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Single-Solvent-Based Electrolyte Enabling a High-Voltage
Lithium-Metal Battery with Long Cycle Life

Yuangin Li, Mingzhu Liu, Kang Wang, Chengfeng Li, Ying Lu, Aditya Choudhary,

Taylor Ottley, Dmitry Bedrov,* Lidan Xing,* and Weishan Li*

The application of Li-metal-anodes (LMA) can significantly improve the energy
density of state-of-the-art lithium ion batteries. Lots of new electrolyte
systems have been developed to form a stable solid electrolyte interphase
(SEI) films, thereby achieving long-term cycle stability of LMA. Unfortunately,
the common problem faced by these electrolytes is poor oxidation stability,
which rarely supports the cycling of high-voltage Li-metal batteries (LMBs).

In this work, a new single-component solvent dimethoxy(methyl)(3,3,3-
trifluoropropyl) silane is proposed. The electrolyte composed of this solvent
and 3 M LiFSI salt successfully supports the long-term cycle stability of

yet, the LMA, which was initially dis-
carded in early LIBs and now is at-
tracting renewed attention, still faces
the problem of its highly reactive inter-
face. The continuous reduction of elec-
trolyte on the LMA surface and the for-
mation of Li dendrites from the un-
even deposition of lithium eventually
bring on the low coulomb efficiency
and great security risks of lithium-metal
batteries (LMBs).**] Li-metal structural

limited-Li (50 um)]||high loading LiCoO, (~20 mg cm~2) cell at 4.6 V.
Experiments and theoretical research results show that the outstanding
performance of the electrolyte in high-voltage LMBs is mainly attributed to its
unique solvation structures and its great ability to build a highly stable and
robust interphase on the surface of LMA and high-voltage cathodes.
Interestingly, this proposed electrolyte system builds a stable SEI film rich in
LiF and Li;N on the surface of LMA by improving the two-electron reduction
activity of FSI~ without adding LiNO;, the well-known additive used for
LMBs. The design idea of the proposed electrolyte can guide the development

of high-voltage LMBs.

1. Introduction

Among all anode materials of Li-ion batteries (LIBs), Li-metal an-
ode (LMA) has the highest specific capacity (3862 mAh g=') and
the lowest lithiation potential (—3.040 V relative to SHE).[') And
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modifications, surface treatments and
adjustment of electrolyte formulations
can restrain the above side reactions,
improve cycle life and safety perfor-
mance of LMBs to some extent.!”1*%3]
Traditional carbonate-based  elec-
trolytes have been widely applied in
LIBs for their excellent comprehen-
sive performance.?*2%]  Unfortunately,
the carbonate-based electrolytes with
conventional salt concentration (%1 M)
fail to form a stable solid electrolyte
interphase (SEI) on the LMA surface.
Increasing the concentration of salt
can enhance the stability of SEI film formed by electrolyte, albeit
at the expense of electrolyte conductivity and viscosity.!?”! Ether-
based electrolytes, in combination with appropriate film-forming
additives such as LiNO;, can facilitate the formation of a more ro-
bust solid-electrolyte interphase (SEI) on the surface of lithium
metal. This approach greatly enhances the interphasial stability
of lithium metal compared to carbonate-based electrolytes. How-
ever, application of such electrolytes faces the problems of low
flash point and low oxidation stability.?2%32] Phosphonate-based
electrolytes with high salt concentration exhibit non-flammability
and excellent SEI formation on Li-metal surfaces. However, their
poor oxidation stability limits the long cycle life of high-voltage
LMBs.[?*] In our previous work, incombustible vinylethylene car-
bonate (VEC) was used as single solvent to construct an elec-
trolyte system to ameliorate the cycling reversibility and safety of
LMBs.”] While the VEC-based electrolyte also failed to withstand
at high voltage.

According to the above reported literatures, it is evident that
new electrolyte systems capable of forming stable SEI films on
Li-metal surfaces are not uncommon. However, most of these
systems suffer from incompatibility with high-voltage cathode
materials, which severely hinders the development and appli-
cation of high-energy-density LMBs.['*?2 The development of
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Figure 1. a) DFT-optimized structures and electronic affinity energy of the FMS, EC, EMC, LiFSI, and FSI~. b)The binding energies between Li* and
various species calculated by DFT. ¢) The optimized configurations between Li* and solvents/anions. The hydrogen, lithium, carbon, nitrogen, oxygen,
fluorine, and sulfur atoms are represented by white, purple, grey, blue, red, green, and yellow, respectively. Raman spectra of siloxane electrolytes with
different concentrations in the range of d) 590-640 cm~" and e) 720-770 cm~". f) FTIR spectra of free LiFSI and siloxane electrolytes with different

concentrations.

new electrolyte system with excellent film-formation capability
on Li-metal and high interphasial stability at high voltage is of
paramount importance.[33-3¢l

