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Abstract
Commercial carbonate electrolytes with poor oxidation stability and high flammability limit the operating voltage of 
Li-ion batteries (LIBs) to ~4.3 V. As one of the most promising candidates for electrolyte solvents, sulfolane (SL) 
has received significant interest because of its wide electrochemical window, low flammability and high dielectric 
permittivity. Unfortunately, SL-based electrolytes with normal concentrations cannot achieve highly reversible Li+ 
intercalation/deintercalation in graphite anodes due to an ineffective solid electrolyte interface, thus undermining 
their potential application in LIBs. Here, a low-concentration SL-based electrolyte (LSLE) is developed for high-
voltage graphite||LiNi0.8Co0.1Mn0.1O2 (NCM811) full cells. A highly reversible graphite anode can be achieved through 
the preferential decomposition of the dual-salt LiDFOB-LiBF4 in the LSLE. The addition of fluorobenzene further 
restrains the decomposition of SL, endowing uniform, robust and inorganic-rich interphases on the electrode 
surfaces. As a result, the LSLE with improved thermal stability can support the MCMB||NCM811 full cells at 4.4 V, 

evidenced by an excellent cycling performance with capacity retentions of 83% after 500 cycles at 25 ℃ and 82% 

after 400 cycles at 60 ℃. We believe that the design of this fluorobenzene-containing LSLE offers an effective 
routine for next-generation low-cost and safe electrolytes for high-voltage LIBs.
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INTRODUCTION
Lithium-ion batteries (LIBs) have achieved tremendous success in portable electronic devices, electric 
vehicles and various power grid applications owing to their high energy and power densities and long cycle 
life[1-3]. To further increase the energy density of LIBs, high-voltage cathodes, including Li-rich layered 
oxides (Li1+xM1-xO2, M = Mn, Ni or Co) and Ni-rich layered oxides (LiNi1-x-yCoxMnyO2, 1-x-y ≥ 0.6) have been 
intensively explored and shown some progress[4,5]. However, the electrochemical performance of these 
aggressive cathodes is critically hindered by commercial carbonate electrolytes, which are responsible for 
the high flammability and continuous decomposition above 4.3 V vs. Li+/Li[6,7]. The undesired decomposed 
products, including alkyl alcohols (ROH) and carbonates (ROCO2H), are detrimental to the formation of a 
stable cathode electrolyte interphase (CEI)/solid electrolyte interphase (SEI)[8]. In addition, LiPF6 with poor 
thermal stability and high susceptibility to moisture is prone to the generation of pernicious byproducts, 
including phosphorus pentafluoride (PF5) and hydrogen fluoride (HF)[9,10], which accelerate the dissolution 
of transition metal (TM) ions from the cathodes, thus destroying their structure and decreasing the 
reversible capacity[11-13]. Therefore, it is necessary and urgent to develop novel electrolytes with wide 
electrochemical windows, non-/low flammability and good compatibility with graphite and aggressive 
cathodes[14-16].

A number of non-carbonate electrolytes (e.g., nitriles[17-19], sulfones[20-22], ionic liquids[23-25] and fluorinated 
electrolytes[26-30]) with excellent anodic stability have been widely explored recently. Among them, sulfolane 
(SL) stands out with the distinct merits of a high dielectric constant (43.4 at 303.2 K), low flammability, high 
flash point (Tf = 166 ℃), high boiling point (Tb = 287 ℃) and wide electrochemical window (> 5 V 
vs. Li/Li+)[22,31]. The most effective strategy to enable SL electrolyte-based LIBs is to increase the salt ratio to 
form highly concentrated electrolytes (HCEs)[32-34], which improve the compatibility with graphite by 
forming an anion-dominated SEI. The method of HCEs inevitably results in high viscosity and cost and low 
Li+ ionic conductivity. In this regard, there is an urgent need for appropriate strategies to design low-
concentration SL to support commercial battery chemistries.

