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Table S1. List of physical properties of dinitrile solvents and common carbonate solvents used
in lithium electrolyte solutions'*

Sample Structure g H(p) Tw(°C) T, (°C) Ti(C)  Tauo(°C)

o
EC [ >:o 89 2@40°C 35 244 15 465
o

DMC )L 3 0.7 3 90 18 458
~ e

Acetonitrile CH;CN 37 0.3 -48 81 2 523

N,
Glutaronitrile \\ // 37 53 -29 287 113

Adiponitrile 30 6.1 1 295 163 550
/

Note. ¢ is dielectric constant, 1 is viscosity, Ty, is melting point, T, is boiling point, Ty is flash
temperature, and T, is auto-ignition temperature.
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Table S2. First cycle performance of the Li/LTO cells cycled at various rates at different temperatures

Temperature (°C) rate Charge capacity (mAh/g) Discharge capacity (mAh/g) CE%
-40 02C 32.51 23.80 136.6-
-20 1C 95.45 128.44 74.3
30 1C 139.70 156.90 89.0

5C 93.00 104.10 89.3
100 1C 168.84 217.90 77.5
5C 171.34 220.03 77.9
120 1C 130.59 226.30 57.7
5C 178.47 228.86 78.0
150 1C 164.02 31091 52.8
5C 165.15 285.61 57.8
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Table S3. First cycle performance of the Li/LFP cells cycled at 0.2 C or 1 C at different temperatures

Temperature (°C) rate Charge capacity (mAh/g) Discharge capacity (mAh/g) CE%
-20 02C 173.52 133.87 77.2
1C 64.46 41.05 63.7
30 02C 162.63 152.34 93.7
1C 147.4 140.8 95.5
100 02C 217.90 168.84 77.5
1C 196.15 152.80 77.9
120 02C 262.50 144.9 55.2
1C 238.65 138.2 57.9
150 - - - -
1C 311.11 146.67 47.1
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Figure S1. The HOMO and LUMO of different solvents and lithium salts in
electrolytes.
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Figure S2. FTIR spectra of different solvents and electrolyte solutions.

ADN is chosen as a co-solvent for EC solvent due to its high flashing point, low
viscosity, and good thermal stability. As demonstrated in Figure S1, pure ADN and AE
co-solvent (ADN:EC=1:1) both show a typical vibration band at 2247 cm!

corresponding to the nitrile bond. With addition of 0.8 M of LiTFSI or 0.2 M of

LiODFB, a new peak appears at 2274 cm!, which is attributed to lithium ions solvated
with ADN molecules. Besides, the addition of 0.8 M of LiTFSI and 0.2 M of LiODFB
increases the height of the solvation peak. It means that the concentration of lithium
ions is increased because both LiTFSI and LiODFB can increase the solvation degree

of the lithium ion.
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Figure S3. Evolution of the viscosity (1, left) and conductivity (o, right) of the AE
electrolyte solution (1M LiPFg in the EC/DMC co-solvent with the volume ratio of 3:7)
as a function of temperature.
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Figure S4. Electrochemical performance of the Li/Li cells with the commercial
electrolyte solution (1 M of LiPF4 in EC/DMC (3/7, v./v.)) at 30 °C (a); The CE of Li
metal plating/stripping over 50 cycles in commercial electrolyte solution at 30 °C (b);
voltage profiles of the cell using commercial electrolyte solution with current density

of 1.0 mA/cm?at 30 °C (c).
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Figure S5. Morphologies of the Li metal anode in the AE co-solvent electrolyte solution
cycled at (a) 120 °C and (b) 30 °C and in commercial electrolyte solution at 30 °C (c).
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Figure S6. The first charge profiles of the Li/LTO cells with the AE electrolyte solution

at different temperatures.
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Figure S7. Rate performance of the Li/LTO cells with the AE electrolyte solution at -