Fluorination can improve the reduction activity of the
molecule, which is beneficial to its film-forming reaction at the
anode side. In addition, the Si-O bond exhibits higher antioxi-
dant stability compared to the C-O bond. Its presence can en-
hance the stability of the interphase formed at high voltage
cathodes.[**] Based on these arguments, we investigate the possi-
bility of using a fluorosilicone solvent, dimethoxy(methyl)(3,3,3-
trifluoropropyl)silane (FMS; Figure Sla, Supporting Informa-
tion) as a single-solvent electrolyte for the high-voltage LMBs.
The results show that the binding energy between FMS solvent
and Li* is relatively weak, which makes it easier to form Li*-FSI~
ion contact solvation structure and larger aggregate structures
(AGG, where one Li* binds two/or more FSI~ at the same time).
These unique solvation characteristics are beneficial to the for-
mation of an SEI film rich in anion decomposition product LiF
on the Li anode. Moreover, FMS solvent can promote the com-
plete decomposition of FSI~ ions and generate Li;N and Li,SO,
redox reaction products. The resulting SEI film effectively in-
hibits the development of Li dendrites and improves the long-
cycle Coulombic efficiency of Li//Li and Li//Cu cells. More im-
portantly, FMS has excellent cathode film-forming ability. It takes
precedence over FSI™ in oxidative decomposition, and forms a
stable and robust cathode electrolyte interphase (CEI) film on
the surface of 4.6 V lithium cobalt oxide (LCO) electrode, which
significantly improves the high voltage interphasial stability. We
demonstrate, that based on the unique solvation structure and
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outstanding film-forming performance of 3 M FMS-based elec-
trolyte, the capacity retention of 4.6 V Li (50 pm)//high loading
LCO (20 mg cm™?) cell reached 92.5% after 100 cycles with the
average Coulombic efficiency of 99.5%.

2. Results and Discussions

2.1. Compatibility of FMS-Based Electrolyte with LMA

The compatibility between the electrolyte and LMA is typically
dependent on the properties of the SEI film formed by the elec-
trolyte on the surface of lithium metal. The SEI film primar-
ily comprises reduction products of electrolyte components with
high reduction activity. Therefore, assessing the reduction activ-
ity of each component in the electrolyte is beneficial for predict-
ing both the film-forming ability of the electrolyte and properties
of the resulting SEI film. Figure 1a presents the calculated elec-
tronic affinity energy of EMC, EC, FMS solvents and FSI~ anion,
together with LiFSI. The less negative electronic affinity energy of
FMS compared to carbonate solvents indicates a lower reduction
activity and probability of participating in reduction and decom-
position into SEI products. In addition, the reducing activity of
LiFSI can be found to be much superior to that of the studied sol-
vent molecules. The reduction and decomposition of LiFSI will
form an effective SEI component LiF. This shows that if the elec-
trolyte forms a Li* solvation shell with ion contact, such as high
salt electrolyte or local concentrated electrolyte, it is beneficial for
building a stable SEI film rich in LiF on the anode surface.’’#!
The binding energies and structure of EC and FMS solvents with
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Li* and Li* with FSI~ anions in these two solvents are compared
in Figure 1b,c. The binding energy between Li* and FMS solvent
(—18.5 k] mol™!) is weaker than that with EC. This makes the
binding energy of Li*-FSI~ in FMS solvent stronger than that of
EC solvent, which is beneficial to the formation of ion contact
solvation structures and AGG structures, and then to the forma-
tion of SEI film rich in LiF. These DFT calculation results show
that, compared with EC-based electrolyte, FMS-based electrolyte
is beneficial to promote the formation of ion contact solvation
structures, and the reduction activity of FMS is low, which is help-
ful to form an efficient and stable SEI film with LiF as the main
component on LMA.

Experiments were conducted to validate the aforementioned
theoretical insight. 1 m LiFSI FMS electrolyte was tested in a
Li//Cu cell (Figure S1b, Supporting Information) to check the
electrochemical compatibility and reversibility of FMS with Li
metals. Surprisingly, even though the salt concentration in the
electrolyte is only 1 M, FMS-based electrolyte exhibited an aver-
age Coulombic efficiency (CE) up to 98.4%. Moreover, the average
CE of Li//Cu cell in FMS-based electrolyte is obviously higher
than that of EC/EMC-based electrolyte (Figure Slc, Supporting
Information). Figure S2 (Supporting Information) shows that the
wettability of FMS-based electrolytes with the separator is better
than that of EC/EMC-based electrolytes. From the data of Figure
S3a (Supporting Information), it can be seen that the conductivity
of FMS-based electrolytes is lower than that of carbonate-based
ones. This suggests that the higher average CE of FMS-based
electrolyte is primarily attributed to its enhancement of the in-
terphasial stability of Li metal, which aligns with the capability
of FMS-based electrolyte to facilitate more LiFSI involvement in
reduction and decomposition compared to carbonate-based elec-
trolyte (CBE) at 1 M salt concentration, thereby generating a more
robust interphase. More importantly, as shown in the Figure S1c
(Supporting Information), the CE data are even better than that
of other reported electrolytes for LMA, including tetrahydrofu-
ran (THF), dimethoxyethane (DME), 1,4-dioxane (1,4-DX) and
2-methyltetrahydrofuran (MeTHF), and is equivalent to that of
2,5-dimethyltetrahydrofuran (DMeTHF).I*! The viscosity of pure
solvents and each electrolyte systems are shown in Figure S3b
(Supporting Information).

