lithium ion
batteries. To solve the problem, it is necessary to design high-voltage tolerant electrolyte based on theories and
experiments. Specifically, new high-voltage solvents such as sulfone and ionic liquid are determining factors to
improve the stability of electrolyte as they could improve the interfacial stability between the high voltage cathode
and the electrolyte intrinsically. Another method to solve the problem is the addition of high-voltage additives
because a small amount of additives could form an effective solid electrolyte interface layer and decrease the
interfacial reaction dynamically. Moreover, additives can solve the problem economically and effectively. In addition,
optimizing the physical and chemical properties of conventional electrolyte is a new strategy to exhibit new
properties. For example, a novel formula such as superconcentrated electrolyte has wide electrochemical window and
superior cycling performance. However, it is well known that high voltage solvents are often characterized by high
viscosity, low reductive stability and reductive decomposition products cannot form an effective interfacial layer on
the anodes. The addition of additives may have negative impact on other properties of lithium ion batteries such as
the initial coulombic efficiency. And the superconcentrated electrolyte is very expensive and high viscosity. Although
they have some defects, it is also very significant to study them because they can give a guide to investigate
electrolyte with superior performance. Thus, this review summarized the advances and perspectives on the
development of high-voltage solvents, additives and superconcentrated electrolyte of lithium ion batteries.
Key learning points:
(1) High voltage solvents can stabilize the electrode/electrolyte interface intrinsically.
(2) A small amount of high voltage additives can improve the battery performance economically.
(3) Superconcentrated electrolyte is characterized by superb properties like high oxidative and reductive stability,
Al-anti corrosion and high rate performance.
Key words: lithium ion batteries; high-voltage electrolyte; high-voltage solvent; high-voltage additive;
superconcentrated electrolyte strategy
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Fig.1 The structures of several fluorinated solvents
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Fig.2 The structures of several sulfone-based solvents
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Table 1 Performances of high-voltage solvents for lithium ion batteries

High-voltage solvent

Electrochemical system

Discharge retention/%Y  Ref.

Fluorinated Fluoroethylene carbonate LiNigsMn; 504/Si, 1 mol/L LiPFe—FEC:DMC (1:4, mass ratio) 92.2 (0.5 C, 200 cycles) [35]
(FEC) LiNigsMnys04/Li, 1 mol/L LiPFs—FEC:EMC (3:7, volume ratio) 100.0 (0.27 C, 106 cycles) [36]
LiNiy3C01/3Mny30,/Li, 1 mol/L LiPFg—FEC:DMC (1:4, volume ratio) 82.7 (0.2 C, 100 cycles) [37]
Ethyl difluoroacetate (DFEAC) LiNig5C002Mng302/Li, 1 mol/L LiPFe—FEC:DFEAC (3:7, mass ratio) 89.2 (0.5 C, 100 cycles) [38]
Dinitrile- Adiponitrile (ADN) LiCoO,/Graphite, 1 mol/L LiTFSI, 0.1 mol/L LiBOB-EC:ADN (1:1, volume ratio) 90.0 (1/12 C, 50 cycles)  [39]
based LiNiy3C01/3Mny30,/Li, 0.9 mol/L LiBF,~EC:ADN (1:1, mass ratio) 97.0 (0.5 C, 50 cycles) [40]
Pimelonitrile (PMN) LiNigsMn;504/Li, 1 mol/L LiBF,4, 0.1 mol/L LiBOB-EC:DMC:PMN (1:1:2, 86.0 (1/12 C, 50 cycles) [41]

volume ratio)
Sulfone- Sulfolane (SL) LiNigsMn; 504/Li, 1 mol/L LIODFB-SL:DMC (2:1, volume ratio) 93.0 (0.5 C, 150 cycles) [42]
based LiNigsMny504/Li, 1 mol/L LiBF,—SL:EA (1:1, volume ratio)+2vol% VC 100.0 (0.5 mA/cm?, 30 cycles) [43]
Tetramethyl slfone (TMS) LiNigsMn1504/LisTisO12, 1 mol/L LiPFe—TMS 90.0 (1/12 C, 100 cycles)  [44]
Ethylmethyl sulfone (EMS) LiNigsMn;504/Li, 1 mol/L LiPFe—EMS:DMC (1:1, mass ratio) 97.8 (0.2 C, 100 cycles)  [45]
lonic liquid [C4mpyr][TFSI] LisV,(PO4)s@C/Li, 1 mol/L LiTFSI-[C4mpyr][TFSI] 83.1 (0.1 C, 50 cycles) [46]
[C3mpyr][TFSI] LigV,(PO4)s@C/Li, 1 mol/L LiTFSI-[C3mpyr][TFSI] 84.5 (0.1 C, 50 cycles) [46]
[SNLIL][TFSI] LiCoO,/graphite, 0.6 mol/L LiPFg,0.4 mol/L LIODFB-[SN1IL][TFSI]:DMC (1:1, 99.0 (0.2 C, 90 cycles) [47]

volume ratio)
[Py14][TFSI] Li[Lip2Mng54Ni.13C00.13]O2/Li, 1 mol/L LiPFs—[Py14][TFSI]:EC:DMC (60:20:20, 84.4 (1 C, 150 cycles) [48]

volume ratio)
[PP14][TFSI] Li; 2Nig2MnggO,/Li, 0.5 mol/L LIDFOB—[PP14][TFSI]:TMS (6:4, mass ratio) ~73.3 (0.1 C, 30 cycles) [49]

