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Abstract

:

The solid electrolyte interphase (SEI) significantly influences the electrochemical performance of lithium-ion batteries. Traditional electrolytes, particularly ether electrolytes, make it challenging to form a stable SEI film, and the corresponding lithium-ion batteries frequently exhibit poor electrochemical performance. In this paper, we develop a stable SEI film to improve fast charging and cycle performance using a localized high concentration electrolyte (LHCE). A unique solvation sheath formed by the coordination of Li+, anion, and solvent in the LHCE caused the anion to migrate quickly to the surface of the graphite anode and decompose to form a LiF-rich SEI. A LHCE enabled the Li||C battery to maintain a capacity of 124 mAh g−1 at a rate of 5 C, and the capacity remained at 289 mAh g−1 after 150 cycles at a rate of 0.1 C, with a capacity retention rate of 73% and an average coulomb efficiency of about 99.8%, thus demonstrating excellent long-cycle performance. The LFP||Li battery capacity at a 5 C rate can also be maintained at 102 mAh g−1.
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1. Introduction


In recent years, global climate change and the upsurge in energy demand have significantly contributed to developing new energy vehicles [1,2]. In comparison to fuel vehicles, new energy vehicles are more energy efficient, environmentally friendly, and inexpensive. Lithium-ion batteries, the most advanced portable energy storage devices, have been widely used in new energy vehicles [3]. However, short cruising ranges and long charging times have emerged as significant impediments to developing new energy vehicles. In order to achieve this objective, the U.S. Department of Energy has proposed the concept of “extreme fast charging” (XFC), which requires a 4 C multiplier to complete charging in 15 min, thereby ensuring the widespread adoption of electric vehicles [4,5,6]. The shortcomings of fast charging are predominantly attributable to the lithium precipitation of the negative electrode material. Fast charging confronts significant difficulties in the later stages of constant current charging of lithium-ion batteries due to uneven SEI film or unstable structure that increases the risk of lithium evolution and leads to poor battery cycle performance [7,8,9].



The electrolyte is a critical factor influencing the fast-charging performance of lithium-ion batteries. The electrolyte affects the operating voltage [10,11,12], electrochemical performance, operating temperature range, and safety performance of lithium-ion batteries [2,13,14]. Furthermore, the electrolyte reduction reaction on the electrode surface also affects the formation of the SEI film [15]. A stable SEI film avoids direct contact between the electrolyte and the graphite cathode, thus avoiding the continuous reductive decomposition of the electrolyte [16,17,18]. The lithium atoms on the positive electrode break down into Li+ and electrons during the charging process, as is illustrated in Figure 1 [19,20,21]. Electrons reach the negative electrode through an external circuit, whereas lithium-ions interact with the electrons at the negative electrode via the electrolyte [22,23,24,25]. The lithium ions interact with the electrons at the negative electrode, transforming the lithium-ions into lithium atoms. During the charging process, Li+ goes through three steps: (a) diffusion of the solventized Li+ in the electrolyte community; (b) desolvation of the solventized Li+ before crossing the SEI film; and (c) Li+ crossing the SEI film. When Li+ is embedded in the graphite anode, solvent molecules are co-embedded in the graphite interlayer, and the subsequent electrolyte decomposition can easily lead to the flaking of the graphite [26,27,28]. This is because the strong coordination between lithium-ions and solvent molecules makes it difficult to desolvate, while the weak van der Waals forces between graphite layers make it difficult to maintain the laminar structure of graphite despite the co-embedding of solvent molecules [29,30,31]. Therefore, regulating the solventized structure of the electrolyte and effectively inhibiting solvent molecule co-embedding is an effective method for improving the fast-charging performance of graphite [21,32,33,34]. As a result, a local high concentration electrolyte was selected to change the solvation structure in the electrolyte and achieve the fast-charging performance of lithium-ion batteries [35,36,37].