In general, increasing the salt concentration in the electrolyte
can further increase the content of ion contract solvation shells,
thus improving the performance of SEI constructed at the an-
ode surface.?2] The FMS-based electrolyte is no exception. As
shown in Figure 1d, the pure FMS solvent exhibits a vibration
peak attributed to Si-O at 613 cm~!. When it combines with
Li*, the peak shifts to 617 cm™, and its proportion increases
with the increase of LiFSI concentration. At the same time, Li*-
FSI~ binding is enhanced through the formation of contact ion
pairs (CIPs) and cation—anion aggregates (AGGs) as reflected by
the FSI~ band (720-770 cm™!; Figure 1e) rises significantly. At
lower LiFSI concentration (0.5 m), free FSI~ contributes about
36.5%, while the remaining anions are participating in CIPs and
AGGs. As the LiFSI concentration increases from 0.5 to 3.0 M,
the proportion of free FSI~ anions drops to 6%—7% and major-
ity of the anions are in clusters (Table S1, Supporting Informa-
tion). The aggregation of LiFSI in FMS systems could be fur-
ther disclosed by a band complex in the range of 900-1500 cm™,
whereas the shift of the Li*-associated FSI~ bands toward those
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at 1122, 1170, 1226, and 1360 cm™ for v, g, 0T v, 50, Vibrations
of pure LiFSI shows the gradually strengthened Li*-FSI~ asso-
ciation, and vg; (1020, 1080, 1130cm™1), vg; (1260, 1410cm™1),
Vsic(1325cm™) and 6 5 (1374 cm™') of FMS on the same spec-
tra confirms their coordination in the 3 M electrolyte. FTIR re-
sults are in accord with the Raman results. The peak intensity
of pure FMS solvent gradually weakens with the increase of salt
concentration, and the peak position undergoes a certain “red-
shift,” indicating that the fraction of free FMS solvent decreases
and more participates in the Li* solvation sheath.

Atomistic molecular dynamics (MD) simulations employing
polarizable force field (SI for simulation details) provide addi-
tional molecular scale insight into electrolyte structure and dy-
namics. Itis instructive to compare properties of FMS-based elec-
trolytes with the reference EC/EMC-based electrolytes. Simula-
tions were conducted for pure FMS and EC/EMC solvent systems
as well as for 1, 2, and 3 m LiFSI compositions at 298K. Figure 2a
shows representative snapshots from 1 and 3 M systems, high-
lighting distribution of ions. As expected in 1 and 3 m EC/EMC
electrolytes, Li* and FSI~ ions are homogeneously distributed
through the system. Analysis of radial distribution functions
shows a strong preference of O atoms from the solvent(Opys,
Ok, and Opy,) and FSI™ (Og) to comprise the first coordination
shell of Li* that can be defined as a sphere of 2.9 A around the
cation (Figure 2b). Due to strong interaction between carbonate
solvents and Li* the LiFSI salt is well dissociated in the EC/EMC
electrolytes and cation is primarily coordinated with EC and EMC
oxygen atoms (Figure 2b). As the salt concentration increases the
amount of FSI~ oxygen atoms in the 1st coordination shell of
Li* growth from about 0.3 to about 1.0, which is compensated
by similar reduction of O atoms from EMC, while the number
of O atoms of EC stays basically the same around 2.0. A qual-
itatively different structure is observed in the FMS-based elec-
trolytes. Figure 2a shows that majority of ions are aggregated,
which is in good accordance with the Raman results. At 1 M the
salt forms large ionic clusters, but the clusters are not percolating.
At 3 M concentration, the formed LiFSI domains are continuous
and the formation of percolating nanosegregated salt domains is
observed, which is consistent with mentioned above Raman data.
Li* coordination is also different for these electrolytes and is pri-
marily dominated by the O atoms from FSI~ with less than one
oxygen contributed by FMS solvent.

It is also instructive to analyze dynamical properties of elec-
trolytes. Figure 2c shows the self-diffusion coefficients of solvent
molecules obtained from MD simulations at different salt con-
centrations including pure solvents. FMS systems show a notice-
ably larger diffusivity of FMS compared to carbonates, which is
consistent with the lower viscosity of this solvent compared to EC-
EMC mixture (Figure S3b, Supporting Information). However,
ion diffusivity in FMS-based solvents is significantly lower (al-
most an order of magnitude) compared to that in the carbonate-
based systems, which is consistent with the observed aggrega-
tion of the salt in FMS solvent which weakly interacts with Li*
(as demonstrated by DFT calculations). Therefore, the ionic con-
ductivity of FMS-based electrolytes, shown in Figure 2d, is about
an order of magnitude lower compared to that in EC-EMC sol-
vents. The conductivity predicted by the simulation fitted well
with the experimental data (Figure S3a, Supporting Information)
and also capture the increase of conductivity in FMS systems with
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Figure 2. a) Snapshots from MD simulations of FMS (left column) and EC/EMC (right column) based electrolytes with 1and 3 m LiFSI concentrations.
Solvent molecules are shown using wireframe representation, while Li* and FSI~ ions are highlighted in green and yellow, respectively. b) Schematic
illustration of the definition of the 1st coordination shell of Li* (a sphere of 2.9 A radius) and the number of O atoms of different types in the 1st
coordination shell for FMS and EC-EMC electrolytes as a function of salt concentration. c) Self-diffusion coefficients of solvent molecules (left panel)
and ions (right panel) as a function of salt concentration. d) lonic conductivity of electrolytes as a function of salt concentration obtained from MD

simulations and from experiments.

