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A B S T R A C T   

Reducing the ratio of Negative/Positive ratio (N/P ratio) is critical to increase the energy density of Li metal 
batteries (LMBs). Typically, stable Li deposition with high Coulombic Efficiency (CE) can be easily achieved with 
ether-based electrolyte, but the low oxidation stability restrains its applications in batteries with high-voltage 
cathodes. Herein, we performed cryogenic electron microscopy (Cryo-EM), in-depth X-ray Photoelectron spec-
trum (XPS) and Atomic Force Microscopy (AFM) on the Solid Electrolyte Interphase (SEI) layer formed in 
carbonate-based electrolyte and ether-based electrolyte to probe the characteristics of good SEI layer and aimed 
to design good SEI layer in carbonate-based electrolyte by tuning the electrolyte composition. The results suggest 
that the organic composition in the SEI layer determine the CE of LMBs. Further theoretical calculation suggests 
the highly reactive nature of carbonate molecules with Li results in the organic-rich SEI layer with low elastic 
modulus. On the basis of these insights, we propose design methodology for an advanced SEI layer in carbonate 
electrolyte by tuning the electrolyte composition. The designed SEI exhibits multilayer structure with a dense 
inorganic inner layer. Consequently, a 4 V full cell was assembled and delivered a high energy density of 760 
Wh/kg (calculated based on the weight of cathode and anode) with long cycle life of 200 cycles in carbonate 
electrolyte.   

1. Introduction 

With the energy density of current Li-ion batteries approaching their 
theoretical limit, there is urgent requirement for batteries with high 
energy density to extend the range of electrical vehicles. Li metal bat-
teries (LMBs) are attractive because Li metal anode enables to increase 
the energy density by 40–50% than the conventional graphite-based 
lithium ion batteries [1–3]. However, the high theoretical energy den-
sity of LMBs could only be achieved when limited Li metal anode is 
coupled with high-energy cathode (e.g. NCM811) [4,5]. Unfortunately, 
LMBs with long cycle stability were usually obtained with over 10-fold 
excess of Li metal [6–12]. As a result, the energy density of LMB is 

compromised. Actually, many LMBs reported in the literatures [6–12] 
are less energy dense than Li-ion cells due to the substantial amount of Li 
excess in the anode. Hence, it is quite critical to limit the Li excess and 
reduce the negative/positive capacity ratio (N/P ratio) in the LMBs. 

Nevertheless, it is a great challenge to limit the Li excess, since the Li 
deposition process is usually accompanied with large volume expansion 
and severe dendrites formation, leading to the continuous pulverization 
and formation of solid electrolyte interphase (SEI) accompanied with 
the formation of “dead lithium”. This process inevitably consumes active 
Li metal, causing irreversible inventory Li loss [1]. 

To achieve the theoretically high energy density of LMBs, stable Li 
plating/stripping with a high coulombic efficiency (CE) is a necessary 
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prerequisite. Typically, high CE of Li plating/stripping can be easily 
achieved in the ether-based electrolyte with LiNO3 additives, but the low 
anodic limit of ether-based electrolyte restricts their application in high- 
voltage LMBs [13–16]. Therefore, research attention is mainly focused 
on extending the anodic limits of ether-based electrolyte by applying 
high concentration electrolytes (HCEs) [17–19], localized high con-
centration electrolyte (LHCEs) [4,20–24], designing novel fluorinate 
solvents [25] or freezing the ether solvents in the pore of metal organic 
framework [26]. Among these strategies, HCEs and LHCEs are promising 
for the practical application of high-voltage LMBs. The HCE successfully 
reduces the free-solvent molecular, leading to the enhancement of the 
oxidation stability. When diluted with non-solvating fluorinated ether 
molecules, the drawback of high viscosity and high cost of Li salts have 
been addressed. Hence, the LHCE shows promising for LMBs under 
practical condition [4]. Besides, designing novel fluorinate solvent [25] 
that is stable towards both Li metal anode and high-voltage cathode is 
also highly desirable for the practical LMBs. Nevertheless, most newly 
designed fluorinated solvents are not commercially available. Conse-
quently, strenuous organic total synthesis and purification process are 
inevitable. 