Designing the LHCE that is suitable for the fast charging of a lithium-ion battery mainly depends on three aspects: lithium salt, solvent, and diluent. The influence of the selection of lithium salt in the LHCE on the fast charging performance of the graphite negative electrode cannot be ignored. Studies have shown that, in conventional electrolytes, electrolytes containing lithium bis(fluorosulfonyl)imide (LiFSI) have higher conductivity than electrolytes containing other lithium salts (LiFSI > lithium hexafluorophosphate (LiPF6) > bistrifluoromethanesulfonimide lithium salt (LiTFSI) > lithium perchlorate (LiClO4) > lithium tetrafluoroborate (LiBF4)), and their fluorine content is lower and more environmentally friendly [32]. Therefore, LiFSI is regarded as the lithium salt with the most potential to replace LiPF6, especially in the field of fast-charging lithium-ion batteries. Additionally, the solubility and dissociation constant of conventional lithium salt cannot meet the requirements of the LHCE and HCE, while the lithium salt of FSI- can meet the requirements of the LHCE and HCE for lithium salt. Solvents used in conventional electrolytes (such as carbonates, carboxylates, ethers, phosphates, nitriles and sulfones) can be used for the HCE and LHCE. At the same time, because almost all solvents in the HCE and LHCE participate in Li+ coordination, the stability of the electrolyte is improved, so the selection of solvents in the LHCE is wider. Due to the introduction of diluents in the LHCE, the total lithium salt concentration in the HCE is reduced while retaining the special solvated sheath formed by the coordination of lithium salts and solvents in the HCE. Therefore, when selecting a diluent, lithium salt is required to have little or no solubility in this diluent. It is required that the diluent can be miscible with lithium salts and for solvents in the HCE to form a clear and homogeneous solution to avoid phase separation; in addition, the viscosity of the diluent should be low to reduce the overall viscosity of the electrolyte to have sufficient stability. Bis(2,2,2-trifluoroethyl) ether (BTFE), 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE), etc. can meet the above requirements, so they can be used for the LHCE.




2. Experimental Procedure


2.1. Methods


The lithium salts LiPF6 and LiFSI were bought from Shanghai Aladdin Bio-Chem Technology Co., Ltd., whereas the solvents ethyl carbonate (EC), dimethyl carbonate (DMC), dimethoxyethane (DME), and TTE were from Shanshan Corporation. The electrolyte was prepared in the argon-filled glove box (MBRAUN, H2O < 0.1 ppm, O2 < 0.1 ppm) according to the ratios in Table 1, and then lithium salts of corresponding masses were added to form electrolytes of different concentrations [38,39].



The graphite anode was assembled by mixing the active material (graphite), conductive black carbon (Super P, Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China), and polyvinylidene fluoride (PVDF, Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) in a mass ratio of 7:2:1. To make the slurry well mixed, an appropriate amount of N-methyl-2-pyrrolidone (NMP, DuoDuo Chemical Technology Co., Ltd., Suzhou, China) solvent was added and ball milled in a ball mill (QM-QX0.4L, Miqi Instrument Equipment Co., Ltd., Changsha, China) at 300 r/min for 3 h. The paste was coated on the copper foil with a thickness of 200 μm and then dried in an air-blowing thermostatic oven (DHG-9240A, Huitai Instrument Manufac-turing Co., Ltd., Shanghai, China) at 80 °C for 3 h. When the slurry on the surface was free of fluidity, it was transferred to a vacuum drying oven (DZF-6020,Huitai Instrument Manufacturing Co., Ltd., Shanghai, China) at 120 °C for 12 h. We completely removed the NMP and water from the pole piece and cut it into circular pieces of 14 mm diameter after cooling. The ferrous lithium phosphate (LiFePO4, LFP) cathode was assembled by mixing the active material LiFePO4, PVDF, and Super-P in a mass ratio of 8:1:1. Then an appropriate amount of NMP was added for ball milling. The obtained slurry was coated on aluminum foil. The subsequent steps were the same as those for graphite anode preparation.




2.2. Electrochemical Testing


Cyclic voltammetry (CV), the Tafel curve, linear sweep voltammetry (LSV), and electrochemical impedance spectroscopy (EIS) were tested by an electrochemical Workstation (CHI760E, Chenhua Instrument Co., Ltd., Shanghai, China). CV and EIS tests were performed using Li||C batteries. The LSV test was performed with Li||Stainless Steel (SS) batteries, while Li||Li batteries were used to test the Tafel curves. The CV test was conducted by sweeping at 0.5 mV/s in the voltage range of 0–3 V. The EIS tests were performed in the frequency range of 1 × 10−2 to 1 × 105 Hz, with a voltage disturbance of 5 mV. Li||C batteries were tested in the LAND system (CT2001A, LAND Electronics Co., Ltd., Wuhan, China) and used to compare the cyclic performance and rate performance. Long cycle performance was tested at 0.5 C scan rate over a voltage range of 0.05–1.5 V. To test the rate performance of the battery, 5 cycles were sustained at a rate of 0.5 C, 1 C, 2 C, 3 C, 4 C, 5 C, 4 C, 3 C, 2 C, 1 C, 0.5C in the voltage range of 0.05–1.5 V.