increasing LiFSI concentration. As we discussed above and will
demonstrate below, although the ionic conductivity of FMS-based
electrolyte is not as good as that of CBE due to more salt aggregate
structures, especially at a salt concentration of 3 M, the observed
salt aggregates are beneficial to the construction of a more stable
SEI film on the surface of Li metal.

2.2. Highly Reversible Li Depositing/Stripping

The deposition behavior of Li with 1 m EC/EMC-based, 3 m
EC/EMC-based and 3 M FMS-based electrolytes on Cu substrates
was investigated. As depicted in Figure S4a,d (Supporting Infor-
mation), the initial deposition of Li on a Cu substrate in the 1 m
EC/EMC-based electrolyte results in the formation of acicular Li
dendrites. These dendrites exhibit high permeability to the sep-
arator, which can lead to internal short circuits or catastrophic
thermal runaway failure within the cell. This instability is a ma-
jor safety concern for LMBs. When Li was deposited on the Cu
substrate in 3 M EC/EMC-based electrolyte (Figure S4b,e, Sup-
porting Information), dendritic metallic Li is obviously reduced,
which is mainly due to the LiF-rich interphasial film formed on
the surface of Cu substrate by high salt electrolyte, which is ad-
vantageous for improve the interfacial stability and the deposi-
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tion of metallic lithium.l'-3] However, as depicted in Figure S4c,f
(Supporting Information), the deposition of metallic lithium in
3 M FMS-based electrolyte is notably smoother compared to CBE.
Furthermore, minimal formation of lithium dendrites suggests
that FMS-based electrolyte exhibits superior interphasial proper-
ties with lithium metal under identical salt concentration.

The CE of Li//Cu cells during cycle at a current density of
1.0 mA cm~2 are presented in Figure 3a, which was calculated as
the ratio of the amount of Li deposited on and stripped from Cu
substrate. It can be seen that that the averaged CE of the cell with
1 M EC/EMC-based electrolyte is only 90.2% after 100 cycles, con-
firming the poor interphasial stability of Li with traditional CBE.
Consistent with the morphological changes of metallic lithium
shown in Figure S4 (Supporting Information), increasing the
concentration of lithium saltin CBE can improve the interphasial
stability of Li. The averaged CE of Li//Cu cell with 3 m EC/EMC-
based electrolyte reaches 94.9% after 100 cycles. However, even
so, the Li//Cu cell failed after around 150 cycles, which is likely
due to the formation of a small amount of lithium dendrites in
the system (Figure S4e, Supporting Information), leading to in-
ternal short circuit of the cell. In marked contrast, the Li//Cu
cell with 3 m FMS-based electrolyte exhibits stable Li deposi-
tion/stripping reaction and remarkable cycling stability approach
500 cycles at 1 mAh cm=2, with an averaged CE up to 99.1%.
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Figure 3. a) Average Coulombic efficiency in Li||Cu cells at current densities of 1.0 mA cm™2. b,c) Polarization curves of plating/stripping process in

Li||Cu cells. d) The voltage profiles in Li||Li symmetrical cells at current densities of 1.0 mA cm

Meanwhile, the selected polarization curves of Li//Cu cells also
show that the 3 m FMS-based electrolyte shows higher inter-
phasial stability (Figure 3b,c). In particular, during the 50th to
150th cycles, the polarization of Li deposition/stripping reaction
increased by only 42 mV with the use of 3 M FMS-based system,
whereas it increased by 61 mV with the use of 3 M EC/EMC-based
system. The superior reversibility of Li deposition/stripping with
FMS compared to CBE can be attributed to the distinctive inter-
facial morphology and chemistry resulting from the former elec-
trolyte.

Figure 3d shows the voltage profiles of Li//Li symmetrical cells
at a current density of 1.0 mA cm™2. Similar to the findings of
Li//Cu cells, the 3 M FMS-based system exhibits superior cycle
stability, with only a slight increase in electrode polarization even
after 1200 h of reaction. While the one with 3 M EC/EMC-based
system experienced a short circuit after 420 h of operation. More-
over, even at a higher current density (2.0 mA cm=2), the Li//Li
and Li//Cu cells with 3 m FMS-based electrolyte still shows the
best cycle stability and the highest CE (Figure S5, Supporting In-
formation). As depicted in Figure S6 (Supporting Information),
the superior rate performance of Li//Li and Li//Cu cells cycled
in 3 M FMS-based electrolyte compared to that in 3 m carbonate-
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based electrolyte further implies that the former facilitates the
formation of a stable SEI interface and uniform lithium deposi-
tion.