On the other hand, carbonate-based electrolyte, which exhibits high 
anodic stability over 4.0 V, fails in the LMBs. Previous reports showed 
that the CE for Li deposition in the 1 M LiPF6 EC/DEC is usually below 
80% [27–29], indicating the severe consumption of active Li metal 
during cycles in the carbonate electrolyte. As a result, the Li metal full 
cell decays rapidly under low N/P ratio condition in the carbonate 
electrolyte. To date, it is still challenging to achieve long-term cycle of 
LMBs in carbonate-based electrolyte with limited Li in the anode. Even 
worse, the primary cause for the poor CE of Li anode in carbonate-based 
electrolytes is also elusive. Only recently, Wang et al. [19] report a super 
concentrated carbonate-based electrolyte (10 M LiFSI in DMC) for LMBs, 
but the high viscosity and high cost of Li salt hinder its practical appli-
cations. Recently, FEC solvent has employed for Li metal batteries with 
improved performance because FEC solvent can form better SEI layers 
compared with EC [30–32], but the characteristics(e.g. composition, 
structure and mechanic property) of better SEI layers is still unknown. 
Although some predesigned polymer or inorganic-based SEI layers such 
as LiF rich SEI layer on shows excellent performance for Li deposition in 
the carbonate electrolyte [11,33], the designed principle for advanced 
SEI layer formed in-situ in carbonate solvents is still deficient. 

Herein, we performed Cryo-EM, AFM and In-depth XPS on the SEI 
layers with different CE to probe the characteristics (i.e. composition, 
structure, mechanic property) of good SEI layers and aimed to design 
good SEI layer in the carbonate electrolyte, since carbonate-based 
electrolyte is more suitable for high-voltage cathode. The results sug-
gest that the SEI layer becomes soft when the organic compositions in 
the SEI layer mixes with the inorganic compounds, which is prone to be 
pierced by Li dendrites, leading to the low CE of Li plating/stripping in 
the carbonate electrolyte. In addition, Density Function Theory (DFT) 
was also employed to investigate the reactivity of different solvents with 
Li metal. The result suggests that the ROCOOR groups in carbonate 
molecules are more likely to react with Li metal compared with ether 
molecules, resulting in the surplus organic composition in the SEI layer. 
On this basis, we propose the design methodology for advanced SEI in 
carbonate electrolyte by optimizing the electrolyte composition. The 
designed SEI layer exhibits multilayer structure with a dense inorganic 
layer and ultrathin organic outer layer. As a result, a high CE of Li 
plaiting/stripping is achieved with designed SEI in the carbonate elec-
trolyte. A 4 V full cell was assembled and delivered a high energy density 
of 760 Wh/kg (calculated based on the weight of cathode and anode 
materials) with long cycle life of 200 cycles in the carbonate electrolyte. 
The achieved performances are among the best ever reported under the 
same condition (see Table S1 for comparison). 

2. Experimental section 

2.1. Materials 

Fluoroethylene carbonate (FEC), 1,1,2,2-Tetrafluoroethyl 2,2,2-tri-
fluoroethyl ether (HFE), lithium bis-trifluoromethanesulfonimide 
(LiTFSI), 1,3-dioxolane (DOL), Ethylene glycol dimethyl ether (DME), 
Ethylene carbonate (EC) Diethyl carbonate (DEC), LiPF6 and LiNO3 were 
purchased from Nanjing Mojiesi Energy Tech. Lithium bis- 
fluorosulfonimide (LiFSI) was purchased from General Motors Limits. 
Commercialized NCM811 powder was purchased from BASF. LiPO2F2 
was purchased from SuZhou Fluolyte Co. All the reagents were used 
without any further purification. 

2.2. Electrolyte and electrode preparation 

six kinds of electrolytes were prepared by dissolving different 
amount of Li into the solvent in the glove box filled with Ar. The elec-
trolyte compositions is (1): 1 M LiPF6 EC/DEC (1:1); (2) 1 M LiFSI EC/ 
DEC (3) 1 M LiTFSI DOL/DME (1:1); (4) 1 M LiTFSI DOL/DME (1:1) 2 wt 
% LiNO3; (5) 6 M LiFSI EC/DEC (1:1); (6) 2.2 M LiTFSI, 0.2 M LiPO2F2 
FEC:HFE (2:1). To prepare the electrode, commercialized NCM811 
powder was mixed with Super P and PVDF in a ratio of 9:0.5:0.5 and 
then dispersed into N-Methyl pyrrolidone (NMP) solvent. The mixture 
was then slurried on a carbon coated Al foil. Subsequently, the electrode 
was dried under vacuum for 24 h at 80 ◦C to remove the residual NMP 
solvent. The average active material loading is about 15 mg cm− 2. The Li 
on Cu foils were prepared by electro-depositing 1.5 mAh cm− 2 (N/P =
0.5) or 3 mAh cm− 2 (N/P = 1) on the Cu foils at the current density of 
0.5 mA cm− 2 in the corresponding electrolyte. Graphite anode was also 
prepared. Graphite was mixed with Super P and PVDF in a ratio of 8:1:1 
in the NMP solvent. The mixture was then slurried on the Cu foil. The 
average loading of graphite is 1 mg cm− 2. 