In this study, we report a novel dual-salt design with a co-solvent of fluorobenzene (FB) to functionalize a 
low-concentration SL electrolyte with good thermal stability and capability to enable a highly reversible 
graphite anode and Ni-rich layer cathode LiNi0.8Co0.1Mn0.1O2 (NCM811). The rationally designed electrolyte 
consists of 0.8 M LiDFOB and 0.2 M LiBF4 in a mixture of SL/FB (2.8:1 by vol.), denoted as LiDFOB-LiBF4

/SL-FB. Compared with LiPF6, LiBF4 exhibits many advantages, including satisfactory thermal stability, 
relatively low moisture sensitivity and small charge transfer resistance[35,36]; however, the formation of an 
erratic SEI on the surface of graphite has been a major challenge for its application in LIBs[37]. In contrast, 
LiDFOB has been explored mostly as a lithium salt and functional additive due to its excellent film-forming 
ability[38,39], benign thermal stability (up to 240 ℃) and passivation performance to aluminum collectors[40,41]. 
Hence, the combination of LiDFOB with a dose of LiBF4 can be an effective solution to improve the 
performance of SL by overcoming the intractable issues of incompatibility with the graphite anode at 
normal salt concentrations. The presence of FB in the electrolyte provides additional advantages, such as 
low viscosity and density and reasonable stability at high voltages[42]. The dual-salt and FB are preferentially 
decomposed to generate a homogeneous, thin and robust SEI/CEI mainly composed of LiF and a small 
amount of sulfur-containing species on the surfaces of both the graphite anode and NCM811 cathode. As a 
result, the designed LSLE significantly promotes the cycling performance of high-voltage MCMB||NCM811 
full cells, as evidenced by an 83% retention after 500 cycles, unprecedented rate performance (169.9 mAh g-1 
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at 5C) and impressive elevated temperature performance (82% capacity retention after 400 cycles at 60 ℃). 
The present study provides a remarkable and efficient strategy for designing LSLEs to cater to aggressive 
NCM811 cathodes and address the incompatibility with graphite, thereby providing novel directions in 
electrolyte design.

EXPERIMENTAL
Materials
Lithium metal foil was purchased from Tianjin China Energy Lithium Co., Ltd. NCM811 powder, MCMB 
powder and conductive carbon black (Super C45) were purchased from Hefei Kejing Materials Technology 
Co., Ltd. Poly(vinylidene fluoride) (PVDF) binder, LA133, N-methylpyrrolidone (NMP), dimethyl 
carbonate (DMC), ethylene carbonate (EC) and SL were purchased from Duoduo Chem Co., Ltd. FB was 
purchased from Macklin Co., Ltd. LiDFOB, LiBF4 and LiPF6 were purchased from Dadu New Material Co., 
Ltd. All lithium salts and solvents were of battery grade.

Preparation of electrodes, electrolytes and cells
The cathode slurry contained 80 wt.% NCM811, 10 wt.% Super C45, 10 wt.% PVDF and NMP as a solvent. 
The resulting slurry was coated on Al foil. The anode slurry contained 93 wt.% MCMB, 2 wt.% Super C45, 
5 wt.% LA133 and pure H2O as a solvent. The resulting slurry was coated on Cu foil. After solvent drying, 
the electrodes were further dried at 100 ℃ for 12 h under a vacuum. The electrodes were then punched into 
disks with diameters of 14 and 12 mm for anodes and cathodes, respectively. The mass loadings of MCMB 
and NCM811 electrodes for coin cells were ~6.7 and ~6.6 mg cm-2, respectively. The two reference 
electrolytes were 1 M LiPF6/EC-DMC (1:1 v/v) (labelled as BE) and 0.8 M LiDFOB-0.2 M LiBF4 in SL 
(labelled as LiDFOB-LiBF4/SL). The LSLE was prepared by mixing 0.8 M LiDFOB and 0.2 M LiBF4 with 
SL/FB (2.8:1, v/v). All solvents were dried using molecular sieves and the preparation of all the electrolytes 
was performed in a glovebox with an argon atmosphere (< 0.1 ppm of O2 and H2O) (Mikrouna, China). We 
used one polyethylene separator and one glass fiber separator between the anode and cathode inside the 
coin cells with 100 μL of electrolyte. MCMB||NCM811 full cells were prepared in CR2025 coin-type cells 
with a set N/P value of 1.2 (calculated according to 320.0 mAh g-1 for MCMB and 200.0 mAh g-1 for 
NCM811). AG||NMC811 pouch-type cells (1 Ah) were purchased from LI-FUN Technology Co., Ltd.