The evolution process of the deposition morphology of lithium
ions on the metal lithium sheet is shown in Figure S7 (Sup-
porting Information). Evidently, the initial deposition of lithium
in 3 M carbonate-based electrolyte exhibits irregular and porous
characteristics. This leads to a significant increase in the specific
surface area of deposited lithium metal, resulting in subsequent
electrode polarization as illustrated in Figure 3. Additionally, due
to its rapid growth, the deposited lithium pierces the separator
more quickly and contacts with the cathode material, resulting in
an internal short circuit. While, the deposition of lithium in 3 m
FMS-based electrolyte is uniform and dense, effectively inhibit-
ing the growth of lithium dendrites and subsequent electrode po-
larization.

The results of Li deposition/stripping reaction and surface
morphology above demonstrate that the SEI formed by 3 m
FMS-based electrolyte can effectively suppress the growth of
lithium dendrites, facilitate the reversibility of lithium deposi-
tion/stripping reaction, and enhance the cycle stability and high
safety of LMA.
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Figure 4. XPS survey spectra of lithium metal in different electrolytes at various argon (Art) sputtering depths in the interphases on Li electrodes,
collected by disassembling Lil|Li cells after 10 cycles at a current density of 1 mA cm~2 with a capacity of T mA cm~2. The XPS depth profiles of F s,
N 1s, and S 2p in the 3 M EC/EMC-based electrolyte a) and 3 m FMS-based electrolyte b). Corresponding relative mass content from XPS spectra of Li
electrodes cycled in 3 m EC/EMC-based electrolyte c) and 3 m FMS-based electrolyte d).

2.3. Key Components of the Constructed SEI and Its Formation
Mechanism

The morphology and properties of the interphase film, which
is a crucial factor affecting cell performance, are determined
by the composition and structure of electrolyte reduction prod-
ucts. Therefore, X-ray photoelectron spectroscopy (XPS) was em-
ployed to investigate in detail the main components and their dis-
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tribution within SEI films formed on lithium-metal surfaces us-
ing carbonate-based and FMS-based electrolytes, as illustrated in
Figure 4.

The Fl1s spectrum data are in agreement with the afore-
mentioned DFT and MD simulation results. In contrast to the
carbonate-based system, a C-F peak (687.9 eV) was observed on
the outermost layer of SEI film formed by the FMS system, which
is attributed to the reduction decomposition of FMS. The results
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indicate that FMS exhibits a lower reduction activity compared to
LiFSI, and its reduction occurs only after the reduction of LiFSI,
which is in agreement with the DFT calculations. The peak lo-
cated at 684.8 eV is ascribed to the LiF component.’*2 Com-
pared to carbonate-based solvents, FMS solvent facilitates the for-
mation of ion-contact and AGG structures, resulting in a higher
LiF content in the SEI film constructed by FMS-based electrolyte
at the same LiFSI concentration, particularly in the outermost
layer of SEI film. Note that the CBE system contains a higher pro-
portion of S-F (686.4 eV), which is also one of the main decom-
position products of LiFSL,“>* compared to the FMS system.
This may be attributed to the fact that in the FMS system, the
F element in FSI~ primarily participates in forming LiF, result-
ing in less formation of S-F than its counterpart. These findings
suggest that the FMS solvent not only facilitates the formation of
a greater number of AGG structures in the electrolyte, but also
enhances the extent of decomposition of FSI~.

Importantly, the same conclusion can be obtained from the
N1s and S2p spectrograms shown in Figure 4. In the N1s spec-
trum, the peaks observed at 397.4, 398.7, 400.2, and 403.2 eV cor-
respond to LiN, O, Li;N, N-SO, and LiNO, products respectively,
which are generated through the decomposition of LiFSI.[10-55:5¢]
The most conspicuous disparity in the N 1s spectrum between
the two systems is that Li; N generated by FMS-based electrolyte
on lithium-metal surface exhibits a significantly higher intensity
than that of carbonate system, and it is uniformly distributed
throughout the entire SEI film akin to LiF. A plethora of prior re-
search has demonstrated that the development of SEI films abun-
dant in LiF and Li;N on the surface of lithium metal can signifi-
cantly enhance the stability of the interface of lithium metal.[7-6]
Therefore, the presence of higher amounts of LiF and Li;N in
the SEI film may serve as a fundamental factor contributing to
the superior performance of FMS-based electrolyte on lithium-
metal anode compared to carbonates. In the aforementioned ref-
erences, Li;N was generated through the addition of LiNO, as a
film-forming additive. In contrast, our study employed FMS sol-
vent to facilitate the formation of an interphase rich in LiF and
Li;N from LiFSI salt. The S 2p spectrum results also indicate that
the number of LiFSI involved in SEI film formation reaction is
higher in FMS-based electrolyte than CBE system, leading to the
generation of compounds such as Li,S (159-165 eV), SO,*~ and
SO,* (166-171 eV) which are uniformly distributed through-
out the SEI film.*96!1 The HRTEM results presented in Figure
S8 (Supporting Information), combined with the Ols spectrum
shown in Figure S9 (Supporting Information), provide further ev-
idence that the SEI formed by 3 m FMS-based electrolyte is abun-
dant in LiF, Li;N, Li,SO; and Li,SO,.

