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Figure S1. Long term cycling of lithium metal/graphite (Li/Gr) cells using 1 M LiFSA in E3F1, 1 

M LiFSA in E4F1, 1 M LiFSA in diglyme and 1 M LiPF6 in EC/DMC. The cells were cycled at a 

current rate of C/10 after three formation cycles at C/20. (1 C ≈ 2.17 mA cm−2)

Figure S2. Digital photos of graphite electrode intercalated in different electrolytes with pristine 

graphite for comparison. The graphite lithiated in E3F1 and E4F1 electrolytes exhibit golden color, 

corresponding to LixC6 GICs. Graphite lithiated in EC/DMC electrolyte also has golden color 

despite some defects. However, no such golden color is observed on graphite intercalated in 

diglyme electrolyte, which indicates the formation of diglyme-lithium-graphite ternary GICs 
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instead of LixC6 complexes. Intercalated graphite electrodes were retrieved from Li/Gr cells 

intercalated to 0.01 V at a rate of C/20 (1 C ≈ 2.17 mA cm−2).

Figure S3. Optical microscopy images (50×) of graphite intercalated in different electrolytes with 

pristine graphite for comparison. The red dots indicate the position of laser for Raman 

spectroscopy. Intercalated graphite electrodes were retrieved from Li/Gr cells intercalated to 0.01 

V at a rate of C/20 (1 C ≈ 2.17 mA cm−2). The graphite intercalated in E3F1, E4F1 and EC/DMC 

electrolytes have shiny LixC6 particles in golden color. However, graphite intercalated in diglyme 

electrolyte only has grey colored particles. 
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Figure S4. Schematical illustration of coin cell configuration for in situ XRD experiment.

Figure S5. Comparison of in situ cells and normal Li/Gr cells using 1 M LiFSA in diglyme and 1 

M LiFSA in E3F1 as electrolytes. Voltage profiles of in situ cell mimic normal cells despite minor 

differences in capacity and overpotential.
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Figure S6. Time-aligned in situ XRD patterns and voltage profile of Li/Gr cells using 1 M LiFSA 

in E4F1 as electrolyte. The in situ XRD test results of E4F1 mimic E3F1, indicating both can 

enable reversible lithium insertion into graphite.
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Figure S7. Raman spectra of deintercalated graphite electrodes. a-c, Optical images (50×) of 

graphite electrodes cycled in (a) E3F1 1 M LiFSA, (b) EC/DMC 1 M LiPF6, and (c) diglyme 1 M 

LiFSA. d-f, Raman spectra of corresponding graphite samples. Raman spectra were collected from 

the points indicated by red dots except for diglyme sample where Raman spectra of one additional 

spot is shown. Deintercalated graphite electrodes were retrieved from Gr/LFP cells after three 

formation cycles (ending on deintercalation) at a current rate of C/20 (1 C ≈ 1.81 mA cm−2).

Discussions: Reflective graphite particles can be observed in the E3F1 and EC/DMC samples in 

high density and the Raman spectra of those particles exactly mirror pristine graphite, indicating 

the graphite structure is not altered by cycling. In contrast, optical images show that the diglyme 

sample only has few reflective graphite particles, and the rest of its surface is dark and rough. 

Although Raman spectra of such reflective particles still maintain pristine graphite features, the 

dark regions do not show Raman features for ordered graphite structure. Hence, the structure of 

most graphite particles has become disordered with cycling in diglyme electrolyte. 
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Figure S8. ex situ XRD of deintercalated graphite electrodes with pristine graphite for comparison. 

Inset shows the comparison of diglyme sample with background XRD pattern around graphite 

(002) peak region. Deintercalated graphite electrodes were retrieved from Gr/LFP cells after three 

formation cycles (ending on deintercalation) at a current rate of C/20 (1 C ≈ 1.81 mA cm−2).