Electrochemical tests
Coin cells were charged and discharged in calorstats using a LAND battery testing system (Wuhan LAND 
Electronics Co., Ltd.). MCMB||NCM811 full cells were activated at a rate of 0.1C for two cycles and then 
operated at 0.5C for long cycling with a cutoff voltage between 4.4/4.3 and 2.8 V. Li||MCMB half-cells were 
operated at a rate of 0.1C at a potential range of 0.005-1.5 V. The rate capability was obtained from 
MCMB||NMC811 full cells cycled at constant charge (0.2C) and different discharge rates (0.5C, 1C, 2C, 3C, 
4C and 5C). The AG||NMC811 (1 Ah) pouch-type cells were cycled at a 0.1C rate for two formation cycles 
and then 0.3C charge/discharge for long cycling under 2.8-4.3 V. Linear sweep voltammetry (LSV) was 
performed using an electrochemical workstation (Ivium-n-stat, Ivium Technologies BV Co., Ltd.) in a coin 
cell with lithium foil as a working electrode and stainless steel as counter and reference electrodes at a 
scanning rate of 0.5 mV/s. Electrochemical impedance spectroscopy (EIS) measurements of the 
MCMB||NCM811 full cells at a fully discharged state were also performed using the same electrochemical 
workstation over frequencies from 10 kHz to 0.01 Hz.

Characterization
The electrodes disassembled from MCMB||NCM811 full cells were washed with DMC before subsequent 
characterization to prevent any disturbance from the residual salts. X-ray diffraction (XRD, X-pert Powder, 
PANalytical B.V.) was performed with Cu Kα radiation from 5° to 80° at a scanning speed of 4° min-1. 
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Scanning electron microscopy (SEM, SU-70, Hitachi Ltd.) was carried out to observe the morphology of the 
electrodes. The microstructures of the SEI/CEI were obtained from transmission electron microscopy 
(TEM, Tecnai G2 F20). X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific) 
was used to observe the composition of the interphases. For the TM ion dissolution study using inductively 
coupled plasma mass spectrometry (ICP-MS, Agilent 7700) on cycled NCM811 cathodes, samples were fully 
charged and disassembled from MCMB||NCM811 full cells after 50 cycles. For the DSC experiments, the 
Li||NCM811 half-cells fabricated with each electrolyte (100 μL) were fully charged to 4.4 V at 0.1C and 
maintained for 20 h. Approximately 3.0 mg of samples and 10 μL of electrolytes were hermetically sealed in 
a pan, respectively. The temperature was increased from ambient to 300 ℃ at a heating rate of 5 ℃ min-1.

Theoretical calculations
Density functional theory (DFT) calculations using Gaussian 09 software were used to carry out the 
molecular optimization. Using the three-parameter empirical formulation B3LYP in conjunction with the 
basis set of 6-311+G (d, p), the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) were observed. Ab initio molecular dynamics (AIMD) calculations were 
performed using the Vienna Ab initio Simulation Package[43-45]. By positioning LiDFOB, LiBF4, SL and FB in 
a box based on density and molar ratio, we constructed an electrolyte system for the simulations. All AIMD 
calculations were performed using the NVT ensemble with a Nosé-Hoover thermostat at 300 K. A time step 
of 1 fs and only the Gamma point in the reciprocal space were used in our calculations. The total simulation 
time was 10 ps. The projected density of states (DOS) was calculated to observe the distribution of the 
LUMO level. H transfer energies were calculated by positioning different solvents onto the charged 
NMC811 surface with a cutoff energy of 550 eV.

