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A B S T R A C T   

Wide-temperature and high-voltage lithium metal batteries (LMBs) have great potential in electric vehicles, but 
their applications face major challenges due to unstable interfacial layers. Here, a dual-salt (lithium bis(tri-
fluoromethanesulfonyl) and lithium difluoro(oxalato)borate) ether-based localized high-concentration electro-
lyte (LHCE) is designed to facilitate the formation of salt-derived interfacial layers. It is proved that the presence 
of diluent makes the formation of solid electrolyte interphase (SEI) mild and controllable, thereby avoiding the 
overproduction of reduction product and improving the reversibility of lithium metal anode. Therefore, the 
electrolyte achieves a high average Coulombic efficiency (CE) of 99.5 % for Li||Cu cell and stable cycling of 4.5 V 
Li||LiNi0.5Co0.2Mn0.3O2 (NCM523) cell. Benefiting from the excellent compatibility of electrolyte with electrodes, 
the Li||NCM523 full-cell provides excellent cycling stability under severe conditions (4.5 V, negative/positive 
capacity ratio ≈ 0.9). Furthermore, the electrolyte exhibits excellent wide-temperature electrochemical perfor-
mance, enabling the cells to provide 71 % of room-temperature capacity at − 40 ◦C and retain 85 % capacity 
retention after 200 cycles with high CE at 80 ◦C. This study shares a new insight into the role of diluent and 
provides a promising strategy for electrolyte design of wide-temperature and high-voltage LMBs.   

1. Introduction 

With the development of the electric vehicles and other industries, 
the demand for lithium batteries with high energy density suitable for a 
wide-temperature range is growing rapidly [1–5]. Lithium metal anode 
(LMA) is considered to be the most ideal anode due to its high theoretical 
specific capacity (3860 mAh/g) and the lowest standard electrode po-
tential (− 3.04 V versus the standard hydrogen electrode), which can 
effectively improve the energy density of batteries and has attracted 
extensive attention from researchers [6–8]. Although the research on 
lithium metal batteries (LMBs) began half a century ago, the problems of 
lithium dendrites growth and interfacial instability during the lithium 
deposition/stripping process have not been completely solved, which 
have prevented LMBs from being practically applied so far [6]. 

Among various strategies to improve the electrochemical perfor-
mance of LMBs, electrolyte engineering is considered as a simple and 
practical approach [8,9]. Considering the inherent thermodynamic 
instability [10] and the huge volume change during cycling of LMA, an 
ideal electrolyte for LMBs should be able to grow uniform SEI with high 
mechanical strength and stability in situ on LMA, so as to inhibit lithium 
dendrite growth and improve the cycle stability [11]. Unfortunately, the 
carbonate electrolytes commonly used in lithium-ion batteries are not 
suitable for LMBs and inevitably form unstable SEI and lithium dendrites 
[12,13]. Compared with other non-aqueous electrolytes, ether-based 
electrolytes are more suitable for LMBs due to their advantage of 
higher reduction stability [14,15]. On the other hand, the compatibility 
of electrolyte with high-voltage cathode is also crucial for the develop-
ment of high-energy-density LMBs [16]. Nevertheless, ether-based 
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electrolytes with conventional concentration (1 M) have poor oxidative 
stability and can only be adapted to cathode materials below 4 V, such as 
LiFePO4 [17,18]. 

In order to enhance the compatibility of electrolyte with electrodes, 
some researchers have focused their research on high-concentration 
electrolytes (HCEs) [16,19–22] and localized high-concentration elec-
trolytes (LHCEs) [13,23–27] from the perspective of solvation structure 
[28]. In HCE, most solvent molecules are coordinated with Li+ and free 
solvent molecules are greatly reduced, effectively suppressing their 
decomposition at the cathode, which improves the oxidative stability of 
the electrolyte and broadens its application in high-voltage batteries. 
Besides, more anions enter the solvation layer of Li+ to form contacting 
ion pair (CIP) and cation-anion aggregate (AGG). Such solvated com-
plexes promote the formation of salt-derived, inorganic-rich interfacial 
layer with higher ionic conductivity and mechanical strength [21,29]. 
Since a good interfacial layer depends to a considerable extent on the 
decomposition of anions, the choice of lithium salt plays an important 
role in the composition and structure of the interfacial layer [30]. LHCE 
is obtained by adding diluent (such as 1,1,2,2-tetrafluoroethyl-2,2,3,3- 
tetrafluoropropylether, TTE [31–33]) to HCE, and its viscosity and 
cost are obviously reduced while retaining the solvation structure of 
HCE. In addition, there is evidence that LMA is more reversible in LHCE 
than in HCE [26,34]. Although there is a correlation between the sol-
vation structure of the electrolyte and the composition and structure of 
the SEI, the difference in electrochemical performance between LHCE 
and HCE with similar solvation structure cannot be explained in this 
way. Therefore, the effect of diluent needs to be further explored. 