2.3. AFM Measurements


These measurements combined the electrochemical workstation with atomic force microscopy (AFM, Icon, Bruker Corporation, Billerica, MA, USA). The SEI film morphology of highly-ordered pyrolytic graphite (HOPG, Bruker Corporation, Billerica, MA, USA, 12 × 12 × 2 mm) surfaces in different concentrations of electrolytes was observed using electrochemical atomic force microscopy (EC-AFM). The electrochemical cell was first assembled with lithium strips as the reference and counter electrodes (RE and CE), respectively, and the HOPG was connected to the working electrode (WE) by a conductive metal spring. After the CV cycle, the SEI film morphology of the HOPG surface was observed. The AFM mode selected was ScanAsyst in fluid mode, and the SCANNASYST-FLUID+ probe was employed to observe the sample morphology, imaging at a scan rate of 1.0 Hz and a resolution of 256 × 256 pixels, with the scanning range set to 5 × 5 μm. The AFM was then switched to contact mode, a 2 × 2 μm area was selected, and the SEI film was scraped off. Then, we returned to ScanAsyst in fluid mode, and the scanning range was set to 5 × 5 μm to analyze the thickness of the SEI film. The above steps were performed in the argon-filled glove box.




2.4. Materials Characterization


Graphite was removed from the Li||C battery after three charge/discharge cycles, and the samples were rinsed several times with DME and DMC to remove residual solvents and lithium salts. The composition of the SEI film on the graphite cathode surface after cycling was investigated using X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD, Kratos, Manchester, UK).





3. Results and Discussion


3.1. CV Tests


Figure 2a depicts the CV of the Li||C batteries in the RCE. The first small reduction peak appeared at about 0.8 V and disappeared in subsequent cycles. This was due to the beginning of the decomposition of solvent molecules in the electrolyte. The second large reduction peak appeared near 0.5 V and was attributed to the involvement of the anion in the redox reaction, which is relatively violent, whereas the reduction peak near 0 V was assigned to lithium intercalation in graphite. Figure 2b–d demonstrate the CV of assembled Li||C batteries with three different electrolyte concentrations, all exhibiting more typical characteristics. The reduction peak around 1.0 V corresponded to irreversible electrolyte decomposition and the formation of the negative SEI film, and it weakened or even disappeared in the subsequent two cycles. The reduction peak around 0 V corresponded to the process of lithium insertion in the negative electrode, while the prominent oxide peak around 0.3 V represents the process of lithium intercalation.



Figure 3a compares the first CV cycle of the RCE, LCE, HCE, and LHCE in Li||C batteries. By comparing the positions of reduction peaks for four electrolytes, the reduction potentials of LHCE, HCE, LCE, and RCE were 1.023 V, 1.053 V, 0.944 V, and 0.454 V, respectively. The anion in the LHCE reached its decomposition voltage more easily than the RCE. Thus, the solvent molecules in the electrolyte were preferentially decomposed to form a SEI film dominated by inorganic compounds. In the LHCE, aggregated clusters (AGG, anion corresponding to two or more Li+ cations) and contact ion pairs (CIP, anion coordinating to a single Li+ cation) allowed rapid migration of the FSI- from the electrolyte to the graphite anode surface and reductive decomposition [30].




3.2. Electrochemical Impedance Tests


The impedance in the mid-frequency and high-frequency regions is expressed as charge diffusion impedance Rct and the interface film impedance RSEI, respectively, as are displayed in Figure 3b,c. Graphite had the highest impedance value in the RCE before and after the three CV cycles, which corresponded to the most considerable interfacial film thickness value in EC-AFM observation. Table 2 displays the specific impedance values. The SEI film formed in the LHCE had the lowest impedance, thus indicating that it is more conductive than other electrolytes.




3.3. The Tafel Curve


Figure 4 and Figure S1 show the Tafel curve of Li||Li batteries. The exchange current density of the LHCE (1.1076 mA cm−2) was calculated to be significantly higher than that of the RCE (0.0858 mA cm−2) It was confirmed that the SEI film Li+ generated in the LHCE had higher conductivity and faster charge transfer ability.