2.3. Electrochemical test 

To evaluate the electrochemical performance of the solid electrolyte 
interphase formed in different electrolyte, Li||Cu, Li||NCM811 and G(1 
mg cm− 2)||NCM811(15 mg cm− 2) were assembled in CR2032 coin cells. 
The Li||Cu half-cell was prepared by separating Li chip (250 µm) and Cu 
foil with a LiNO3 functionalized glass fiber separator dipping with 100 μl 
electrolyte. To prepare the LiNO3 functionalized glass fiber, 1 g LiNO3 
was dissolved in the 10 ml DME solvent, and then glass fiber was 
immersed in the solution for 2 h. Finally, the glass fiber was dried under 
vacuum to obtain the LiNO3 functionalized glass fiber separator. Prior to 
Li deposition, the Li||Cu half-cell was cycled at 0.05 mA cm− 2 between 0 
V and 1 V for 10 cycles. For Li||NCM811 cell assembly, 1.5 mAh cm− 2 or 
3 mAh cm− 2 Li was deposited on the Cu foil in the 2.2 M LiTFSI 0.2 M 
LiPO2F2 FEC: HFE (2:1) electrolyte and then the Li@Cu electrode was 
extracted from the half-cells, washed with DME solvent for several times 
and then dried under vacuum for 12 h. The Li||NCM811 full cell was 
assembled by separating the Li@Cu electrode and NCM811 cathode (15 
mg cm− 2) with glass fiber separator dipping with 100ul electrolyte. The 
graphite (1 mg cm− 2) || NCM811 (15 mg cm− 2) full cell was also pre-
pared by the same method. For the charge/ discharge test, the full cells 
were charged at 0.1 C and discharged at 0.2 C for the initial cycle, and 
then were full cells were charged at 0.2 C and discharged at 0.5 C for the 
following cycles. 

2.4. Characterization 

SEM images were taken on the FE-SEM S-4800. In-depth X-ray 
photoelectron spectroscopy (XPS) was carried out on aXSAM800 Ultra 
spectrometer. The electrodes for XPS test were transferred into the XPS 
chamber with an air-free holder filled with Argon. Atomic Force Mi-
croscopy (AFM) (Bruker Icon) experiments were conducted in a 
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glovebox (MBRAUN, H2O ≤ 0.1 ppm, O2 ≤ 0.1 ppm) at room temper-
ature. Prior to AFM test, the Li||Cu half cells were assembled in a glove 
box with different electrolytes. Then, 1 mAh cm− 2 of Li metal was 
deposited on the Cu foil in the different electrolytes at 0.5 mA cm− 2. The 
Li@Cu foils were then extracted from the Li||Cu half-cell and washed 
with DME solvent to remove the residual Li salts. The Li metal for the 
Transmission Electron Microscopy (TEM) was directly deposited on a 
lacey carbon grid in a coin cell for 20 min at 0.5 mA cm− 2. The grid was 
taken out and slightly rinsed with DMC to remove trace Li salt. Then it 
was transferred into the cryo-TEM holder in an Ar-filled glove box. Using 
a sealed container, the cryo-TEM holder was quickly inserted into JEOL 
JEM-ARM200F, and then, liquid nitrogen was poured into the cryo-TEM 
holder until the sample temperature dropped below − 180 ◦C. All cryo- 
TEM characterizations were carried out using an aberration-corrected 
microscope (JEOL JEM-ARM200F) under cryogenic temperatures (−
180 ◦C) at 200 kV. Lattice spacings of Li metal and its salts were 

analyzed using Digital Micrograph (Gatan) software. 

2.5. Computational details 

Computational details are given in the Supporting Information. 

3. Result and discussion 

3.1. Characterization of SEI layers formed in different electrolytes 

Unlike the graphite anode in Li-ion batteries, Li metal anode un-
dergoes large volume change during repeated cycles, accompanying 
with severe dendrite growth. Conventional SEI layers formed in 
carbonate-based electrolyte are not stable towards Li metal anode. As a 
result, LMBs are usually cycled in ether-based electrolyte with LiNO3 
additives [13–16]. 

Fig. 1. Characterization of composition of the SEI layers in different electrolyte: a) CE of Li plating/stripping in different electrolyte; b) C 1s in-depth XPS spectrum of 
Li metal surface in 1 M LiPF6 EC/DEC; c) C 1s in-depth XPS spectrum of Li metal surface in 1 M LiTFSI DOL/DME; d) C 1s in-depth XPS spectrum of Li metal surface in 
1 M LiTFSI DOL/DME 2 wt% LiNO3; e) C 1s in-depth XPS spectrum of Li metal surface in 6 M LiFSI EC/DEC. 
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To probe the difference of the SEI layers formed in ether-based 
electrolyte and carbonate-based electrolyte, a series of electrolytes 
were prepared to investigate the CE of Li plating/stripping on Cu foils. 
As shown in Fig. 1a, the CE of Li deposition in 1 M LiPF6 EC/DEC is only 
62.65% at the initial cycle, which was then increased and stabilized at 
77% for over 40 cycles. In 1 M LiFSI EC/DEC, the CE of Li deposition is 
similar with the one in 1 M LiPF6 EC/DEC (Fig. S1). The result suggests 
that the kind of salts, which contributes to the inorganic species in the 
SEI layer, has little influence on the CE of Li deposition in the carbonate- 
based electrolyte. When the salt concentration increases to 6 M, the 
initial CE of Li plating/stripping in 6 M LiFSI EC/DEC increases to 81% 
and then stabilizes at 96% after 10 cycles. The CE of Li deposition 
maintains 96% for 90 cycles in the 6 M LiFSI EC/DEC, and then begins to 
fluctuate. While in ether-based electrolyte, the initial CE of Li plating/ 
stripping in 1 M LiTFSI DOL/DME is 22% and then fluctuate violently in 
the absence of LiNO3 additives, indicating the instability of Li deposi-
tion. However, after adding 2 wt% LiNO3 additives, the CE of Li plating/ 
stripping increases to 90% at the initial cycle and then stabilized at 
98.5% for over 150 cycles. 