Discussions: The graphite (002) and (004) peaks are well maintained after cycling in E3F1, E4F1 

and EC/DMC electrolytes, indicating reversible graphite structure change with lithium 

intercalation. By contrast, only a very weak and broad graphite peak can be observed in diglyme 

sample, which is likely due to exfoliation and disordering of graphite with solvent co-intercalation. 
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Figure S9. Voltage-capacity plots of graphite/LiFePO4 (Gr/LFP) cells using (a) 1 M LiFSA in 

E3F1, (b) 1 M LiPF6 in EC/DMC and (c) 1 M LiFSA in diglyme cycled at 20℃. The cells were 

cycled at a current rate of C/3 after three formation cycles at C/20. (1 C ≈ 1.81 mA cm−2)

Figure S10. Voltage profiles of graphite/LiFePO4 (Gr/LFP) cells using (a) 1 M LiFSA in E3F1, 

(b) 1 M LiPF6 in EC/DMC and (c) 1 M LiFSA in EC/DMC at 60°C. The cells were cycled at C/20 

three times at 20°C (not shown) prior to 60°C cycling at C/3. (1 C ≈ 1.81 mA cm−2)
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Figure S11. Galvanostatic cycling of lithium metal/graphite (Li/Gr) cells using 1 M LiFSA in 

E3F1, 1 M LiPF6 in EC/DMC and 1 M LiFSA in EC/DMC as electrolytes. The cells were cycled 

at 60℃ in a current rate of C/10 after three formation cycles at C/20. (1 C ≈ 2.17 mA cm−2)

Figure S12. Voltage profile of lithium metal/graphite-silicon (Li/Gr-Si) cells using 1 M LiFSA in 

E3F1, 1 M LiFSA in diglyme and 1 M LiPF6 in EC/DMC. Li/Gr-Si cells were discharged to a cut-

off voltage of 0.01 V at a current rate of C/20 (1 C ≈ 2.83 mA cm−2). Gr-Si electrode overall 

shows higher specific capacity compared to graphite. E3F1 electrolyte leads to several stable 

voltage plateaus below 0.3 V that is similar to EC/DMC electrolyte while diglyme cell has a high-
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voltage (> 0.5 V) plateau at the onset. This indicates the tendency of solvent co-intercalation into 

graphite is succeeded by Gr-Si composite.

Figure S13. XRD patterns of graphite-silicon (Gr-Si) composite electrode intercalated in E3F1 1 

M LiFSA (E3F1), EC/DMC 1 M LiPF6 (EC/DMC) and diglyme 1 M LiFSA (Diglyme) with 

pristine graphite-silicon composite as control. Δ: (002), (003), (004) and (005) peaks of ternary 

GIC (from left to right). Intercalated Gr-Si electrodes were prepared in Li/Gr-Si cells by charging 

to a cut-off voltage of 0.01 V at a current rate of C/20 (1 C ≈ 2.83 mA cm−2).

Discussions: The graphite XRD peaks of intercalated Gr-Si composition mirror intercalated 

graphite electrode (Fig. 3a) for each specific electrolyte. This indicates the intercalation 

mechanism into graphite is not altered by compositing with silicon. The silicon (111) peak of 

pristine Gr-Si electrode disappears after lithiation for all electrolytes tested, which agrees with 

literatures that the lithiation of silicon leads to amorphous lithium-silicon alloy at room 

temperature.5  
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Figure S14. Galvanostatic cycling of lithium metal/graphite-silicon (Li/Gr-Si) cells using 1 M 

LiFSA in E3F1, 1 M LiPF6 in EC/DMC and 1.2 M LiPF6 in EC/EMC/DEC+2% FEC+1%VC 

(EC/EMC/DEC+FEC/VC) as electrolytes. The cells were cycled at 20℃ at a current rate of C/10 

after three formation cycles at C/20. (1 C ≈ 2.83 mA cm−2)

Discussions: Despite some fluctuation, all three electrolytes can maintain a discharge capacity of 

~ 600 mAh g−1 in the long term cycling of Li/Gr-Si cells. E3F1 show significantly higher 