In our work, it is demonstrated that the diluent TTE slows the for-
mation rate of salt-derived SEI by reducing the concentration of solvated 
complexes. A dual-salt ether-based LHCE with lithium bis(tri-
fluoromethanesulfonyl) (LiTFSI) and lithium difluoro(oxalato)borate 
(LiDFOB) (LHCE-LiTD55) is designed, and the mild and controllable SEI 
formation enables LHCE-LiTD55 to exhibit excellent LMA compatibility. 
At a current density of 0.5 mA cm− 2, the average Coulombic efficiency 
(CE) of Li||Cu cells is 99.5 %, which is significantly higher than that of 
HCEs with similar solvated structures but without TTE. In addition, 
LHCE-LiTD55 exhibits high oxidation stability, achieving stable cycling 
of Li||LiNi0.5Co0.2Mn0.3O2 (NCM523) cell at a high cut-off voltage of 4.5 
V, with a capacity retention of 90 % after 200 cycles. Benefiting from the 
high lithium reversibility and high oxidation resistance of LHCE-LiTD55, 
the Li||NCM523 full-cell with limited lithium (0.9 × excess) maintains 
70 % of the capacity for 175 cycles at a cut-off voltage of 4.5 V. Not only 
that, LHCE-LiTD55 shows excellent low-temperature (− 40 ◦C) discharge 
performance and high-temperature (80 ◦C) cycling stability. Due to the 
advantages in performance and the interpretation of the effect of 
diluent, this work provides a reference for the design of electrolytes for 
wide-temperature and high-voltage LMBs. 

2. Experimental section 

2.1. Materials preparation 

LiNi0.5Co0.2Mn0.3O2 (NCM523) cathode material was provided by 
Beijing Easpring Material Technology Co., Ltd. LiTFSI and LiDFOB were 
provided by Zhangjiagang Guotai Huarong New Chemical Materials Co., 
Ltd. 1,2-dimethoxyethane (DME) and TTE were purchased from Energy 
Chemical and Beijing Hwrk Chemicals Limited, respectively. Lithium 
sheets (16 mm diameter, 1 mm thick) were purchased from China En-
ergy Lithium Co., Ltd. LB-301 (1 mol/L LiPF6 in EC/DMC, 1:1 by wt.) 
was provided by Zhangjiagang Guotai Huarong New Chemical Materials 
Co., Ltd. The LHCEs were prepared by mixing LiTFSI, LiDFOB, DME and 
TTE according to nLiTFSI:nLiDFOB:nDME:nTTE = 1:0:1.8:3, 0.7:0.3:1.8:3, 
0.5:0.5:1.8:3, 0.3:0.7:2:3, 0:1:2:3 to obtain LHCE-LiTFSI, LHCE-LiTD73, 
LHCE-LiTD55, LHCE-LiTD37, LHCE-LiDFOB. The dual-salt HCE (HCE- 
LiTD55) and dual-salt dilute electrolyte (DE-LiTD55) were prepared by 
mixing LiTFSI, LiDFOB, DME and TTE according to nLiTFSI:nLiDFOB:nDME 

= 0.5:0.5:1.8, 0.5:0.5:9. 
For the preparation of the low-loading cathode and the high-loading 

cathode, NCM523, acetylene black (AB) and poly(vinylidene fluoride) 
(PVDF) were mixed at mass ratios of 8:1:1 and 94:3:3, respectively. N- 
methyl-2-pyrrolidone (NMP) solvent was added to the mixture to adjust 
to the proper viscosity. After that, the slurry was stirred for 6 h (h), then 
coated on Al foil and dried under vacuum at 80 ◦C for 12 h to remove 
NMP. The cathodes were punched into circular pieces with a diameter of 
12 mm. The mass loadings of the active cathode material in the low- 
loading cathode and high-loading cathode are about 3 mg cm− 2 and 
13 mg cm− 2, respectively. 

2.2. Physical properties measurement 

A conductivity meter (DDS-307A, Leici) and a conductivity electrode 
(DJS-1C, Leici) were used to measure the ionic conductivity of electro-
lytes. The viscometer (VM-10A-L, Sekonic Copperation) was applied to 
measure the viscosity of the electrolytes. The contact angles between the 
electrolytes and the separator were obtained using the contact angle 
tester (JC-2000C1). 7Li NMR spectra were acquired by the AVANCE NEO 
500 MHz Digital FT NMR Spectrometer and a capillary tube filled with 
0.1 M LiClO4 in D2O was used to lock the field. Raman spectra were 
acquired on the confocal in situ Raman spectroscopy (LabRAM HR 
Evolution). The surface morphology of Lithium was observed by a field 
emission scanning electron microscope (Zeiss Gemini SEM 500) oper-
ated at 1.0 kV. The surface morphology of the cycled cathode was 
photographed by scanning electron microscope (SEM, Hitachi TM3030). 
X-ray diffraction (XRD) spectra were tested on Rigaku Miniflex 600 X- 
ray diffractometer. The cathode used for SEM and XRD tests was dis-
assembled from Li||NCM523 cell after 200 cycles between 3.0 and 4.5 V. 
The components of SEI and cathode electrolyte interface (CEI) was 
analyzed by Thermo Fisher ESCALAB Xi + X-ray photoelectron spec-
troscopy (XPS). Lithium sheets used to test the components of the SEI 
were disassembled from Li||Li symmetric cells after 10 cycles. The 
etching rate of SEI is 0.2 nm s− 1 (calculated by the etching rate of 
Ta2O5). The cathodes used to test the components of CEI were dis-
assembled from Li||NCM523 cells after 10 cycles between 3.0 and 4.5 V. 
Differential scanning calorimetry (DSC) was tested using a STA 449 F3 
Jupiter. The NCM523 cathode was charged to 4.3 V, then disassembled 
and rinsed with DME to remove residual solvent and lithium salts. Then 
take 3 mg of charged cathode material and 3 μL of LHCE-LiTD55 for DSC 
test. DSC tests were also performed on LHCE-LiTD55 alone. The heating 
rate in DSC tests is 5 ◦C min− 1. 