RESULTS AND DISCUSSION
The LUMO and HOMO are key indicators of salt and solvent stability. As can be seen from Figure 1A, 
LiDFOB has the lowest LUMO value (-2.80 eV) among all the electrolyte components, indicating that it 
tends to be decomposed first, which is in good agreement with the outstanding film-forming ability 
reported in previous studies[46,47]. LiBF4 (-1.5 eV) and FB (-0.84 eV) with less negative LUMOs than LiDFOB 
are able to mature the nascent LiDFOB-derived SEI. In addition, the DOS shows that the LUMO is mainly 
located at the LiDFOB and LiBF4 molecules in the 0.8 M LiDFOB-0.2 M LiBF4/SL (denoted as LiDFOB-
LiBF4/SL) electrolyte [Supplementary Figure 1], implying the preferential reduction of LiDFOB and LiBF4 

within the electrolyte. With the presence of FB, the LUMO level of the electrolyte emerges on FB rather 
than SL [Figure 1B], suggesting that both the dual-salt and FB contribute to the SEI formation, which 
suppresses the reactivity of SL in the following cycles. The electrostatic potential (ESP) in Figure 1C depicts 
that the Emin value of SL (-40.94 kcal mol-1) is much lower than that of FB (-19.19 kcal mol-1), which 
demonstrates the involvement of SL rather than FB in the solvation of Li+. The result is further confirmed by 
the snapshots of the AIMD simulation [Figure 1D and Supplementary Figure 2A]. The radical distribution 
function reveals that the first coordinated shell of Li+ (within 2 Å) is dominated by SL molecules, whereas the 
number of FB molecules in the inner solvation shell of Li+ is negligible [Figure 1E and Supplementary Figure 
2B], in agreement with the ESP results. Guided by the above results, we portray the decomposition order of 
components in the SL-based electrolyte with reduction potentials schematically in Figure 1F and 
Supplementary Figure 3. The brittle SEI generated by the preferential decomposition of the dual-salt is not 
sufficient to block the continuous decomposition of SL, whereas the addition of FB can further effectively 
form a protective interface, which restricts the continual reduction of SL without changing the solvation 
structure.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
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Figure 1. (A) Frontier molecular orbital energies of LiDFOB, LiBF4, SL and FB, together with their molecular orbital diagrams. (B) DOS 
obtained from AIMD simulations of LiDFOB-LiBF4/SL-FB. (C) Electrostatic potential diagrams of SL and FB. (D) AIMD simulation 
snapshots of LiDFOB-LiBF4/SL-FB (brown: C atom, white: H atom, red: O atom, green: Li atom, yellow: S atom, silver: F atom and dark 
green: B atom). (E) Radial distribution functions of Li- ODFOB, Li- FBF4, Li-OSL and Li-FFB pairs calculated from AIMD simulation trajectories 
in LiDFOB-LiBF4/SL-FB electrolyte. (F) Schematic diagram of reactions at LiDFOB-LiBF4/SL-FB electrolyte/graphite interphase.