Note: 1) At room temperature.



o N FH AR FBS 7 et e F RV T AUk 1171
R EETHEBBRAELSERINSS
Table 2 The characteristics of common high-voltage solvents for lithium ion batteries
Solvent Advantage Disadvantage
Sulfone-based High oxidative voltage (>5.5 V), high dielectric constant (>40) High viscosity, high melting point
Fluorinated High oxidative voltage, superior wetting ability with separator High viscosity, low ionic conductivity
Nitrile-based High oxidative voltage (>7 V), high flash point and non-flammable High reductive voltage and the decomposition products of reductive
reaction cannot form an effective interfacial layer on the graphite anode
lonic liquid Wide electrochemical window (4~6 V), high flash point and High viscosity, high cost, poor wetting ability with separator and

non-flammable, a wide diversity of structure

electrodes
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Table 3 The development of high-voltage additives for lithium ion batteries
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PRAPRIAT LA, A e ORI E BESETT
*®3 EETFHRESERMIFIMRER

Type Additive Electrochemical system  Voltage/V Discharge capacity retention/%% Ref.
Boron- Triethylborate (TEB) LiNiy3C013Mny 30, /L 3.0~4.5 99.8 (1 C, 150 cycles) [68]
containing Trimethyl borate (TMB) LiNigpsMny504/Li 3.0~4.9 85.3 (1 C, 600 cycles) [69]
Benzene Terthiophene (3THP) LiNigsMn; s04/Li 3.0~4.9 91.0 (1 C, 350 cycles) [70]
derivatives & Glutaric anhydride (GA) LiNigsMng3C0q20,/graphite  3.0~4.4 95.2 (1/3 C, 117 cycles) [71]
heterocyclic Thiophene LiNiy3C015Mnys0o/MCMB  3.0~4.5 85.2 (1 C, 200 cycles) [72]
compound Ethylene dioxythiophene (EDOT) LiNiy3C013Mny30,/MCMB ~ 3.0~4.5 81.8 (1 C, 200 cycles) [72]
Phosphorus- Dimethylmethylphosphonate (DMMP) LiNigsMn; s04/Li 3.5~4.9 70.0 (0.2 C, 50 cycles) [73]
containing Tris(2,2,2-trifluoroethyl) phosphite (TTFEP) LiNiy3C013Mny302/Li 3.0~4.6 85.4 (0.5 C, 100 cycles) [74]
Tris(trimethylsilyl) phosphite (TMSPi) LiNiy3C01/3Mny302/Li 3.0~4.5 91.2 (0.5 C, 100 cycles) [75]

Sulfur- Di(methylsulfonyl) methane (DMSM) LiNiy3C013Mny30,/graphite  3.0~4.6 80.1 (0.2 C, 100 cycles) [65]
containing P-Toluenesulfonyl isocyanate (PTSI) LiNig5C002Mng302/Li 3.0~4.5 82.6 (1 C, 100 cycles) [76]
Methylene methanedisulfonate (MMDS) LiCoO,/graphite 3.0~4.5 69.6 (1 C,150 cycles) [77]

1,1'-Sulfonyldiimidazole (SDM) LiNigsMnys04/Li 3.0~4.9 96.9 (1 C, 100 cycles) [78]

Pheny!l trifluoromethyl sulfide (PTS) LiNigsMnys04/Li 3.0~4.9 84.0 (1 C, 450 cycles) [79]

Organosilicone Tris(trimethylsilyl)borate (TMSB) LiNigsMnysO4/Li 3.0~5.0 85.0 (1 C, 600 cycles) [80]
Tris(trimethylsilyl)phosphate (TMSP) LiNigsMny sO4/Li 3.0~5.0 71.0 (1 C, 600 cycles) [80]

Allyloxytrimethylsilane (AMSL) LiNigsMnys04/Li 3.5~5.0 80.2 (1 C, 500 cycles) [81]
2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetra-siloxane (ViD4)  LiNigC0p2Mng,02/Li 3.0~4.5 83.6 (1 C, 150 cycles) [82]

Carbonate Vinyl ethylene carbonate (VEC) LiNig4Mng 4Co,02/graphite  3.0~4.5 74.5 (1 C, 300 cycles) [83]
Methyl 3,3,3-trifluoropropanoate (TFPM) LiNiy3Co13Mny30,/graphite  3.0~4.6 75.4 (0.2 C, 100 cycles) [84]

Ethyl 3,3,3-trifluoropropanoate (TFPE) LiNiy3C013Mny30,/graphite  3.0~4.6 76.1 (0.2 C, 100 cycles) [84]

Note: 1) At room temperature.
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(a) SEM images of the Al electrode surface kept at 4.5 V for 10 h in various concentrations LiFSI/AN electrolytes
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(b) Chronoamperograms of Al electrode in LiFSI/AN electrolyte

2

25°C, C10
Yo 50M 6.0M
£=
< e
Em0 e Ea
- e !
% e 40M
%50" .
o .

%30Mm
Q0

0 10 20 30 40 50
Cycle number

(c) Discharge capacity of LiMn,O4/Li cells in LiFSI/AN electrolyte
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Fig.5 SEM images of the Al electrode surface kept at 4.5 V for 10 h in LiFSI/AN electrolyte, chronoamperograms of the Al electrode in
various LiFSI/AN electrolytes at 4.5 V, discharge capacity of the LiMn204/Li cells in various LiFSI/AN electrolytest®
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