2.3. Electrochemical characterization 

The Li||Li symmetrical cells were 2032-type coin cells and other cells 
were 2016-type coin cells. All types of cells were added 75 µL of elec-
trolyte and assembled in glove box (Braun) filled with argon. Cel-
gard2500 separator was used to assemble the cells. The cells would be 
left for 10 h before testing the electrochemical characterization. The Li|| 
Li symmetrical cell, which was used for long-cycle test (0.5 mA cm− 2, 
1.0 mAh cm− 2), consisted of two lithium sheets with a diameter of 16 
mm and a piece of separator. The Li||Al cells, with lithium sheet (12 mm 
diameter) as the working electrode and aluminum foil (16 mm diameter) 
as the counter electrode, were used for linear sweep voltammetry (LSV) 
and chronoamperometry (CA) test. LSV was conducted by sweeping the 
voltage (0.1 mV s− 1) of Li||Al cells from the open circuit voltage to 5.5 V. 
The CA test is to keep the Li||Al cells at a constant voltage of 4.5 V for 5 
h. Li||Cu cells were applied to CV tests, the average CE tests and lithium 
deposition morphology tests, using Cu foil (16 mm diameter) and 
lithium sheet (12 mm diameter) as working electrode and counter 
electrode, respectively. CV curves were tested by assembling Li||Cu cells 
and scanning between 0 and 3 V. LSV, CA and CV tests were performed 
on the electrochemical workstation (CHI660E). The average CEs of 
lithium deposition/stripping process were tested using the method 3 
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[35]. The first step was a pretreatment, depositing 5.0 mAh cm− 2 

lithium on the Cu foil, and then charging the Li||Cu cells to 1 V. The next 
step was to deposit 5.0 mAh cm− 2 (QT) lithium on the Cu foil, and then 
cycle 100 times (n) with 1.0 mAh cm− 2 (QC). Finally, the Li||Cu cells 
were charged to 1 V to strip all the Li metal on the Cu foil (QS). The 
formula for calculating the average CE is as follows: 

CE =
QS + nQC

QT + nQC
(1) 

The Li||NCM523 cells, used for long-cycle tests at room temperature 
and high temperature (60 ◦C and 80 ◦C), and low temperature (− 40 ◦C) 
discharge tests, were assembled with the low-mass loading cathodes, 
separators, and lithium sheets (16 mm diameter). Before the low tem-
perature discharge test, the cell was charged and discharged twice at 0.1 
C and then charged to 4.5 V at 0.1 C at room temperature. Put the cell in 
the refrigerator at − 40 ◦C for two hours, then discharge it to 3.0 V at 0.1 
C. For the long-cycle stability test, the cells were first charged and dis-
charged at 0.1 C for one cycle, and then cycled at a rate of 1 C (1 C = 160 
mAh/g for 4.3 V, 1 C = 180 mAh/g for 4.5 V). For the rate performance 
test, the charge rate was always 0.1 C, and the discharge rate was 
changed every 5 cycles. For the assembly of the lithium metal full-cells, 
the Li@Cu electrodes were prepared by depositing precalculated lithium 
on the pretreated copper foil and disassembled from the Li||Cu cells. The 
pretreatment of Cu foil was the same as the tests of the average CEs of 
Li||Cu cells. Then the high-loading cathode, separator and the Li@Cu 

electrode were sandwiched together to assemble lithium full-cell. The 
Li||NCM523 full-cells were charged and discharged at a current density 
of 0.1 mA cm− 2 for the initial cycle. Then full-cells were charged at a 
current density of 0.5 mA cm− 2 and discharged at a current density of 
1.5 mA cm− 2 for the long-term cycle. The actual N/P of lithium metal 
full-cells was referenced to Qiu’s method [36], which is measured by 
assembling Li@Cu||Cu cells and then charging to 1 V. 

3. Results and discussion 

3.1. Physical and chemical properties of electrolytes 

The ionic conductivity and viscosity of different electrolytes are 
shown in Fig. S1. The conductivity of LHCEs (LHCE-LiTFSI, LHCE- 
LiTD55, LHCE-LiDFOB) and dual-salt HCE (HCE-LiTD55) is lower than 
that of dual-salt dilute electrolyte (DE-LiTD55), indicating the dissoci-
ation of lithium salts is incomplete in LHCE and HCE. Compared with 
HCE-LiTD55, the viscosity and contact angle (Fig. S2) of LHCE-LiTD55 
decrease significantly, indicating that the addition of diluent TTE 
effectively improves the viscosity and wettability of the electrolyte. 