To gain insight into the cause for the CE difference in the electrolyte, 
a series of characterizations including In-depth XPS, scanning electron 
microscopy (SEM), Cryo-EM, and AFM were performed on the Li metal 
to compare the composition, structure and mechanic property of these 
SEI layers. Fig. 1b–1d exhibits the C 1s in-depth XPS of Li metal in 
different electrolyte. Compared with ether-based electrolyte, organic 
species especially –COOLi and ROCOOR species are much more preva-
lent in the SEI layer with LiPF6 EC/DEC (Fig. 1b). After Ar+ spur, the 
peak intensity corresponding to –COOLi and ROCOOR groups does not 
change, while the peak intensity of C–C/C˭C and C–O decrease after Ar+

spur. This result indicates –COOLi and ROCOOR species are prevalent in 
all layer of SEI, while the C–C/C–O species are mainly located on the 
surface of SEI layer. On the other hand, the peak intensity of LiF in-
creases after Ar+ spurring in the F 1s spectrum (Fig. S2). The result in-
dicates that the SEI layer is consisted of mixed organic-inorganic 
composition, where LiF and Li2O permeated in the ROCOOR and 
–COOLi layer, while C–C/C˭C or C–O species are mainly located on the 
surface. When the salt concentration increases to 6 M, the peak intensity 
and peak areas of corresponding to C–C/C˭C, C–O, –COOLi and 

Fig. 2. Mechanic property of SEI layer formed in different electrolyte measured by Atomic Force Microscopy.  
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ROCOOR reduces, indicating the decrease of organic species in the SEI 
layer. 

On the other hands, in the ether-based electrolyte, compared with 
carbonate electrolyte, the organic species corresponding to –COOLi and 
ROCOOR are not observed in the C 1s spectrum. In 1 M LiTFSI DOL/ 
DME without LiNO3 additives, the SEI layers derived from solvents and 
salts are not able to cover the surface of Li metal, leading to the poor 
performance of LMBs (also See the AFM result in Fig. 2). When LiNO3 
additives was added into the electrolyte, LiNO3 can be decomposed to 
form ultrathin and dense LixNyOz and Li3N passivation layer (see N 1s 
Spectrum in Fig. S3). Hence, both cycling stability and CE of Li depo-
sition is largely improved. These results suggest that surplus organic 
species especially ROCOOR or –COOLi in the SEI layer are the main 
cause for the low CE of Li deposition in the carbonate electrolyte. The Li 
1s XPS spectrum is also given in Fig. S4, where the inorganic Li com-
pounds are more prevalent in the electrolyte with high CE. 

To further gain insight the cause of difference in CE in the electrolyte, 
AFM combined with SEM were carried out to gain insight into the me-
chanic property and the morphology of Li metal in different electrolytes. 
Fig. 2 shows the elastic modulus of SEI layers formed in different elec-
trolyte. Two regions on the Li metal surface were measured by AFM. It 
can be observed that the elastic modulus of SEI layers formed in the 1 M 
LiPF6 EC/DEC is 1.7 GPa and 1.9 GPa respectively in two regions. When 
the salt concentration increases to 6 M LiFSI in EC/DEC, the elastic 
modulus also increases to 4.1 GPa and 5.5 GPa respectively. On the 

other hand, in the ether-based electrolyte, the elastic modulus is 2.5 GPa 
and 7.8 GPa respectively in the absence of LiNO3 additives. The large 
discrepancy of the elastic modulus in the two regions indicates the non- 
uniform distribution of the SEI layer in 1 M LiTFSI DOL/DME. It should 
be also noted that the elastic modulus of Li metal is 7.8 GPa [34], 
indicating that some regions of Li metal in 1 M LiTFSI DOL/DME does 
not cover with SEI layer, which is responsible for the poor performance 
of Li deposition in 1 M LiTFSI DOL/DME electrolyte. When 2 wt% LiNO3 
additives was added into the 1 M LiTFSI DOL/DME electrolyte, the 
elastic modulus of the SEI layer increased to 4.6 GPa and 4.9 GPa 
respectively. In conclusion, the SEI layers with high CE exhibit higher 
elastic modulus above 4.0 GPa, indicating the stability of SEI layer. Our 
result is also consistent with previous simulation [35], which shows that 
the elastic modulus should be above 3.0 GPa to stabilize the SEI layers. 
The results of AFM combined with in-depth XPS suggest that SEI layers 
with surplus organic composition become soft, which are more vulner-
able to be pierced by the Li dendrites, leading to the low CE in the 
electrolyte. 