Apart from the ability to construct a robust interface, FB also significantly lowers the viscosity of the SL-
based electrolyte [Supplementary Figure 4], which greatly accelerates the electrolyte infiltration and 
promotes Li+ transport within the electrodes. The oxidation stability of the LiDFOB-LiBF4/SL-FB electrolyte 
evaluated by LSV is up to 5.0 V (vs. Li/Li+) [Figure 2A]. Furthermore, the Li||NCM811 cell with LiDFOB-

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
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Figure 2. (A) LSV profiles of Li||stainless steel cells with various electrolytes at a rate of 0.5 mV/s. (B) Initial charge-discharge voltage 
curves of Li||NCM811 half-cells and (C) Li||MCMB half-cells using different electrolytes. (D) Cycling performance and Coulombic 
efficiency vs. cycle number of MCMB||NCM811 full cells with various electrolytes at 0.5C between 2.8 and 4.4 V at 25 ℃. (E) Rate 
capacity of MCMB||NCM811 full cells with various electrolytes under varying discharge rates (xC) (1C = 200 mA g-1) and the same 
charge rate (C/5) at 2.8-4.4 V. (F) EIS measurements of MCMB||NMC811 full cells after 100 cycles. (G) TM dissolution measured by 
ICP-MS after 50 cycles with various electrolytes.

LiBF4/SL-FB exhibits a higher initial Coulombic efficiency of 87.9% [Figure 2B] than that of the reference 
electrolytes [86.7% for LiDFOB-LiBF4/SL and 84.0% for 1 M LiPF6/EC-DMC (denoted as BE)], suggesting 
that the designed LSLE can build a more robust surface passivation layer on NCM811 and ensure high 
oxidation stability. Furthermore, the compatibility of the SL-based electrolyte with the graphite anode was 
tested using Li||MCMB cells. As shown in Figure 2C, the highest initial Coulombic efficiency of 92.5% with 
the LiDFOB-LiBF4/SL-FB electrolyte (91.4% for LiDFOB-LiBF4/SL and 89.0% for BE) indicates that the dual-
salt with good film-forming capability can successfully address the incompatibility of the SL-based 
electrolyte towards graphite at low concentrations. In addition, FB facilitates the cycling stability of the SL-
based electrolyte [Supplementary Figure 5]. The capacity retention of the Li||MCMB half-cell with BE 
declines to 93% after 100 cycles, while the Coulombic efficiency of the Li||MCMB half-cell with LiDFOB-
LiBF4/SL fluctuates slightly. In sharp contrast, no capacity fading is detected for the Li||MCMB half-cell with 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
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the LiDFOB-LiBF4/SL-FB electrolyte after 100 cycles, suggesting that the dual-salt at low concentrations
makes the SL-based electrolyte effective against graphite. The addition of FB further optimizes the interface
on the graphite and suppresses the subsequent decomposition of SL.

The cycling behavior of the MCMB||NCM811 full cells using different electrolytes were investigated
[Figure 2D]. A low capacity retention of only 44% (75.1 mAh g-1/170.3 mAh g-1) can be obtained after 500
cycles for the cell with BE due to the formation of a poor CEI on the NCM811 cathode and serious parasitic
reactions. Benefitting from the synergistic effect of the dual-salt, the performance of the MCMB||NCM811
cell using the LiDFOB-LiBF4/SL electrolyte can be significantly improved, yet there is still a drastic capacity
fade with 61% of the initial capacity (118.5/193.5 mAh g-1) retained within 500 cycles. After adding FB, the
MCMB||NCM811 cell presents the best electrochemical performance with a higher initial discharge capacity
(214.1 mAh g-1) than reference electrolytes (204.3 mAh g-1 for BE and 208.3 mAh g-1 for LiDFOB-LiBF4/SL).
Impressively, the MCMB||NCM811 cell with the FB-containing LSLE shows high Coulombic efficiency
(99.9%) and a significantly enhanced capacity retention of 83% (168.5 mAh g-1/202.6 mAh g-1) after 500
cycles [Supplementary Figure 6].