The oxidative stability of electrolyte determines its compatibility 
with high-voltage cathode, and the results of LSV test show that the 
oxidation potential is greatly affected by the solvation structure and the 
type of lithium salt (Fig. 1a). The oxidation potential of LHCE-LiTD55 is 
higher than 4.5 V, which is significantly higher than that of DE-LiTD55 

Fig. 1. (a) LSV results of Li||Al cells in different electrolytes at a scan rate of 0.1 mV s− 1. (b) 7Li NMR spectra and (c) Raman spectra of different electrolytes. Radial 
distribution function and coordinated number of (d) LHCE-LiTD55, (e) HCE-LiTD55 and (f) DE-LiTD55. (g) MD simulation snapshots of LHCE-LiTD55, HCE-LiTD55 
and DE-LiTD55. 
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(4.2 V). The broadened electrochemical window of LHCE-LiTD55 is 
mainly due to fewer free DME molecules, which will be demonstrated by 
the following characterizations. In addition, the oxidation current of 
LHCE-LiTD55 at high voltage is lower than that of HCE-LiTD55 due to 
the lower HOMO level of TTE (Fig. S3). However, the oxidation current 
of LHCE-LiTFSI increases around 4.3 V, which is significantly lower than 
that of other LHCEs. To explore the reason for the narrow electro-
chemical window of LHCE-LiTFSI, CA test was carried out to test the 
current response versus time by applying a voltage of 4.5 V on the Li||Al 
cells with different electrolyte (Fig. S4). The current of Li||Al cell in 
LHCE-LiTFSI first decreases and then increases rapidly, which is oppo-
site to the trend of LHCE-LiTD55 and LHCE-LiDFOB. The Li||Al cells 
were disassembled after the CA test to obtain Al foil and separator. 
Optical photographs (Fig. S5a–c) and SEM images (Fig. S5d–i) show that 
severe side reaction occurs and cracks appear on the surface of the Al foil 
in LHCE-LiTFSI, while no obvious corrosion occurs in LHCE-LiTD55 and 
LHCE-LiDFOB. Therefore, TFSI− in LHCE can also severely corrode the 
Al current collector at high voltage, thus increasing its specific surface 
area and causing more severe corrosion. By replacing part of TFSI−

anions with DFOB− , the corrosion of Al current collector can be effec-
tively inhibited. 

The solvation structure of the electrolyte affects its physical and 
electrochemical properties. The chemical shifts of the 7Li NMR peaks 
vary greatly due to changes in the solvation structure. The 7Li NMR 
spectra of different electrolytes are shown in Fig. 1b. The chemical shift 
is greatly affected by the type of anion. The chemical shift of LHCE- 
LiDFOB is the largest, followed by LHCE-LiTD55, and LHCE-LiTFSI is 
the smallest, indicating that TFSI− coordinates Li+ to enhance the 
shielding effect, while DFOB− coordinates Li+ to weaken the shielding 
effect. The chemical shift of HCE-LiTD55 is lower than that of DE- 
LiTD55, suggesting that increasing the concentration of lithium salt 
changes the coordination environment of Li+. The similar chemical 
shifts of LHCE-LiTD55 and HCE-LiTD55 indicate that the addition of TTE 
does not change the solvation structure of the electrolyte. The compar-
ison of Raman spectra of different electrolytes (Fig. 1c, Fig. S6) further 
confirms the difference in solvation structure among LHCE, HCE and DE. 
The spectral peaks corresponding to the S–N stretching vibration of 
TFSI− [37,38] and the ring breathing vibration of DFOB− [39] are 
sensitive to the coordination of Li+, and shift to higher wave numbers in 
LHCEs and HCE-LiTD55 compared to DE-LiTD55, which indicates that 
TFSI− and DFOB− are more involved in the coordination of Li+ in LHCEs 
and HCE to form CIP and AGG solvated complexes. The 820 and 850 
cm− 1 characteristic peaks attributed to C–O–C stretching and CH2 
rocking modes of free DME molecule [40] are obvious in the Raman 
spectrum of DE-LiTD55, but significantly decrease in the Raman spec-
trum of LHCEs and HCE-LiTD55, and are replaced by new peak near 875 
cm− 1, corresponding to Li+-coordinated DME. This result indicates that 
free DME molecules in LHCEs and HCE are considerably reduced, which 
is beneficial to the increase of oxidative stability. 

Molecular dynamics (MD) simulation was also conducted to simulate 
the solvation structure of different electrolytes (Fig. 1d–g, Fig. S7). In 
DE-LiTD55, Li+ is mainly coordinated by DME, which has an average 
coordination number of 4.26 DME oxygens per Li+. When the ratio of 
lithium salt to DME is increased, the coordination number of DME in 
LHCEs and HCE-LiTD55 is significantly reduced, accompanied by an 
increase in the coordination number of anions (Table S2). The solvation 
structure consists mainly of CIP and AGG. The proportion of free DME 
molecules in LHCE-LiTD55 is similar to that of HCE-LiTD55 and 
significantly smaller than that of DE-LiTD55 (Table S6). What’s more, 
the coordination number of TTE in LHCE-LiTD55 is close to 0, and the 
coordination number of LHCE-LiTD55 is almost the same as that of HCE- 
LiTD55, indicating that TTE hardly change the solvation structure 
(Table S2). The results of MD simulation are consistent with NMR and 
Raman spectroscopy. But the presence of TTE in LHCE-LiTD55 partially 
breaks the Li+-coordinated cross-linked network (Fig. 1g), and reduces 
the concentration of solvated complexes and free DME molecules 

compared to that in HCE-LiTD55, and its impact on electrochemical 
performance will be discussed further. 