Coulombic efficiency (~99.5% around 50th cycle) than EC/DMC (~97.9% around 50th cycle) or 

EC/EMC/DEC+FEC/VC (~98.2% around 50th cycle) at the later cycles. This indicates E3F1 has 

less parasitic reaction with Gr-Si electrode, which corroborates the Gr-Si/LFP full cell cycling 

results shown in Fig. 5c. 
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Figure S15. Galvanostatic cycling of lithium metal/graphite-silicon (Li/Gr-Si) cells using 1 M 

LiFSA in E3F1, 1 M LiPF6 in EC/DMC and 1.2 M LiPF6 in EC/EMC/DEC+2% FEC+1%VC 

(EC/EMC/DEC+FEC/VC) as electrolytes at 60℃. The cells were cycled at 60℃ in a current rate 

of C/10 after three formation cycles at C/20. (1 C ≈ 2.83 mA cm−2)

Discussions: When Li/Gr-Si cells are cycled at 60℃, higher specific capacity (~800 mAh g−1) of 

Gr-Si electrode is achieved likely due to better kinetics. With growing cycle number, the 

Coulombic efficiency of E3F1 cell gradually stabilizes around 99.3%, which is even higher than 

room temperature and supports the superior thermal stability of E3F1. In contrast, the EC/DMC 

cell shows rapid capacity decay after 14th cycle due to its poor thermal stability. The 

EC/EMC/DEC+FEC/VC electrolyte shows better thermal stability than EC/DMC LiPF6 but its 

Coulombic efficiency is still lower than E3F1 electrolyte.
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Figure S16. Galvanostatic cycling of graphite-silicon/LiFePO4 (Gr-Si/LFP) cells using 1 M 

LiFSA in E3F1 and 1.2 M LiPF6 in EC/EMC/DEC+2% FEC+1%VC (EC/EMC/DEC+FEC/VC) 

as electrolytes at 60℃. Three formation cycles at C/20 were performed at 20°C (not shown) prior 

to 60°C cycling. (1 C ≈ 1.81 mA cm−2, N/P ≈ 1.2)

Discussions: Gr-Si/LFP cells cycled at 60℃ show similar cycling performance trend as 20℃ 

cycling, where E3F1 has higher Coulombic efficiency and better capacity retention than 

EC/EMC/DEC+FEC/VC. E3F1 electrolyte keeps high Coulombic efficiency at 60℃ with capacity 

retention comparable to 20℃ (57.8 mAh g−1 versus 70.3 mAh g−1 at the 100th cycle). The cycling 

of Gr-Si based cells at 60℃ proves that the superior thermal stability of E3F1 is not dependent on 

battery chemistry.
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Figure S17. Electrochemical impedance spectra (EIS) of graphite/LiFePO4 (Gr/LFP) cells using 

1 M LiPF6 in EC/DMC, 1 M LiFSA in E3F1 and 1 M LiFSA in diglyme as electrolytes after three 

formation cycles at C/20. Inset shows the equivalent circuit used for fitting. 

Table S1 | Fitting parameters of EIS

Ohmic 
Resistance

Double Layer 
Components

SEI Components
Charge Transfer 

Components

R1 (Ω)
R2 
(Ω)

Q2

(F sa-1)
a2

R3 
(Ω)

Q3 

   (F sa-1)
a3

R4 
(Ω)

Q4 

(F sa-1)
a4

E3F1 20.34 4.09 2.76×10-3 0.30 21.88 1.26×10-3 0.74 70.97 1.01×10-2 0.50

EC/DMC 4.48 7.02 9.67×10-6 0.92 16.12 4.15×10-3 0.54 68.4 1.80×10-2 0.81

Diglyme 4.80 7.12 1.16×10-3 0.54 13.89 6.14×10-6 0.82 78.95 1.99×10-3 0.53

Discussions: LFP was selected instead of lithium metal to minimize the influence of counter 

electrode because most electrolytes do not form resistive passivation layers at the interface with 