20 °C.
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Figure S8. Charge-discharge curves of the Li/LTO cell with AE electrolyte after
different cycles at 120 °C.
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Figure S9. Charge-discharge curves of the Li/LTO cell with the ADN single solvent
electrolyte solution after 3 cycles at 120 °C.
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Figure S10. Impedance spectra of the Li/LTO cells cycled with the ADN single solvent
electrolyte solution.
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Figure S11. Impedance spectra of the Li/LTO cells cycled at 100 °C after different cycles
with the AE electrolyte at rate of 1 C (a), after 200 cycles with the AE electrolyte at
different rates (b), and after 200 cycles with different co-solvent electrolytes (AP:
ADN/PC, EP: EC/PC) at rate of 1 C (c).
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At high temperature, the interface impedance of the battery with AE electrolyte
increases with the increase cycling. (Figure S11a) And a higher current density results
in a higher impedance of interface of the cells. (Figure S11b)

Additionally, for investigating the differences among various co-solvent
electrolytes, the Li/LTO cells with AE, AP (Vapn: Vpc=1:1) and EP (Vgc: Vpe=1:1)
co-solvent electrolytes have assembled, and Figure S11c shows the cells with AE
electrolyte harbors the lower interface impedance, indicating the AE electrolyte could
promote to from a SEI possesses a high conductivity.

S16



1
= 18
o 17
=250 L6
< .
£ 200
>
E
& 150
o
S 160 +—120°C Charge 30°C Charge
h% =— 120°C Discharge 30°C Discharge
‘S 100°C Charge —+— -20°C Charge (0.2C)

;’.{ 50 100°C Discharge —=— -20°C Discharge (0.2C)
0 I 1 L 1 " 0
0 20 40 60 80 100
Cycle
(©) 180
§160 0.1¢j {
£140L0C g2 | T :
< : :
£ 120 : :
= I :
2100 i
&
8 a0}
©
Y &80}
A
&
9 0F 120
o
& 20t 100°C
o, == 30C . . , . : ,
0 5 10 15 20 25 30 35
Cycle

CE(%)

25

—150°C
120°C

20 60 80 100 120 140 160
Specific capacity (mAh/g)

20

——0.1C——0.2C
0.5C——1C

I —2c —sc i

k—— 10¢ 1 Il A

0 50 100 150
Specific capacity (mAh/g)

Figure S12. (a) Cycling performance of the Li/LFP cells with the AE electrolyte at 1

C or 0.2 C in the voltage range of 2.5 V - 4.0 V at different temperatures. (b) The

discharge profiles of the Li/LFP cell with the AE electrolyte after the first cycle at

different temperatures. (c) The rate capability of the Li/LFP cells with the AE

electrolyte solution at different temperatures. (d) The charge and discharge profiles of

the Li/LFP cells with the AE electrolyte solution at different rates at 100 °C.
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Figure S13. Cycling performance of the Li/LFP cells at 1 C in the voltage range of 2.5
V — 4.0 V with commercial electrolyte solution at (a) 30 °C and (b) 90 °C.
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Figure S14. Charge-discharge curves of the Li/LFP cells with the AE co-solvent
electrolyte solution after different cycles at (a) 100 °C and (b) 120 °C.
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Figure S15. Cycling performance of the Li/NCM523 cells with the AE electrolyte at 1
C in the voltage range of 3.0 V - 4.3 V at 100 °C.