3.2. Reversibility of LMA deposition/stripping process 

In order to verify the reversibility of LMA deposition/stripping pro-
cess, the average CEs of Li||Cu cells in above electrolytes were tested 
using method 3 reported by Adams et al. [35] Apparent differences in 
average CEs can be observed in different LHCEs and higher average CEs 
of Li||Cu cells are obtained in dual-salt LHCEs (Fig. 2a, b, Fig. S8). 
Especially when the ratio of the two lithium salts is 1:1, the average CE 
of Li||Cu cell in LHCE-LiTD55 reaches 99.5 %, which is close to the best 
results reported (Table S8). For comparison, the average CEs of LHCE- 
LiTFSI and LHCE-LiDFOB are 96.8 % and 99.0 %, respectively, lower 
than that of LHCE-LiTD55. This demonstrates the effectiveness of the 
synergistic effect of LiTFSI and LiDFOB. On the other hand, although the 
solvation structures of the two electrolytes are almost identical, the CE 
of HCE-LiTD55 is significantly lower than that of LHCE-LiTD55, indi-
cating that the solvation structure is not the only factor affecting the 
reversibility of LMA. In addition, Li||Cu cells in DE-LiTD55 and LB-301 
could not complete the test of average CE, which is due to their insta-
bility to lithium (Fig. 2c). 

The cycling performance of the Li||Li symmetric cells (Fig. 2d, 
Fig. S9) further confirms the role of the synergistic effect of the dual-salt 
and the presence of TTE in improving the reversibility of LMA. Li||Li 
symmetric cell maintains lower polarization voltage over longer cycle 
time in LHCE-LiTD55 than in other electrolytes. In contrast, although 
the cell using HCE-LiTD55 can cycle stably for about 1000 h, its polar-
ization voltage is about twice that of LHCE-LiTD55. The impedances of 
Li||Li symmetrical cells at different cycle time were also tested and 
compared (Fig. S10). The impedance of the cell in LHCE-LiTD55 is 
consistently lowest after 200 h, which is consistent with its 
overpotential. 

In order to explore the deposition behavior of lithium in different 
electrolytes, 5 mAh cm− 2 lithium was deposited on the copper foil at a 
current density of 0.5 mA cm− 2, and the morphology of the surface was 
photographed (Fig. 3a, Fig. S11). Large and dense lithium is deposited in 
LHCE-LiTD55 without dendrites. Lithium deposited in HCE-LiTD55 is 
also large, but less dense. However, in DE-LiTD55, and LB-301, the 
deposited lithium presents a porous, dendritic growth morphology. The 
above results show that designing from the type of lithium salt and 
solvation structure can improve the morphology of deposited lithium 
and avoid the growth of dendrites. 

Since SEI affects the reversibility of LMA, XPS test was performed on 
the surface of LMA after cycling (Fig. 3b, Fig. S12). According to the C 1s 
spectrum, the content of C species in the SEI formed by LB-301 is 
significantly higher than that formed by other electrolytes, which in-
dicates a serious side reaction between carbonate electrolyte and LMA. 
There is much C-F in the SEI formed by LHCE-LiTFSI and DE-LiTD55, 
indicating that there are a lot of primary decomposition products of 
LiTFSI on the surface of LMA. For LHCE-LiTD55 and HCE-LiTD55, the 
content of each component of the formed SEI is very similar, which in-
dicates that TTE has little contribution to the components. Due to the 
addition of LiDFOB, a large amount of B species and polyether appear in 
SEI formed by LHCE-LiTD55 and HCE-LiTD55, which helps to improve 
the flexibility of the SEI [26]. Interestingly, although TFSI− is also 
decomposed at the surface as can be seen from the N 1s and S 2p spectra, 
C-F is barely visible in the C 1s and F 1s spectra. This may be due to the 
synergistic effect of LiDFOB and LiTFSI, so that TFSI− is more completely 
reduced, and more favorable species such as LiF, Li3N, and LixNOy are 
generated. LiF has the characteristics of low electronic conductivity, 
high mechanical strength, high interfacial energy with lithium, and 
stable chemical properties. It can effectively passivate the surface of 
lithium metal and inhibit lithium dendrites, but the conduction rate of 
Li+ in the bulk phase is low [41]. Li3N and LixNOy have high ionic 
conductivity, but narrow band gap and poor electronic insulation, so 
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they are complementary to LiF in performance [41,42]. In addition, the 
SEI formed by LHCE-LiDFOB is similar to that of LHCE-LiTD55, but the 
impedance is larger (Fig. S10) because it does not contain high ionic 
conductivity components such as Li3N and LixNOy. Therefore, LHCE- 
LiTD55 induces the formation of SEI rich in F, N, and B species on the 
surface of LMA, which can rapidly conduct Li+ and effectively protect 
LMA. 