Figure 4c, d illustrate the corresponding mass concentration of
elements on the lithium surface at different etching times. Sim-
ilarly, the results suggest that the SEI film formed by the 3 M
FMS-based electrolyte system exhibits a higher concentration of
F, N and S elements in comparison to the 3 m EC/EMC-based
electrolyte system. Meanwhile, it displays relatively lower levels
of Cand O elements. This again indicates that the 3 m FMS-based
electrolyte involves more FSI™ in SEI formation while the 3 m
EC/EMC-based electrolyte has more solvent involved in SEI for-
mation, which is consistent with solvation results.

The theoretical simulation results depicted in Figures 1 and 2
demonstrate that the utilization of FMS solvent is conducive to
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promoting the formation of more AGG structures within the
electrolyte containing LiFSI, thereby enhancing its reduction ac-
tivity and facilitating the development of an interphase rich in
LiF. To understand the mechanism behind the ability of FMS
to promote complete decomposition of LiFSI and enhance the
concentration of crucial components such as Li;N and Li,SO,
in the interface phase, we conducted further investigations into
how solvent molecules influence the subsequent reduction and
decomposition of LiFSI using DFT calculations. Figure 5a illus-
trates the electron affinity values and corresponding reduction
products of LiFSI, EC-LiFSI, and FMS-LiFSI upon obtaining the
first and second electrons. The corresponding optimized struc-
tures of reduction products are presented in Figure S10 (Sup-
porting Information). The observation is in line with the compu-
tational findings depicted in Figure 1a, where LiFSI exhibits sig-
nificantly higher reduction activity compared to EC and FMS sol-
vents. Consequently, when electrons are transferred to EC-LiFSI
and FMS-LiFSI systems, the reduction reaction takes place on
LiFSI. Moreover, it is noteworthy that upon obtaining the sec-
ond electron, the reduction activity of the FMS system (—553 k]
mol 1) surpasses that of the EC system (—511 k] mol™!), indi-
cating that FMS solvent indeed facilitates the reduction and de-
composition of LiFSI. Of greater significance, following the two-
electron reduction of LiFSI, all remaining products except for LiF
will react with both Li* in electrolyte and residual Li,CO; and
Li,O on electrode surface to form Li,SO; and Li;N. Thus far, it
has been demonstrated that FMS enhances the reduction activ-
ity of LiFSI, particularly in terms of its second electron reduction
capability. Consequently, the FMS system facilitates a more thor-
ough decomposition of LiFSI, resulting in a SEI rich in Li;N and
Li, SO, that enhances the interphasial stability of LMA.

2.4. Electrochemical Performance of Limited Li Anode with High
Loading LiCoO, Cathode

For further investigation into the stability of the constructed SEI
on lithium surface under high voltage conditions (up to 4.6 V)
and limited lithium availability, we assembled and tested LMBs
utilizing a high loading LiCoO, cathode (H-LCO) and a 50 um
thick lithium anode (L-Li). The superiority of 3 M FMS-based
electrolyte in L-Li||H-LCO cells is more pronounced. As depicted
in Figure 6a, the capacity of the 3 M carbonate-based system is
nearly depleted after only ten cycles, whereas the capacity reten-
tion of the 3 M FMS-based system remains as high as 92.5%
even after one hundred cycles with an average CE of 99.5%
(Figure 6b). In contrast to the carbonate-based system, the dis-
charge voltage plateau of the 3 M FMS-based system exhibits re-
markable stability throughout the entire cycle, indicating excel-
lent interphase formation durability (Figure 6¢,d). Also, as can be
seen from Figure 6c, the charging curve of the carbonate-based
system shows an abrupt voltage drop during the 9th charging,
which may be due to the uneven deposition of lithium causing
a micro-short circuit. Importantly, even under more harsh con-
ditions, high temperature (60 °C) and high voltage (4.6 V), the
3 M FMS-based system still shows excellent cycle stability. As
shown in Figure 6e,f, after 50 cycles the capacity retention of
the L-Li||H-LCO battery with 3 M FMS-based electrolyte is still as
high as 86.7%. In stark contrast, the 3 M EC/EMC-based system
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Figure 5. a) Possible reductive decomposition mechanism of LiFSI, Li*-EC-FSI~ and Li*-FMS-FSI~ together with the electron affinity energies (EAE, k|
mol~1), b) possible reductive decomposition products of FSI"—2F~ of together with the reaction energy (k] mol™').

showed a short circuit in 3 cycles and a very low Coulombic
efficiency, indicating that the 3 M EC/EMC-based system de-
composes very severely under high temperature conditions and
has rapid lithium dendrite growth. The voltage profiles of Li//Li
symmetrical cells and the CE for Li//Cu cells shown in Figure
S11 (Supporting Information) further verify that the interphasial

stability of metallic Li is better in the 3 m FMS-based electrolyte
even at high temperature. It is worth noting that the polariza-
tion increase of Li//Li symmetrical cells in Figure S11 (Sup-
porting Information) is more significant than that in Figure 3d,
mainly due to increased electrolyte side reactions at high tem-
peratures. The accumulation of decomposition products on the