LFP.1,2 Fig. S17 and Table S1 show that E3F1 have higher interfacial resistance (21.88 Ω), 

which supports the formation of SEI in fluoroether electrolytes. On the contrary, the diglyme cell 

has lower interfacial resistance (13.89 Ω). The lack of SEI in the diglyme cell could be explained 

by two observations: First, the solvent co-intercalation reaction starts at a much higher potential 

than normal lithiation reaction (1.24 V vs 0.19 V); Secondly, glyme ether solvents are known for 
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their good reductive stabilities and are not reduced to form a robust SEI.3 Kim et al. also reported 

the absence of a passivation layer at the interface of glyme electrolytes and graphite electrode 

using transmission electron microscopy (TEM).4

Figure S18. a, Transmission electron microscopy (TEM) image of graphite SEI formed in E3F1 

1 M LiFSA electrolyte. b, Magnified view of the interface between graphite and SEI. c-g, Energy-

dispersive X-ray spectroscopy (EDS) mapping of the region shown in (a).
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Figure S19. Voltage profile of Li/Gr (graphite electrode using SBR binder) cells using (a) 1 M 

LiFSA in E3F1, (b) LiClO4 saturated E3F1 and (c) 1 M LiFSA in diglyme as electrolytes. Li/Gr 

cells were cycled at a current rate of C/20 (1 C ≈ 0.8 mA cm−2) three times before XPS 

characterization.



S17

Figure S20. Adiabatic reduction potentials of electrolyte solvents predicted by density functional 

theory (DFT) calculations (VLi: volts referenced to Li/Li+ electrode).

Discussions: Adiabatic reduction potential is defined as the electrochemical potential of single 

electron reduction (M + e− → M−), where the geometry of product (M−) is optimized. EC has a 

calculated reduction potential of 0.31 VLi, which is above the potential of graphite lithiation 

reaction (~ 0 VLi). It is widely accepted that the reductive degradation of EC leads to surface 

passivation of graphite anode.6,7 In contrast, diglyme shows a much lower reduction potential of –

0.70 VLi, indicating diglyme molecules are thermodynamically more stable at the operation 

potential of the graphite electrode. The good reductive stability of diglyme explains its deficiency 

in passivating the graphite electrode. After fluorination, the reductive potential of E3F1 increases 

to 0.22 VLi and −0.19 VLi based on different degradation pathways. The reductive degradation of 

E3F1 allows for graphite electrode passivation and enables reversible lithium (de)intercalation. 

Similar effects of fluorination have been widely reported for other fluorinated ether and carbonate 

solvents in lithium metal batteries.8–11 Fig. 6e shows that the cleavage of the C−F bond (i) is the 

most favorable reduction pathway of E3F1 and is responsible for its positive reduction potential, 

but the cleavage of C−O bond (ii) is also possible since it leads to a reduction potential close to 0 

VLi. 
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Figure S21. 1H NMR spectra of E3F1-derived SEI components dissolved in D2O. The peaks 

between 4.2 ppm and 3.6 ppm are assigned to −OCH2− groups in different chemical environments 

and the peaks around 3.4 ppm are assigned to −OCH3 groups.

Figure S22. The first cycle of Li/Gr half cells using 1 M LiFSA in diglyme and 1 M LiFSA in 

diglyme with 5 wt% FEC. The addition of “SEI former” such as FEC does not suppress the co-

intercalation of diglyme.



S19

Figure S23. a, Galvanostatic cycling of the Li/Gr cell using 1 M LiFSA in FDMB12 as electrolyte. 

b, Time-aligned in situ XRD patterns and voltage profiles of Li/Gr cells using 1 M LiFSA in 

FDMB as electrolyte. Both the voltage profile of the Li/Gr cell and in situ XRD results indicate 

FDMB electrolyte can also enable reversible lithium intercalation into graphite without solvent co-

intercalation.
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