In addition to the remarkable cycling stability, the rate performance of the MCMB||NCM811 cell in the
LiDFOB-LiBF4/SL-FB electrolyte is also superior to that of the reference electrolytes. Under a current
density of 5C (1C = 200 mA g-1), the cell with the LiDFOB-LiBF4/SL-FB electrolyte achieves a high reversible
capacity of 169.9 mAh g-1 [Figure 2E and Supplementary Figure 7], while the cells with LiDFOB-LiBF4/SL
and BE electrolytes deliver limited capacities of 140.9 and 125.5 mAh g-1, respectively. When the rate is set
back to 0.1C, the cell with the LSLE presents a higher reversible discharge capacity of 200.3 mAh g-1 (172.4
mAh g-1 for LiDFOB-LiBF4/SL and 132.6 mAh g-1 for BE). EIS was conducted on the MCMB||NCM811 cells
to study the capacity degradation mechanism [Supplementary Table 1]. The semicircles in the high- (RSEI)
and medium-frequency (Rct) regions of the Nyquist plots represent the resistance of the electrode/electrolyte
interphase (Ri)[48]. As shown in Figure 2F and Supplementary Figure 8, the introduction of FB significantly
decreases the interphase resistance to 103.1 Ohm after 100 cycles, compared with 128.4 Ohm for LiDFOB-
LiBF4/SL and 145.8 Ohm for BE. The above results illustrate that the combination of dual-salts and FB
improves the electrode/electrolyte interface by preventing continual side reactions and improving Li+

diffusion. Such an interface is also conducive to reducing the dissolution of TM ions[49], and the Mn/Ni
contents of the cycled NMC811 in the LSLE are reduced two- and threefold compared with those in BE,
respectively [Figure 2G].

To further elucidate the reactions of LiDFOB-LiBF4/SL-FB on the electrolyte/electrode interphase, DFT and
post-mortem characterization were conducted. Basically, solvent oxidation on the highly delithiated
NCM811 surface is dominated by H transfer and the discernibly different energy of the H transfer reaction
determines the oxidation stability of the electrolytes. The dehydrogenation energy of isolated SL (△ESL =
1.17 eV) is much more positive than FB (△EFB = -2.11 eV), EC (△EEC = -2.61 eV) and DMC (△EDMC =
-0.83 eV) [Figure 3A-C and Supplementary Figure 9], suggesting a higher oxidation stability for the SL
molecule, which agrees well with the LSV results. No significant difference between the pristine NCM811
and cycled NCM811 cathodes are detected in the XRD patterns [Supplementary Figure 10], indicating that
the cycling with the three electrolytes has no effect on the bulk structure of the NCM811 cathodes, while the
stability of the electrode/electrolyte interphase is a key factor to determine the battery performance. As
shown in Supplementary Figure 11A, the SEM images of the pristine NCM cathode are presented in the
form of spherical aggregates, and the NCM811 particle surfaces are clean, smooth and flat. After cycling in
BE and the LiDFOB-LiBF4/SL electrolyte, serious cracks and substantial decomposition products are found
on the NMC811 particle surfaces [Supplementary Figures 11B and C]. Fortunately, the NCM811 cathode

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
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Figure 3. H-transfer reaction from (A) SL/SL (-H), (B) FB/FB (-H) and (C) EC/EC(-2H) to the delithiated NCM811 (003) cathode 
surface from periodic DFT calculations. Typical HR-TEM images of cycled NCM811 electrodes recovered from MCMB||NCM811 full-
cells after 50 cycles with (D) BE, (E) LiDFOB-LiBF4/SL and (F) LiDFOB-LiBF4/SL-FB. (G) XPS F 1s, O 1s, S 2p and B 1s spectra for 
NCM811 cathodes recovered form MCMB||NCM811 full cells after 50 cycles with various electrolytes.