Figure 6. a) Cyclic stability and b) Coulombic efficiency of L-Li||H-LCO full batteries in different electrolytes at 0.2 C for all cycles between 3 and 4.6 V under
room temperature. Selected charge—discharge curves of L-Li||H-LCO full batteries in 3 m EC/EMC-based electrolyte c) and 3 m FMS-based electrolyte
d). e) Cyclic stability and f) Coulombic efficiency of L-Li||H-LCO full batteries were cycled at 0.2 C for all cycles between 3 and 4.6 V under 60 °C high

temperature.
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Figure 7. a) Linear sweep voltammograms of Li/Pt batteries in 3 M EC/EMC-based electrolyte and 3 M FMS-based electrolyte from 3 to 5V at a scan rate
of 0.1 mV s~'. b) Chronoamperometric profiles for LCO||Li batteries at 4.6 V. c) Self-discharge profiles after three charge/discharge cycles for Li||LCO
batteries in 3 M EC/EMC-based electrolyte and 3 m FMS-based electrolyte. d) Cyclic stability and e) Coulombic efficiency of Li||[LCO batteries in different
electrolytes. f) Initial charge/discharge profiles of Li||LCO batteries in different electrolytes at 0.5 C rate.

surface of lithium metal results in an impedance and polarization
rise.

DME is a representative ether solvent used in lithium-metal
systems.!?’] For comparison, we prepared a 3 m LiFSI DME elec-
trolyte for cycling tests in an L-Li||H-LCO battery. The results of
this system are presented in Figure S12 (Supporting Informa-
tion). After 40 cycles, the capacity retention of the 3 m LiFSI DME
electrolyte in the L-Li||H-LCO battery was almost zero and its
Coulombic efficiency was very low. This indicates that the 3 m
LiFSI DME electrolyte also decomposes significantly at high volt-
age and cannot form a stable interphase.

Itis noteworthy that despite the numerous reports on new elec-
trolyte systems exhibiting high compatibility with Li metal 123
only a few of them are capable of supporting the cycling of LMB at
elevated voltage. Therefore, the exceptional performance of 3 M
FMS-based electrolyte in ultrahigh voltage (4.6 V) L-Li||H-LCO
batteries can also be attributed to its interfacial stability under
high-voltage conditions. Itis necessary to systematically study the
interfacial stability of 3 M FMS-based electrolytes on the surface
of high-voltage LCO cathode.

2.5. Interphasial Stability of FMS-Based Electrolyte with 4.6 V
LCO Cathode

The LSV curves of electrolytes on the Pt electrode are presented
in Figure 7a. It is observed that the oxidation current of 3 m
EC/EMC-based electrolyte initiates at approximately 3.72 V, and
its decomposition intensifies with an increase in electrode po-
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tential. Although the initial oxidation reaction of the 3 M FMS-
based electrolyte occurs at a lower potential (3.55 V) than that
of the carbonate-based system (Figure S13a, Supporting Infor-
mation), its oxidative decomposition reaction effectively inhibits
further electrolyte oxidation, demonstrating exceptional interfa-
cial stability at high voltage. Indeed, as illustrated in Figure S13b
(Supporting Information), among the investigated solvent sys-
tems, FMS exhibits the lowest ionization energy, indicating its
high susceptibility to oxidative decomposition reactions. Never-
theless, the oxidative decomposition products of 3 m FMS-based
electrolyte form a stable cathode electrolyte interface (CEI) film.
It is important to note that the decomposition of electrolyte may
result in the release of gas products, which could limit its practi-
cal application. To demonstrate the gas production of electrolyte,
we conducted linear scanning and constant voltage holding tests
on sealed V-type LCO/Li cells using 3 m EC/EMC-based (Figure
S13c, Supporting Information) and 3 m FMS-based (Figure S13d,
Supporting Information) electrolytes at a voltage of 4.6 V for 12
h. After cycling in the 3 M EC/EMC-based electrolyte, it is evi-
dent that the liquid level on the LCO cathode side decreases while
the liquid level on the lithium electrode side rises, resulting in a
significant difference between two liquid levels. This indicates
that a certain amount of gas is generated on the cathode side.
In sharp contrast, the liquid levels remained virtually unchanged
before and after cycling in 3 m FMS-based electrolyte, indicat-
ing negligible gas generation during cycling. To further verify
the occurrence of gas production, electrochemical mass spec-
trometry (DEMS) testing was also performed on the LCO/Li cell
(Figure S13e, Supporting Information). The test results indicated
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that the 3 M EC/EMC-based electrolyte exhibited a tendency to
generate CO, during charging, whereas no gas evolution was ob-
served for the 3 M FMS-based electrolyte. The results once again
demonstrate that the utilization of FMS-based electrolyte signif-
icantly enhances the interphasial stability of the LCO cathode,
effectively suppressing oxidation decomposition and gas genera-
tion at high voltages.