We also performed the SEM to characterize the morphology of Li 
metal in different electrolyte. As shown in Figs. S5–S8, a loose Li 
deposition with obviously porous structure is observed in the SEM im-
ages with 1 M LiPF6 EC/DEC (Fig. S5). When the salt concentration in-
creases to 6 M, the deposited Li metal in 6 M LiFSI EC/DEC becomes 
much denser, but some cracks of Li metal can be also observed (Fig. S8). 
This indicates that the SEI formed in 6 M LiFSI EC/DEC is lack of 

Fig. 3. Cryogenic TEM images and FFT images of SEI layer formed in LiPF6 EC/DEC and LiTFSI DOL/DME 2 wt% LiNO3.  
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elasticity. In 1 M LiTFSI DOL/DME electrolyte, obvious dendrites with 
loose Li deposition were observed in the absence of LiNO3 (Fig. S6). 
However, after adding LiNO3 into the electrolyte, a dense and smooth Li 
deposition without any dendrites and cracks was observed in the ether- 
based electrolyte with 2 wt% LiNO3 (Fig. S7). 

The Cryo-TEM was also carried out to further gain insight into the 
structure of SEI layers formed in different electrolyte. SEI layers formed 
in two kind of electrolytes containing 1 M LiPF6 EC/DEC and 1 M LiTFSI 
DOL/DME 2 wt% LiNO3 were selected for Cryo-TEM comparison. To 
prepare the samples for Cryo-EM test, Li metal was deposited on the 
micro-grid with at 0.5 mA cm− 2 for 20 min in the electrolytes for a 
convenient observation by TEM. As shown in Fig. 3, the SEI layers 
formed in the LiPF6 EC/DEC electrolyte shows a mosaic structure. It can 
be observed that the inorganic species such as LiF, Li2O and the organic 
species such as –COOLi, ROCOOR are precipitated and randomly 
embedded in the SEI layer, forming a mosaic microphase. In addition, 
some characteristic bright diffraction spots corresponding to LiF (200) 
plane were also captured in the fast Fourier transformed (FFT) image. 
The result suggests that a low CE of Li deposition can be still obtained 
even with LiF species in the SEI layer. For comparison, a multilayer 
structure with an organic rich inner phase and inorganic rich outer 
layers was observed in the 1 M LiTFSI DOL/DME 2 wt% LiNO3 elec-
trolytes. In addition, the outer inorganic rich layer is comprised of 
Li2CO3 and Li2O species, and none LiF is found in the SEI layer. Although 
previous report [36] suggests that fluorinated species are important to 
stabilize the SEI layer for LMBs, we find the content and distribution of 
organic species in the SEI layer are more important to determine the CE 
of Li plating/stripping. 

We also investigate the evolution of electrochemical impedance of 
Li||Li symmetric cells using in 1 M LiPF6 EC/DEC and 1 M LiTFSI DOL/ 

DME 2 wt% LiNO3. To investigate the evolution of impedance over cy-
cles, 3 mAh cm− 2 Li was deposited on the Cu foil at 0.5 mA cm− 2 and 
then Li||Li@Cu symmetric cell was cycled at 0.5 mA cm− 2 with a fixed 
capacity of 0.5 mAh cm− 2. The Li||Li@Cu symmetric cell died after 10 h 
in 1 M LiPF6 EC/DEC electrolyte, while the Li||Li@Cu symmetric cell 
runs over 40 h. As shown in Fig. S9, the Li||Li@Cu symmetric cell shows 
initial impedance of 31.4 Ω, which then increases to 1140Ωafter 10 h in 
1 M LiPF6 EC/DEC. For comparison, the impedance decreases from 
51.9 Ω to 4.7 Ω after 40 h in 1 M LiTFSI DOL/DME 2 wt% LiNO3. This 
result suggest the SEI layer formed in the LiTFSI DOL/DME 2 wt%LiNO3 
is more stable compared with the one formed in 1 M LiPF6 EC/DEC. 