Further, the SEI formed from LHCE-LiTD55 was etched to analyze 
the composition at different depths (Fig. 3c, Fig. S13). After etching for 
120 s (24 nm) and 240 s (48 nm), the peak intensities of Li2O, LiF, and 
Li3N increase, while the content of C species decreased significantly. The 
result shows that the outer layer of SEI formed by LHCE-LiTD55 is 

composed of a mixture of inorganic and organic components, while the 
inner layer is mainly composed of inorganic components. 

It is worth noting that XPS characterization of the components of SEI 
or the solvation structure does not explain why the reversibility of LMA 
differs greatly in LHCE-LiTD55 and HCE-LiTD55. It has been reported 
that a slower SEI formation rate favors the formation of more homoge-
neous and robust SEI, avoiding the production of excess reduction 
product [22]. TTE is relatively “inert” to the formation of SEI, and the 
solvated complexes (CIP, AGG) in LHCE-LiTD55 and HCE-LiTD55 is the 
main reactant for the formation of SEI. Since the concentration of sol-
vated complexes in LHCE-LiTD55 is lower than in HCE-LiTD55, fewer 
solvated complexes are in contact with lithium metal anode. Therefore, 

Fig. 2. (a) Average CE tests of Li||Cu cells in different electrolytes (the insets are the voltage profiles of middle and later stages of the CE tests). (b) Comparison of 
average CEs of Li||Cu cells in different electrolytes. (c) Average CE tests of Li||Cu cells in DE-LiTD55 and LB-301. (d) Cycling performance of Li||Li symmetrical cells 
using different electrolytes. 
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we hypothesize that the role of the diluent TTE is to slow down the rate 
of SEI formation on LMA by reducing the concentration of solvated 
complexes (CIP, AGG). To verify the hypothesis, Li||Cu cells with LHCE- 
LiTD55 and HCE-LiTD55 were subjected to CV tests at different scan 
rates between 0 and 3 V. At a low scan rate of 0.1 mV s− 1, the two 
reduction peaks around 1.52 V and 0.56 V in the CV curve (Fig. S14a) 
correspond to the SEI formation and the underpotential deposition of 
lithium metal (Li UPD), respectively. The reduction potentials and peak 
intensities of the SEI formation in LHCE-LiTD55 and HCE-LiTD55 are 
not obviously different, indicating that the reduction reactions occurring 
in the two electrolytes are almost the same and TTE is hardly decom-
posed. When the scan rate is increased to 5 mV s− 1 (Fig. 3d) and 50 mV 
s− 1 (Fig. S14b), the reduction potential and peak intensity of the SEI 
formation in HCE-LiTD55 are higher than those in LHCE-LiTD55, indi-
cating that the reduction reaction kinetics of LHCE-LiTD55 are slower 
than that of HCE-LiTD55. The integral area of the peak of SEI formation 
in LHCE-LiTD55 is smaller than that in HCE-LiTD55 at high scan rate 
(Fig. S14c, d), indicating that TTE inhibits the excessive reduction of 
solvated complexes. It can be concluded that the reduction reaction of 

LHCE-LiTD55 is mild and controllable due to the addition of TTE, which 
promotes the formation of thin and uniform SEI and efficiently improves 
the reversibility of lithium, as shown in Fig. 3e. 

3.3. Compatibility of electrolyte with high-voltage cathode 

Li||NCM523 cells were assembled to explore the compatibility of the 
designed electrolyte with high-voltage cathode. At a charge cut-off 
voltage of 4.5 V, the cells using LHCE-LiTD55 maintains 90 % capac-
ity retention after 200 cycles (Fig. 4a, b), which can be attributed to the 
high oxidation stability (oxidative potential > 4.5 V) and the synergistic 
effect of dual-salt on CEI generation. In contrast, the cells in HCE-LiTD55 
and LB-301 showed 82 % and 86 % capacity retention after 200 cycles, 
respectively, while the cell using DE-LiTD55 suffers from low cycle 
stability and low CE due to the poor oxidative stability (Fig. 4a, 
Fig. S15). The SEM (Fig. S16) and XRD (Fig. 4c, Fig. S17) character-
ization results of the NCM523 cathode after 200 cycles in LHCE-LiTD55 
show that its structure is not seriously damaged, which is consistent with 
the cycle performance. 

Fig. 3. (a) SEM images of the surface of the deposited lithium in different electrolytes. (b) C 1s, F 1s and O 1s XPS spectra of LMA after cycling in different elec-
trolytes. (c) The XPS atomic ratios of different elements at different depth in SEI formed by LHCE-LiTD55. (d) CV curves of Li||Cu cells in LHCE-LiTD55 and HCE- 
LiTD55 at a scan rate of 5 mV s− 1. (e) Schematic illustration of the process of SEI formation in LHCE-LiTD55 and HCE-LiTD55. 
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On the other hand, the rate performance of Li||NCM523 cells in 
different electrolytes was also investigated (Fig. 4d, Fig. S18b, Fig. S19, 
Fig. S20). The cells in LHCE-LiTD55 exhibit excellent fast-dynamic 
performance, providing 79 % and 74 % of specific discharge capacity 
at a rate of 5 C at charge cut-off voltages of 4.3 V and 4.5 V, respectively. 