3.4. Cyclic Performance


The first cycle capacity of the RCE-assembled batteries was only 134 mAh g−1, the capacity attenuation after 100 charge-discharge cycles was 72 mAh g−1, and the capacity retention rate was only 53.73%, as are depicted in Figure 5a and Figure S2. The capacity retention rate of the LCE-assembled batteries was only 56% due to the problem of Li+ co-intercalation, which caused later graphite shedding, resulting in battery capacity decay and reduced cycle stability. However, after 150 long cycles, the capacity of the LHCE assembled battery remained at 289 mAh g−1, the capacity retention rate reached 73%, and the average coulombic efficiency was approximately 99.8%, thus demonstrating excellent long cycle performance (Figure 5c). This reveals that the LHCE can form a stable SEI film at the interface, which plays the role of passivating the adverse reaction of the interface and thereby improving the overall performance of the battery. The capacity-voltage curves in Figure 5b,d and Figure S3 reflect the capacity retention of the four electrolytes for 100 cycles.




3.5. Rate Performance Tests


The rate performance of the Li||C batteries demonstrates the advantages of the LHCE, as is shown in Figure 6a. The assembled LHCE batteries had specific discharge capacities of 370, 310, 234, 192, 144, and 124 mAh g−1, from 0.5 C to 5 C, respectively. The initial capacity of the RCE-assembled batteries was significantly lower than that of the LHCE; RCE-assembled batteries had a capacity of only 10 mAh g−1 at 5 C. As illustrated in Figure 6b,c and Figure S4, when the multiplicity increases from 1 C to 5 C, the overpotential of the negative graphite terminal in the LHCE increased from 0.0873 to 0.1609 V, which was much lower than that in the RCE (from 0.1845 to 1.1381 V). At low rates (<1 C), the Li+ embedding kinetics were almost independent of the electrolyte, and the capacity–voltage distribution curves of the LHCE and RCE were similar. When the rate was increased to 5 C, the cells of the two electrolytes displayed a significant difference, particularly in the capacity voltage distribution. At high rates, batteries assembled using the LHCE exhibited a more pronounced voltage plateau and lower overpotential.



Figure 6d compares the rate performance of the LFP||Li batteries; in the LHCE, the initial capacity at 0.5 C was 145 mAh g−1, and the capacity at 5 C could also be maintained at 102 mAh g−1, whereas the typical commercial electrolyte, with an initial capacity of 89 mAh g−1 at 0.5 C, had a capacity of 0 mAh g−1 at 4 C. When the current density was reduced from 5 C, the commercial electrolyte-assembled battery had a much lower specific capacity than the initial 0.5 C discharge specific capacity, whereas the LHCE-assembled battery recovered the initial 0.5 C discharge specific capacity when the current density was reduced back to 0.5 C. The capacity-voltage curves also showed that the cells assembled with the LHCE exhibited a more pronounced voltage plateau at high magnification (Figure 6e,f). All of these results demonstrate the superior rate performance of the LHCE-assembled batteries.




3.6. EC-AFM of Different Electrolytes on HOPG


Figure 7 depicts the morphology of the SEI film generated on HOPG by the four electrolytes using EC-AFM. In-situ EC-AFM observations are challenging due to the following factors: (1) The addition of diluent causes the LHCE electrolyte to volatilize quickly in a non-closed electrochemical cell; (2) The lithium salt concentration of HCE is too high, leading to the high viscosity of the electrolyte; (3) During the cycle of LCE, the reaction is intense and the morphology changes quickly, which results in cracks on the surface of subsequent samples.