Above all, by combining the result of in-depth XPS, AFM, SEM and 
Cryo-EM, we conclude that the distribution and content of organic 
species rather than LiF play decisive role to determine the CE of Li 
deposition. Therefore, a desired SEI layer should exhibit a moderate 
elastic modulus over 3.0 GPa [35] with a multilayer structure, which is 
comprised of a dense inorganic layer to increase the mechanic strength 
of SEI layer and an organic rich layer to buffer the volume expansion. 

3.2. Design strategy of advanced SEI layers in carbonate-based 
electrolytes 

As discussed above, the content and distribution of organic compo-
sitions plays the decisive role to determine the CE of Li deposition. Since 
the organic compositions in the SEI layer come from the decomposition 
of organic solvent, we investigated the reactivity of several organic 
solvents on Li metal by Density Functional Theory calculations. 

The reduction of organic solvents and the formation of SEI layer on 
the Li metal surface involve a series of complex processes including 
adsorption of solvent molecules on the Li metal surface, electron 

Fig. 4. Theoretical calculation of the binding energy and charge density of different solvents on Li metal (The calculated differential charge density is shown as the 
isosurface plot, with an isosurface value of 3.6 × 10− 8 e/Å3. region (an increase in charge density) is in blue, and region (a decrease in charge density) is in 
vermilion.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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transferring process and the reduction of solvent molecules. Among 
these processes, the initial adsorption of solvent molecules on the Li 
metal is the rate-determining step [37–39], which determines the 
following decomposition product of SEI layers. Therefore, we investi-
gate the binding geometry, binding energy and electronic charge density 
of several solvent molecules on the Li metal. As shown in Fig. 4, 
compared with carbonate solvent molecules (EC and FEC), the binding 
energy of ether-based solvent molecules are much weaker, indicating 
that the reactivity of ether-based solvent molecules on Li metal is much 
weaker. Especially, for DOL molecules, the binding energy of DOL on Li 
metal is − 0.07 eV, indicating that the DOL molecules are not likely to 
react with the Li metal. Nevertheless, the O atoms in the carboxyl group 
(–C˭O) in the EC molecules becomes the reactive site for Li metals, 
which is vulnerable to attack the Li metal. The primary chemical bonds 
formed between EC and Li is Li–O˭C bond. However, when the H atom in 
EC is substituted by electronegative F atom to form FEC solvent, the 
electronegative F atom becomes the reactive site for Li and the primary 
chemical binding of FEC on the Li metal become the Li–F bond. Above 
all, in the carbonate-based electrolyte, the lithium salts must compete 
with the carbonate solvent to react with Li metal. Hence, a mosaic SEI 
layer with mixed matrix of organic species and inorganic compounds is 
likely to be formed. Nevertheless, in the ether-based electrolyte, the 

decomposition of Li salts becomes the main source of inner SEI layers, 
while the ether solvent polymerizes on the surface of the inner inorganic 
SEI layers to soft outer layer to accommodate the volume expansion 
during Li deposition. 

We also calculated the electronic charge density of different solvents 
on the surface of Li metal. It is observed that the electronic charge 
density of all the solvents increases on the interface of Li metal, indi-
cating the favorable formation of chemical bond between solvent and Li 
metal. However, the decrease of electronic charge density is between 
F–C for FEC and C˭O for EC, indicating LiF is more likely to form in the 
FEC electrolyte while organic species such as –COOLi or ROCOOR is 
vulnerable to form in the EC electrolyte. As a result, it is expected that 
fewer organic derived products are formed in the FEC solvent compared 
with EC solvent [37,38]. 

Hence, to design the multilayer SEI layers on the Li metal surface in 
the carbonate electrolyte, FEC is selected as the solvent to construct the 
inner inorganic rich SEI layer since more inorganic compositions are 
formed during the decomposition of FEC [37,38]. In order to further 
increase the content of inorganic composition in the inner SEI layer, an 
intermediate salt concentration of 2.2 M LiTFSI and 0.2 M LiPO2F2 is 
also applied. The LiPO2F2 salt not only increases the inorganic content in 
the SEI layer, but also prevents the corrosion of Al foil. At the same time, 

Fig. 5. Characterization of the designed SEI layer: a) Cryo-TEM image of the designed SEI layer; b) FFT image of the designed SEI layer; c) SEM image of Li metal 
with the designed SEI layer; d) In-depth XPS of the designed SEI layer; e) mechanic property of the designed SEI layer; f) EIS spectrum of designed SEI layer 
over cycles. 
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the LiPO2F2 additives can also form LiPOxFy CEI layer on the NCM811 
cathode, and thus stabilize the structure of NCM811 cathode [39]. Be-
sides, an organic-rich layer is also essential to buffer the volume 
expansion of Li metal. HFE, which has poor solvability of Li ions and 
weak reactivity with Li metal, is selected to construct the outer organic 
rich layers. Hence, it is expected that a multilayer SEI with dense LiF, 
Li2O rich inner layer and organic rich outer layer is formed in the 2.2 M 
LiTFSI, 0.2 M LiPO2F2 FEC/HFE (2:1) electrolyte. 