To investigate the mechanism of the electrolyte on the high-voltage 
cathode, TEM was performed on the cycled NCM523. Firstly, it can be 
seen from the results of TEM test that CEI exists on the surface of the 
cathode material that has been cycled in all electrolytes (Fig. 5a, 
Fig. S21). A uniform layer of CEI with a thickness of about 4 nm is grown 
in LHCE-LiTD55. The CEI film in LHCE-LiDFOB is thicker than that in 
LHCE-LiTD55, while in LHCE-LiTFSI, the CEI film is thin but incom-
pletely covered (Fig. S21). This indicates that LiDFOB with good film- 
forming property can effectively protect the cathode material from 
corrosion. The CEI film in HCE-LiTD55 is not as uniform as that in LHCE- 
LiTD55, probably because TTE also participates in the formation of CEI. 
In DE-LiTD55, the CEI film is thick and non-uniform due to severe 
decomposition side reactions under high voltage. As for the LB-301, the 
CEI film is thin but uneven. XPS tests were further performed to detect of 
CEI components. (Fig. 5b, Fig. S22). The CEI formed by LHCE-LiTD55 is 
enriched in LiF, B-O, LixNOy, which indicates that LiTFSI and LiDFOB 
are involved in the generation of CEI. The above-mentioned decompo-
sition products of the lithium salts are considered to be excellent inter-
facial film components. Combined with the experimental results of TEM 
on the thickness of CEI, it can be concluded that LHCE-LiTD55 facilitates 
the growth of a thin and uniform CEI film on the surface of the high- 
voltage cathode, which has the effect of rapidly conducting Li+ and 

protecting the cathode material. 

3.4. Cycling performance of high-voltage lithium metal full-cells 

To obtain LMBs with higher energy density, it is necessary to reduce 
the negative/positive capacity ratio (N/P), which means that there is 
less excess lithium at the anode, thus aggravating the decrease in cycle 
stability. NCM523 with high-loading (13 mg cm− 2) as cathode and 
Li@Cu as anode were prepared to assemble lithium metal full-cells. 
Li@Cu was obtained by electroplating lithium with the same capacity 
as the positive electrode onto Cu foil and then disassembled it from the 
Li||Cu cell. Due to the inevitable damage to Li@Cu during the 
disassembly-reassembly process, the actual N/P is only about 0.9 ac-
cording to the test (Fig. S23a). 

Compared with other electrolytes, Li||NCM523 full-cell using LHCE- 
LiTD55 exhibits the best cycling stability and highest CE, which is 
consistent with the results of Li metal reversibility and high-voltage 
cathode compatibility. At a cut-off voltage of 4.5 V (Fig. 6), the full- 
cells in LHCE-LiTD55 achieved 70 % capacity retention after 175 cy-
cles with an average CE of 99.5 %, significantly better than those in 
other electrolytes. For comparison, the cell using HCE-LiTD55 retains 
only 50 % of its capacity after 108 cycles. Whereas the capacity retention 
of the cells cycled in DE-LiTD55 and LB-301 rapidly drop below 50 % 
within 25 cycles due to the poor reversibility of LMA. 

Fig. 4. (a) Cycling performance of Li||NCM523 cells in different electrolytes at a charge cut-off voltage of 4.5 V. (b) The charge–discharge curves of Li||NCM523 cells 
in LHCE-LiTD55 at a charge cut-off voltage of 4.5 V. (c) XRD characterization results of NCM523 before and after 200 cycles at a charge cut-off voltage of 4.5 V in 
different electrolytes. (d) Rate performance of Li||NCM523 cells in different electrolytes at a charge cut-off voltage of 4.5 V. 
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3.5. Electrochemical performance in a wide-temperature range 

The ionic conductivity of different dual-salt electrolytes and LB-301 
was tested in a wide-temperature range (Fig. 7a). Benefiting from the 
low freezing points of TTE and DME, LHCE-LiTD55 remains liquid at 
extremely low temperature of − 70 ◦C (Fig. S25). The ionic conductivity 
of LB-301 drops sharply at − 30 ◦C due to solidification, while the DE- 
LiTD55 is always higher in the tested temperature range. For LHCE- 
LiTD55 and HCE-LiTD55 with similar solvation structure, the low- 
temperature ionic conductivity of LHCE-LiTD55 is significantly higher 
than that of HCE-LiTD55. The conductivity of LHCE-LiTD55 can reach 
0.176 mS cm− 1 even at the low temperature of − 40 ◦C, which is 50 times 
higher than that of HCE-LiTD55. This is mainly due to the fact that the 
low-temperature viscosity of LHCE-LiTD55 is apparently reduced by 
TTE compared to HCE-LiTD55. 

Previous studies have shown that the electrochemical performance 
of electrolytes at low temperature is determined by the bulk ionic con-
ductivity and the binding energy of Li+ to the solvent [43,44]. Li|| 
NCM523 cells in different electrolytes charged to 4.5 V was discharged 
at a rate of 0.1 C at − 40 ◦C (Fig. 7b). The low-temperature performance 
of LHCE-LiTD55 is excellent, enabling the Li||NCM523 cell to provide 
71 % (136.1 mAh/g) of the room-temperature discharge capacity. In 

contrast, the cells using HCE-LiTD55 and LB-301 have almost no 
discharge capacity to release, which can be attributed to the too low 
ionic conductivity of these two electrolytes. The cell in DE-LiTD55 
provide only 15 % of the room-temperature discharge specific capac-
ity. Considering that the conductivity of DE-LiTD55 at − 40 ◦C is 
significantly higher than that of LHCE-LiTD55, the difference in the low- 
temperature electrochemical performance of the two electrolytes obvi-
ously cannot be explained by the conductivity of the electrolytes. Ac-
cording to the results of classical MD simulations, each Li+ is on average 
coordinated by fewer DME molecules and more anions (TFSI− , DFOB− ) 
in LHCE-LiTD55 than in DE-LiTD55 (Table S6), which leads to lower 
binding energy (Fig. 7c). Therefore, Li+ in LHCE-LiTD55 is more easily 
desolvated during discharge, leading to higher discharge specific ca-
pacity and higher average voltage. 