After the CV was completed, the SEI film was scraped off using the contact mode of EC-AFM to determine the film thickness. The SEI film formed by the RCE was not uniform and had a soft texture (Figure 7a), and the thickness of the SEI film was measured to be about 200 nm after scraping at 10 V (Figure 7c). The thick SEI film will lead to an excessive impedance of the interfacial film. The SEI film formed by the LCE was also inhomogeneous (Figure 7d), but the thickness of the film after scraping was about 60 nm (Figure 7f), which was significantly less than the thickness of the SEI film formed by the RCE. The too-thin SEI film cannot protect the negative graphite electrode, thus allowing Li+ co-embedding in the LCE and resulting in graphite flaking. The delamination of the HOPG can be observed in the optical microscope diagram of the HOPG after cycling (Figure 8a), and the abnormal bulge on the side indicates that a large number of Li+ was co-embedded with solvent molecules, thus increasing the spacing of the graphite layers and resulting in peeling of the graphite layer. Compared to the RCE and LCE, the SEI film formed by the HCE and LHCE was relatively uniform, had a harder texture, and possessed greater mechanical strength (Figure 7g–i), but the HCE performed moderately less than the LHCE in an electrochemical performance test. The thickness of the SEI film formed by the LHCE was moderate, approximately 120 nm (Figure 7l), and the HOPG preservation after cycling was relatively complete (Figure 8b), thus enabling it to exhibit the best electrochemical performance. Moreover, when the SEI film formed by the RCE was scraped with a voltage of 5 V (Figure S5), a large area of the SEI film was scraped off, while only a part of the SEI film formed by the LHCE was scraped off, thus demonstrating that the mechanical strength of the SEI film formed by LHCE was superior to that of the SEI film formed by the RCE. As is seen in the Figure S6, the electrochemical stability window exhibited by RCE was only 4.2 V, while that of the LHCE increased to 5.1 V. This confirms the good film forming effect and excellent antioxidant property of the LHCE.




3.7. XPS Analysis


For SEI films formed in the RCE (Figure 9), the organic species ROCO2Li and RCO2Li were detected at around 290.3 eV and 288.7 eV, respectively, in the C 1s spectrum (Figure 9a). The peak in the F 1s spectrum around 686.8 eV was derived from the LixPFy produced by the decomposition of LiPF6, and the LiF signal of the inorganic species was observed at about 685 eV (Figure 9b). In the O 1s spectrum, the signal detected in the inorganic was located at about 529 eV in Figure 9c. LiF and Li-O were also detected in the Li 1s spectra at 55.9 eV and 55.2 eV, respectively (Figure 9d). According to the XPS elemental analysis of the SEI membrane formed by the RCE, the composition of the SEI membrane was dominated by carbon species (Figure 9a), thus indicating that most of the components of this SEI membrane were derived from EC decomposition. At the same time, signals from LiF and other inorganic species were relatively weak. It was shown that the SEI membrane formed in the RCE was rich in organic matter. SEI films formed in the LHCE, where the compound of the C-O bond (286.7 eV) was relatively low in the C 1s spectrum (Figure 10a). The SEI film formed by the LHCE contained fewer organic components, thus indicating that the decomposition of DME had not yet taken place. It shows that AGG-driven anions can quickly migrate to the graphite surface and decompose to form a large amount of LiF (Figure 10b). LiF-rich SEI film can substantially improve the stability of the electrode interface. The peak of the N 1s spectrum at approximately 398.3 eV was caused by N-SOx produced by the FSI− incomplete decomposition, while the peak at around 397.57 eV was induced by Li3N (Figure 10c). There were also clear signals from S-Ox species observed at 529.9 and 165.8 eV, respectively, in the O 1s and S 2p spectra (Figure 10d,e), mainly from the further decomposition of FSI− anions. The inorganic species Li2O and Li2S were detected at 528.9 and 161 eV, respectively. In addition, these inorganic species were detectable in the Li 1s spectrum (Figure 10f). The composition of the SEI membrane formed by the LCE and HCE was similar to that of the SEI film formed by the LHCE (Figure S7). Since the SEI film generated by the RCE is primarily composed of organic components and the analysis results of XPS corresponded to the EC-AFM test results, the texture of the SEI film was soft. Because the SEI film formed by the LHCE was mainly composed of organic matter, its mechanical strength was superior.



The conventional electrolyte has a lithium salt concentration of about 1 M, and a single Li+ can solvate with multiple solvent molecules (typically four to six) while the anion and the remaining solvent molecules are free to move [30]. In the conventional LCE, as is shown in Figure 11a, Li+ was solventized by a large amount of solvent, which formed a solvent-separated ion pair (SSIP) structure. When Li+ was embedded in the negative graphite electrode, the strong chemical coordination between the ether solvent and Li+ made it challenging to desolvate the ether solvent and easy to form a co-intercalation layer, and the subsequent decomposition could easily lead to structural stripping of graphite, which eventually resulted in capacity decay and cycling instability. As is illustrated in Figure 11b, almost all solvent molecules were involved in the solemnization of Li+ in the HCE (typically lithium salt concentrations > 3 M), and anions were also engaged in the solemnization process, forming AGG and CIP, which resulted in little or no free solvent molecules in the HCE. However, the aggregation network structure in the HCE caused an increase in the viscosity of the electrolyte, a slowdown in the movement of ions in the electrolyte, a deterioration in wettability, and a reduction in ionic conductivity. These inadequacies have a substantial influence on the electrochemical performance of lithium batteries [40].