To characterize the SEI layer formed in 2.2 M LiTFSI, 0.2 M LiPO2F2 
FEC/HFE (2:1) electrolyte, Cryo-TEM combined with in-depth XPS, AFM 
and SEM were carried out. As shown in Fig. 5a, the SEI layer in 2.2 M 
LiTFSI, 0.2 M LiPO2F2 FEC/HFE (2:1) electrolyte exhibits a multilayer 
structure, which is comprised of a Li2O rich inner layer and an organic 
rich outer layer. Notably, even in this all fluorinated electrolyte, LiF 
species are rarely observed in the compact SEI layers, which is also 
confirmed by FFT images. As shown in Fig. 5b, the diffraction spot 
corresponding to LiF (1,1,1) crystal plane is dim, indicating that LiF is 
rarely found in the SEI layer even in this all fluorinated electrolyte 
Further evidence of EDS mapping also confirm that LiF is absent in the 
compact SEI layer. As shown in Fig. S10, most of the LiF species were 
agglomerated as nano-balls rather than dispersed in the compact SEI 
layers, while the compact SEI layer is comprised of Li2O species and N 
containing species. Our finding is also consistent with previous report 
that LiF is almost absent within the compact SEI film [40]. 

We also perform the SEM to characterize the morphology of Li metal 
in the electrolyte. As shown in Figs. 5c and S11, a smooth surface of Li 
metal without any crack and dendrite is observed with designed SEI 
layer. The in-depth XPS also shows that the surface of Li metal is con-
sisted of organic compounds including C-C/C-O and -CF3 species, while 
LiF become the dominant species after Ar+ etching (Fig. 5d). The Li 1s 
XPS spectrum also confirms that Li2O and LiF is the dominant species 
(Fig. S10). AFM was also carried out on the designed SEI layer to probe 
the mechanic property of the designed SEI layer. As shown in Fig. 5e, the 
two regions on the Li metal surface with the designed SEI layer exhibits 
an elastic modulus of 4.0 GPa and 3.2 GPa. The elastic modulus of SEI 
layer is above 3.0 GPa, which is strong enough to stabilize the SEI layer 
[35]. 

The electrochemical impedance spectrum (EIS) was also carried out 
to study the interfacial impedance of the designed SEI layer during cy-
cles. To evaluate the interfacial impedance of SEI layer during cycles, 
Li||Cu half-cell was assembled. 3 mAh cm− 2 Li was deposited onto the 
Cu foil, and then the cell was cycled at 0.5 mA cm− 2 with a fixed ca-
pacity of 0.5 mAh cm− 2. The Li||Li@Cu half-cell gives a high interfacial 
impedance of 24 Ohm for the initial cycles, which is then reduced to 
10 Ohm after 40 h. The interfacial impedance further decreases after 
100 h. Even after 200 h, the interfacial impedance only slightly in-
creases. The result suggests the stability of the designed SEI interface 
during cycles. 

3.3. Electrochemical performance of the designed SEI layer 

To demonstrate the electrochemical performance of the designed SEI 
layer, Li||Cu half-cell, Li||NCM811 full cell (N/P = 0.5 or 1) and Li-free 
LMBs were assembled with this optimized electrolyte. 

As shown in Fig. S11, an initial CE of 92% is obtained in the opti-
mized electrolyte, which then gradually increases to 98% and maintains 
at 98% for over 150 cycles at 0.5 mA cm− 2 with a fixed capacity of 
1 mAh cm− 2 (Fig. S11a). When the current density increases to 
1 mA cm− 2 with a fixed capacity of 1 mA cm− 2, a high initial CE of 93% 
was obtained and the CE gradually increases to 98.5% for 200 cycles 
(Fig. S11b and S11c). When the current density further increases to 
2 mA cm− 2 with a fixed capacity of 1 mA cm− 2, a high average CE of 
98.5% is also achieved in the optimized electrolyte (Fig. S11d and S11e). 
In addition, the polarization remains almost unchanged for 200 cycles at 
the current density of 2 mA cm− 2. To accurately determine the CE of 
LMBs, a method [41] proposed by Zhang et al. was employed. As shown 

in Fig. S12, an average CE of 99.0% is achieved with designed SEI layer 
in the carbonate-based electrolyte. Above all, the CE of Li deposition 
with advanced SEI layers in the optimized electrolyte can be even 
compared with the one formed in the ether-based electrolyte with LiNO3 
additives. 