particles cycling in LiDFOB-LiBF4/SL-FB almost maintain their original morphology without discernible 
damage [Supplementary Figure 11D]. More solid evidence of the effective cathode protection in the FB-
containing SL-based electrolyte can be obtained from high-resolution transmission electron microscopy 
(HR-TEM). A non-uniform CEI layer with a thickness of 9 nm is formed on the NCM811 particles because 
of the continual oxidation of the BE electrolyte on the catalytic surfaces [Figure 3D], which is detrimental to 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5108-SupplementaryMaterials.pdf
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the Li+ transport, resulting in kinetic issues and an irreversible capacity loss. Although improvements are 
obtained by the participation of the dual-salt in the CEI formation, a thick and irregular interface (6 nm) is 
formed due to the decomposition of SL in LiDFOB-LiBF4/SL [Figure 3E]. With the addition of FB, the CEI 
formed in the optimized SL-based electrolyte is discernibly decreased to 3 nm with a uniform morphology 
[Figure 3F]. These results prove that FB and the dual-salt at a low concentration effectively restrain the 
decomposition of SL, resulting in a thin and dense passivation layer on the NCM811 particles.

XPS was carried out to unveil the compositional information of the interphases on NMC811. In the C 1s 
spectrum, the peaks at 286.0 eV (C-C), 287.3 eV (C-O) and 289.1 eV (C=O) and 290.6 eV (O=C-O) 
originate from the decomposed by-products (ROH, ROCO2H and so on) of the electrolyte [Supplementary 
Figure 12], in line with the results for the O 1s spectrum [Figure 3G]. The content of S-O (532.1 eV, O 1s 
and 166.5 eV, S 2p) in the FB-containing SL-based electrolyte is significantly lower than that of LiDFOB-
LiBF4/SL, implying a more protective CEI derived from FB and the dual-salt to eschew the decomposition of 
SL. The F 1s and P 2p spectra show that the CEI formed in BE is rich in P-F and P-O due to the by-products 
(LixPOyFz and LixPFy) of LiPF6 decomposition. Furthermore, the SEI formed in the optimized SL-based 
electrolyte has a weaker LiF peak than that in LiDFOB-LiBF4/SL, which is beneficial in reducing the 
impedance of the CEI and facilitating Li+ diffusion[50]. Therefore, we can tentatively conclude that the 
interphase generated by the FB-containing LSLE is mainly composed of sulfur-containing species and LiF, 
originating from the decomposition of FB and the dual-salt rather than by SL molecules.

Constructing a stable and electron-insulating SEI is considered imperative for blocking the side reactions 
between anodes and electrolytes and enhancing the electrochemical performance of anodes. Although the 
difference in the XRD peaks (002) is negligible [Supplementary Figure 13], distinct surface morphologies are 
observed for the MCMB after cycling in the three electrolytes compared with the pristine MCMB 
[Supplementary Figure 14]. After cycling with BE and LiDFOB-LiBF4/SL, some disintegrations and 
decomposition products can be observed on the surface of MCMB particles, and the thickness of 
inhomogeneous SEIs formed in the two electrolytes are 7.0 and 5.5 nm, respectively [Figure 4A and B]. 
Comparatively, intact MCMB particles with integrated and smooth surfaces are observed in the optimized 
SL-based electrolyte, while the thickness of the homogeneous SEI layer is only 2 nm presented by the HR-
TEM [Figure 4C]. In the XPS profiles [Figure 4D and Supplementary Figure 15], B-O (192.0 eV) and LiF 
(685.0 eV) are detected due to the decomposition of LiDFOB and LiBF4. Moreover, the content of sulfur-
containing products (RSO3Li, Li2SO3 and LiSO4) (S-O/B-O peak at 532.6 eV, O 1s) in SEI formed by the FB-
containing SL-based electrolyte is significantly less than that of LiDFOB-LiBF4/SL, which again proves that 
FB is reduced together with the dual-salt to form a uniform SEI containing LiF-rich and little sulfur species 
to suppress the decomposition of SL and promote Li+ transport.