On the other hand, the behavior of different electrolytes at high 
temperature was also investigated. The side reaction at the interface is 
more severe at high temperature than at room temperature, threatening 
the cycling stability of the cell [1,45,46]. At 60 ◦C and a cut-off voltage 
of 4.3 V (Fig. 7d, Fig. S26), Li||NCM523 cell using LHCE-LiTD55 has the 
best cycling stability, providing discharge specific capacities of 160.9 
and 152.7 mAh/g after 200 and 400 cycles with capacity retentions of 
93 % and 88 %, respectively, and its average CE exceeds 99.5 %. The 

Fig. 5. (a) TEM images and (b) C 1s, F1s and O1s XPS spectra of NCM523 after 10 cycles in different electrolytes.  
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cycling stability of the cell in HCE-LiTD55 is close to that in LHCE- 
LiTD55, but the CE is lower. In contrast, the discharge specific capac-
ity of the cells in DE-LiTD55 and LB-301 decreases rapidly with cycling. 
Further raising the cycling temperature to 80 ◦C (Fig. 7e, Fig. S27), the 
cells in LHCE-LiTD55 exhibited a capacity retention of 85 % (152.2 
mAh/g) after 200 cycles and an average CE of about 98.5 %. For com-
parison, the capacity retention of the cells in HCE-LiTD55 after 200 
cycles is 80 %, accompanied by lower CEs, while those in DE-LiTD55 and 
LB-301 fail within a few cycles due to overcharging. The electrochemical 
window (4.4 V) of LHCE-LiTD55 measured at 80 ◦C (Fig. 7f) and the 
results of DSC test (Fig. S28) also indicated that LHCE-LiTD55 has high 
thermal stability, which is consistent with the experimental results 
above. 

Based on the above performance of different electrolytes at high 
temperature, the synergistic effect of the dual-salt and the high ratio of 
lithium salt to solvent effectively improve the stability of the electrolyte 

at high temperature, so that the electrolyte will not be excessively 
decomposed at the electrode, thus ensuring higher capacity retention 
and CE. Furthermore, the addition of TTE with lower HOMO energy 
level also reduces the concentration of free DME molecules and helps to 
improve the high temperature stability of the electrolyte, which is the 
reason why the high-temperature performance of LHCE-LiTD55 is better 
than that of HCE-LiTD55. 

4. Conclusion 

In this work, a dual-salt ether-based LHCE was designed. NMR, 
Raman spectra and MD simulations indicate that more anions partici-
pate in Li+ coordination to form the solvated complexes of CIP and AGG. 
The synergistic effect of dual-salt and the anion-involved solvation 
structure play important roles in the formation of the inorganic-rich 
interfacial layers. The diluent TTE is shown to have little effect on the 

Fig. 6. (a) Cycling performance of Li||NCM523 full-cells in different electrolytes at a charge cut-off voltage of 4.5 V. The charge–discharge curves of Li||NCM523 full- 
cells in different electrolytes at a charge cut-off voltage of 4.5 V: (b) LHCE-LiTD55, (c) HCE-LiTD55, (d) DE-LiTD55 and (e) LB-301. 
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components of SEI, but slows down the reduction of the solvated com-
plex and makes the generation of SEI mild and controllable, effectively 
improving the reversibility of lithium. As a result, the Li||Cu cell with 
LHCE-LiTD55 obtains a high average CE of 99.5 %. Furthermore, LHCE- 
LiTD55 shows good oxidative stability due to fewer free DME molecules, 
the addition of TTE with lower HOMO energy level and the participation 
of dual-salt in CEI formation at the cathode. Li||NCM523 cell achieves 
good high-voltage cycling performance at a high cut-off voltage of 4.5 V, 
with a capacity retention rate of 90 % after 200 cycles. To verify the 
performance in the actual condition, Li||NCM523 full-cell with 0.9 times 
lithium excess was assembled, which maintains 70 % capacity retention 
after 175 cycles at a cut-off voltage of 4.5 V. In addition, LHCE-LiTD55 
also exhibits superior performance in a wide-temperature range. Li|| 
NCM523 cells provide 71 % of room-temperature discharge capacity at 
− 40 ◦C and retains 88 % of capacity after 400 cycles at 60 ◦C. Even 
raising the temperature to 80 ◦C, Li||NCM523 can be cycled stably for 
200 cycles with a capacity retention of 85 %. To sum up, this work 
provides an idea for designing electrolytes suitable for wide-temperature 
high-voltage LMBs and a new understanding of the role of diluent. 
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