Fig. 6a and 6b shows the rate performance of NCM811 half-cell in 
the optimized electrolyte. The NCM811||Li metal half-cell shows a ca-
pacity of 203 mAh g− 1 at 0.2 C, 184 mAh g− 1 at 0.5 C and 165 mAh g− 1 

at 1 C. The specific capacity almost recovers to the initial capacity when 
the current density reduced to 0.2 C. To demonstrate the performance of 
the designed SEI layer in the optimized electrolyte under practical 
condition, NCM811||Li full cells were also prepared. The NCM811 
cathode with high areal loading of 15 mg cm− 2 was paired with limited 
Li@Cu foils (1.5 mAh cm− 2 corresponding to N/P = 0.5 and 
3 mAh cm− 2 corresponding to N/P = 1) with 100 μl electrolyte. The cell 
was charged at 0.2C and discharged at 0.5 C. As shown in Fig. 6c and 6e, 
when NCM811 cathode was paired with 3 mAh cm− 2 Li (N/P = 1), a 
specific discharge capacity of 184 mAh cm− 2 is obtained after the initial 
activating cycle. Both the specific discharge capacity and the polariza-
tion of the batteries remain unchanged for 120 cycles. After 120 cycles, 
the specific capacity slightly reduces, but even after 200 cycles, a spe-
cific capacity of 160 mAh g− 1 is also obtained, corresponding to ca-
pacity retention of 87%. When the amount of Li metal in the anode 
reduces to 1.5 mAh cm− 2 (N/P = 0.5), a long cycle life of 100 times with 
a capacity retention of 86.5% is also achieved (Fig. 6d and 6f). The 
achieved performance is among the best in the carbonate-based elec-
trolyte and can be even compared with those achieved in the localized 
high concentration ether-based electrolytes (see Table S1 for compari-
son.). For comparison, the NCM811 (15 mg cm-2)||Li (N/P = 0.5 or 1) 
full cells decays rapidly in the 1 M LiPF6 EC/DEC electrolyte (Fig. S15). 

To further demonstrate the performance of the designed SEI layer in 
the optimized electrolyte, the NCM811 cathode was also paired with Li- 
free anode. The Li-free batteries show the worst scenario of LMBs, since 
no extra Li source is provided. The NCM811 cathode (15 mg cm− 2) with 
a specific areal capacity of ～3 mAh cm− 2 was directly paired with a thin 
layer of graphite (1 mg cm− 2) on Cu foil as Li metal host. Fig. S16a 
shows the CE of Li deposition on the graphite anode in the optimized 
electrolyte with a fixed capacity of 3 mAh cm− 2 at the current density of 
0.5 mA cm− 2. The cell shows an initial CE of 92%, which quickly in-
creases to 99% within 10 cycles. Fig. S16b exhibits the corresponding 
voltage profiles of Li deposition in the graphite anode. It can be clearly 
seen in Fig. S16b that the capacity of Li ions intercalation into the 
graphite (1 mg cm− 2) is only about 0.35 mAh cm− 2, indicating that the 
graphite in the anode mainly act as a three-dimension (3D) conductive 
host for Li metal. The cycle stability and corresponding voltage profiles 
of NCM811 (15 mg cm− 2) ||Graphite (1 mg cm− 2) full cells were given 
in Fig. S16c and S16d. As shown in Fig. S16c, the Li metal full cell shows 
a specific discharge capacity of 182.4 mAh g− 1 and a high CE of 94.8% 
after the initial activation cycles. Only after one cycle, the CE of the full 
cell reaches 99.3% and the CE maintains 99.3% for the following cycles. 
Even after 70 cycles, a specific capacity of 125.0 mAh g− 1 is also ach-
ieved, corresponding to capacity retention of 70%. It should be noted 
that most of the anode-free LMBs were prepared after a pre-lithiation 
process, where dead lithium may present on the anode [5,42]. The 
morphology of Li deposition (3 mAh cm− 2) in the graphite host is also 
investigated by the SEM images. As shown in Fig. S17, a smooth surface 
without any dendrite was observed in the SEM images. 

Above all, the designed SEI layer in the optimized electrolyte largely 
improves the electrochemical performance of LMBs with limited Li in 
the anode in the carbonate electrolyte. 

4. Conclusion 

In this work, by characterizing the SEI layers formed in the 
carbonate-based electrolyte and ether-based electrolyte with Cryo-EM, 
In-depth XPS, AFM and SEM, we identified that the content and 
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distribution of organic species in the SEI layers determine the CE of Li 
deposition in the electrolyte and then correlated the CE of Li deposition 
to the structure, mechanic property and composition of SEI layer. 
Further investigation by DFT calculation suggests that compared with 
ether molecular, carbonate molecular is more likely to react with Li 
metal and be decomposed on the surface to form organic-rich SEI layers. 
Based on the result, we present the methodology for designing advanced 
SEI layer by optimizing the electrolyte composition. The designed SEI 
layer exhibits high CE of Li plating/ striping in the carbonate electrolyte. 
As a result, the NCM811||Li (N/P = 1) can be cycle for 200 times with a 
capacity retention of 87%. Our work thus provides new insight for 
designing advanced SEI layer for practical LMBs. 
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