Commercial LIBs are prone to catching fire and even exploding under abusive conditions, with thermal 
runaway triggered by violent side reactions at high temperatures (> 60 ℃) being the most common and 
dangerous[51,52]. Therefore, it is pragmatic to develop electrolytes with high thermal stability and safety for 
replacing flammable carbonate-based electrolytes. At 60 ℃, the MCMB||NCM811 cells with BE and 
LiDFOB-LiBF4/SL exhibit rapid capacity decay and reach an 80% capacity retention after 126 and 294 cycles, 
respectively. In sharp comparison, the FB-containing SL-based electrolyte reaches the cutoff criterion of 
80% capacity retention after 417 cycles with a high discharge capacity of 149.0 mAh g-1 [Figure 5A and 
Supplementary Figure 16]. Figure 5B displays the differential scanning calorimetry (DSC) profiles of the 
highly charged NCM811 cathodes with the presence of various electrolytes. The designed LSLE exhibits a 
significant improvement in thermal stability, consequently postponing the onset of the exothermic 
temperature from 210.3 ℃ for BE and 227.9 ℃ for LiDFOB-LiBF4/SL to 249.7 ℃ and decreasing the heat 
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Figure 4. Typical HR-TEM images of cycled MCMB electrodes recovered from MCMB||NCM811 full cells after 50 cycles with (A) BE, 
(B) LiDFOB-LiBF4/SL and (C) LiDFOB-LiBF4/SL-FB. (D) XPS F 1s, O 1s and B 1s spectra for MCMB anodes recovered form 
MCMB||NCM811 full cells after 50 cycles with various electrolytes.

generation from 780.6 J g-1 for BE and 567.1 J g-1 for LiDFOB-LiBF4/SL to 357.6 J g-1. Such excellent thermal 
stability of LiDFOB-LiBF4/SL-FB guarantees the stabilization of the interfaces on the aggressive NCM811 
cathode and graphite anode. The performance improvement of the optimized SL-based electrolyte is further 
verified by an industrial 1 Ah artificial graphite (AG)||NCM811 pouch cell [Figure 5C and D]. After two 
formation cycles at 0.1C, the AG||NCM811 pouch cell with LiDFOB-LiBF4/SL-FB enables stable long-term 
cycling (capacity retention of > 83%) and high Coulombic efficiency (> 99.9%) after 486 cycles. The highly 
improved stability of the LiDFOB-LiBF4/SL-FB electrolyte demonstrates the formation of a stable CEI/SEI 
on the electrode surfaces, which is beneficial for battery safety and cycle life.

CONCLUSIONS
In summary, we have demonstrated a FB-containing LSLE system with benign wettability, a wide 
electrochemical window (> 5.0 V vs. Li/Li+), low viscosity and high thermal stability, thus resolving the 
incompatibility of SL with graphite anodes. It is noteworthy that the synergistic effect of the dual-salt and 
FB derives interphases with LiF and sulfur-containing species on both the NMC811 cathode and graphite 
anode, which have a prominent effect in blocking the continual decomposition of SL, facilitating Li+ 
transport and mitigating other pernicious side reactions. Therefore, the optimized LSLE system exhibits 
much better electrochemical performance of the MCMB||NCM811 full cells than commercial carbonate 
electrolytes, counting for a high capacity retention of 83% after 500 cycles at 25 ℃ and 82% after 400 cycles 
at 60 ℃. This protocol inspires excellent utility and provides encouraging possibilities for the design of 
practical electrolyte systems for next-generation high-energy LIBs.
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Figure 5. (A) Cycling performance and Coulombic efficiency vs. cycle number of MCMB||NCM811 full cells with various electrolytes at 
0.5C between 2.8 and 4.3 V at 60 ℃. (B) DSC profiles of charged NCM811 cathode to 4.4 V in Li||NCM811 half-cells with various 
electrolytes. (C) Cycling performance and Coulombic efficiency vs. cycle number of AG||NCM811 pouch cell using LiDFOB-LiBF4/SL-FB 
under 0.3C within the voltage window of 2.8-4.3 V. (D) Voltage profiles of AG||NCM811 pouch cell with LiDFOB-LiBF4/SL-FB.
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