Li/LiFePO, (LFP) half-cells are assembled to investigate the temperature-
dependent electrochemical performance of the cells with AE electrolytes. As presented
in Figure S12, Li/LFP half-cells with AE electrolyte exhibit remarkable
electrochemical performance in a wide temperature range from 120 °C to -20 °C. At -
20 °C and 30 °C, the cells show reversible capacities of 140 mAh/g and 148 mAh/g
with the excellent long-term stability of cycling, respectively (Figure S12a). The
capacity retention ratios are both above 99 % after 100 cycles, achieving average CEs
of more than 99.90 % and 99.94 % at -20 °C and 30 °C, respectively. In contrast, the
Li metal cell with the commercial electrolytes only possesses the capacity retention
ratio of 91.15 % with a continuously reduced CE (Figure S13a), because LiPF4 and
linear carbonate like DMC tend to decompose spontaneously at temperatures above 90
°C, which makes the cells only can work 10 cycles (Figure S13b). Li/LFP half-cells

reveal initial discharge capacities of 152 mAh g-! and 138 mAh g! at 100 °C and 120
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°C, respectively. Notably, the Li/LFP cell cycled at 100 °C has a higher initial capacity
than 120°C, but after a period of activation, the cell cycled at 120°C still has a higher
maximum capacity than 100°C. The maximal capacity of the half-cell cycled at 120 °C
is higher than the cell cycled at 100 °C. Moreover, both of capacity loss of cells cycled
at 100 °C and 120 °C are observed after reaching a peak, and the capacity retention
ratio at 120 °C is lower than that at 100 °C. This originates from a parasitic internal
resistance induced at temperatures above 100 °C, which results in an abrupt increase in
polarization (Figure S14).°> The Li/LFP half-cells exhibit reduced CEs values after the
first cycle at elevated temperatures after the first cycle, where the capacities do not
increase with the increasing temperatures. However, with the temperature drops to -20
°C from 30 °C, the CE value is lowered down from 93.7 % to 77.2 % as shown by
Table S2. Figure 3b shows discharge curves at -20 °C, 30 °C, 100 °C, 120 °C, and 150
°C. The discharge voltage platforms are almost unchanged when the temperature is
lower than 120 °C, and the platform length increases at elevated temperatures.
Nevertheless, with the temperature increased to 120 °C, the discharge capacity
decreases to 135 mAh/g, owing to the partial destruction of the LFP particles.
Moreover, due to the huge polarization of electrodes, the voltage platform drops sharply
at 150 °C, reaching only 3.1 V, and the voltage platform length is significantly reduced.
The rate performance of the Li/LFP half-cell is displayed in Figure S12¢. Below 120
°C, the rate performance improves with increasing temperature. At 120 °C, the low-rate
(<0.5 C) specific capacity still improves with increasing temperature. But with the

current density exceeding 0.5 C, the capacity at 120 °C is lower than that at 100 °C, and

S21



the specific capacity gap is widened with increasing current densities (Figure S12d).
When the rate is increased to 5 C, the specific capacity is already lower than the cell
cycled at 30 °C with the same current density. With the current density further increased
to 10 C, the specific capacity is almost zero due to large electrical resistance induced
by huge polarization.’

Additionally, the Li/NCMS523 cell is also assembled to test the long-term
performance at 100 °C at high voltage. (Figure S15) The cells show an excellent
stability which enable capacity retention ratio of 83.4 % with a high average CE of

98.59% at elevated temperature.
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Figure S16. FTIR spectra of the LTO electrode surface cycled with the AE co-solvent
electrolyte solution after different cycles.
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Figure S17. XPS analysis of the pristine LTO electrode.
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Figure S18. Ti 2p XPS analysis of the LTO electrode cycled under different conditions.

The peak intensity of LTO varies with the thickness of the SEI layer. When the SEI
is covered with the active materials, the exposure of LTO is less.
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Figure S20. XPS analysis of the SEI layers at the Li metal surface cycled under
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Figure S21. Typical solvated molecule geometrical structures in the AE co-solvent
electrolyte solution. Colors for different elements: H-white, Li-purple, C-gray, O-red,
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Figure S24. Typical solvated molecule geometrical structures in the EC single solvent
electrolyte solution (left) and ADN single solvent electrolyte solution (right) at 120 °C.
Colors for different elements: H-white, Li-purple, C-gray, O-red, F-green, and S-
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