As is shown in Figure 11c, the LHCE was produced by diluting the HCE with a diluent that did not dissolve the lithium salt. The reduced lithium salt content per unit volume resulted in the formation of a localized high concentration lithium salt state, which not only preserved the unique solventized sheath formed by the coordination of Li+ with salt and solvent in the HCE, but also improved the electrolyte’s conductivity and ability to wet the electrode surface, thus resulting in good electrochemical performance of the LHCE.





4. Conclusions


We summarized and compared the research progress of the LHCE (Table S1) [30,41,42,43,44,45,46,47,48]. A stable SEI film was successfully constructed using the LHCE electrolyte, which led to improved cycle performance and fast charging performance for the corresponding battery. The SEI film formed by the designed LHCE exhibited higher interfacial stability and stronger Li+ transport capacity, thus enabling it to maintain excellent cycling capacity, a higher capacity retention rate, and a higher charge-discharge rate according to the electrochemical test. EC-AFM and XPS analysis revealed that the SEI film formed in the LHCE was not only moderately thick, dense, uniform, and hard, but also rich in inorganic salts, such as LiF, that were conducive to Li+ transport, which was the leading factor for its excellent electrochemical performance.
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Figure 1. Schematic illustration for charging a Lithium-ion battery. 
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Figure 2. CV of Li||C batteries in (a) RCE, (b) LCE, (c) HCE, (d) LHCE. 
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Figure 3. (a) First CV cycle of Li||C batteries in four electrolytes. EIS analysis of Li||C batteries before (b) and after (c) three cycles of activation. 
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Figure 4. Tafel curves of Li||Li batteries (a) in LHCE, (b) in the four electrolytes. 
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Figure 5. Capacity-voltage curves for Li||C batteries (a) 100 long cycles in four electrolytes, (b) 1st and 100th cycles in RCE, (c) 150 long cycles in LHCE, (d) 1st and 100th cycles in LHCE. 
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Figure 6. Rate performance of Li||C batteries (a) in four electrolytes, (b) capacity-voltage curves at different rates in LHCE, and (c) capacity-voltage curves at different rates in RCE. Rate performance of LFP||Li batteries (d) in two electrolytes, (e) capacity-voltage curves at different rates in LHCE, (f) capacity-voltage curves at different rates in commercial electrolytes. 
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Figure 7. Thicknesses of SEI film formed under four electrolytes. SEI film morphology after CV cycling in (a) RCE, (d) LCE, (g) HCE, and (j) LHCE; SEI film morphology after AFM probe tip scraping: (b) RCE, (e) LCE, (h) HCE, and (k) LHCE; and thickness profiles of the corresponding regions: (c) RCE, (f) LCE, (i) HCE, and (l) LHCE. 
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Figure 8. Optical micrograph of HOPG after 3 cycles of CV. (a) LCE, (b) LHCE. 
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Figure 9. XPS analysis of graphite anode after three cycles in RCE electrolyte: (a) C 1s, (b) F 1s, (c) O 1s, (d) Li 1s. 
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Figure 10. XPS analysis of graphite anode after three cycles in LHCE electrolyte: (a) C 1s, (b) F 1s, (c) N 1s, (d) O 1s, (e) S 2p, (f) Li 1s. 
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Figure 11. Schematic illustration of Li+ embedded graphite layer in (a) LCE, (b) HCE, (c) LHCE. 
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Table 1. The prepared electrolytes used in experiments.
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	Name
	Electrolyte Components





	RCE (routine electrolyte)
	1 M LiPF6 EC:DMC = 1:1



	LCE (low-concentration ether electrolyte)
	1.5 M LiFSI in DME



	HCE (high-concentration electrolyte)

LHCE (localized high-concentration electrolyte)
	4.5 M LiFSI in DME

1.5 M LiFSI TTE:DME = 2:1
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Table 2. Interfacial film impedance values before and after the CV cycle for four electrolytes.
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	Electrolyte
	RSEI/Ω
	RSEI’/Ω





	RCE
	291.8
	53.9



	LCE
	39.2
	8.9



	HCE
	199.2
	9.8



	LHCE
	117.4
	7.7
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