A large number of previous studies have demonstrated that
increasing the content of the LMA (where Li undergoes “shal-
low” stripping) while reducing the loading of the cathode mate-
rial in the battery design can be used to evaluate the influence
of electrolyte on the cathode side.'3] Therefore, in order to fur-
ther study the interphasial stability formed by the electrolytes on
the surface of high voltage LCO, we adopted the low loading LCO
(LCO, 2.5 mg cm~2) and Li-metal sheet with conventional thick-
ness (450 um) in the following investigation. Figure 7b,c respec-
tively shows the residual current at 4.6 V, and the self-discharge
test of the LCO||Li cells after three cycles. Both results reveal that
the interphasial stability of 3 M FMS-based electrolyte on high
voltage LCO cathode is obviously better than that of carbonate-
based system. It is worth mentioning that, as shown in Figure 7b,
even after 20 h of constant voltage, the CBE system still shows
obvious residual current, indicating that the oxidative decompo-
sition of the electrolyte system hardly stops under the condition
of high voltage. The stable CEI film formation in the 3 m FMS-
based electrolyte on the surface of high-voltage LCO contributes
to a capacity retention as high as 94.0% (Figure 7d) and maintains
stable CE after 300 cycles (Figure 7e). In contrast, the capacity
of the one with CBE drops to almost zero after only 45 cycles.
Moreover, the CE of CBE system is lower than 80% during cy-
cling (Figure 7e), which further confirms that the CBE is unstable
on the surface of high-voltage LCO. The initial charge/discharge
curves of the LCO||Li cell depicted in Figure 7f show that the
stable CEI film formed by the 3 M FMS-based electrolyte on the
LCO surface not only greatly enhances the CE of the cell, but also
effectively mitigates the electrode polarization and increases the
discharge capacity. It is worth noting that the initial cell capacity
shown in Figure 7d increases during cycling, particularly for the
electrolyte system based on carbonate. This phenomenon may
be attributed to the higher salt concentration of these two elec-
trolytes and their inferior wettability with cell materials (Figure
S2, Supporting Information).

The surface morphology of the cycled LCO electrodes is shown
in Figure 8a—f, together with the fresh LCO electrode for com-
parison. The SEM and TEM images of LCO after cycling with
3 M CBE clearly confirm that under high voltage conditions, CBE
undergoes severe oxidative decomposition, resulting in the ac-
cumulation of a large number of decomposition products on the
surface of LCO. In contrast, after cycling with the 3 m FMS-based
electrolyte, a thin and homogeneous layer of electrolyte decompo-
sition products known as CEI film is observed to cover the surface
of LCO. Simultaneously, AFM characterization results indicate
that the interfacial film formed by 3 m FMS-based electrolyte on
the surface of L-LCO exhibits a smoother texture (Figure 8h) and
more uniform composition distribution (Figure 8j) compared to
that of CBE system (Figure 8g,i). Furthermore, as depicted in
Figure 8k, the interphase constructed from the former exhibits
significantly higher values of Young’s modulus, indicating its su-
perior robustness and stability.
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The XPS characterization further confirms the thickness of the
film of CBE decomposition products covering the electrode sur-
face, as evidenced by the disappearance of M—O bond (529.5 eV
in O1s) from LCO material and C-F bond (687.7 eV in Fls)
from PVDF binder.[®%] In contrast, these two peaks remain
detectable even after cycling in 3 M FMS-based electrolyte, pro-
viding further confirmation that the deposition of decomposi-
tion products on the electrode surface is thinner. Note that the
peak strength of the C-F bond in the 3 m FMS-based system re-
mains unexpectedly high, potentially attributed to a portion of
the C-F bond originating from FMS solvent decomposition. Fur-
thermore, solely the Si-containing decomposition products can
be detected within the 3 M FMS-based system, thereby verify-
ing the oxidative degradation of FMS and consequent formation
of the CEI film. The appearance of S=0O (532.6 eV in Ols), S-F
(686.5 eVin Fl1s), and LiF (684.8 eV in F1s) bonds in both systems
suggests that the FSI~ anion also participates in the oxidation re-
action and forms the interphase together with the solvent.[*>-#4]
As shown in Figure S14d,e (Supporting Information), the CEI
film formed by the 3 M FMS-based electrolyte system at LCO ex-
hibits a higher concentration of F, N, and S elements as well as
Si element compared to that formed by the 3 M EC/EMC-based
system. This results in a denser and more stable CEI film with
the former electrolyte system.

Dissolution of transition metal (TM) ions not only damages
the structure of the cathode material, but also migrates and de-
posits onto the anode surface, thereby compromising its sta-
bility and ultimately leading to further deterioration in battery
performances.[®>-%] It has recently been reported that the absence
of a stable CEI film on the surface of LCO materials results in
increased formation of Co?" at its interface, ultimately leading
to greater dissolution and deposition onto the anode surface.[*’]
Therefore, to elucidate the impact of CEI film formed by the FMS-
based electrolyte on Co dissolution and deposition, we conducted
a series of experimental investigations. As shown in Figure S15a
(Supporting Information), the Co peak on the surface of LCO was
weakened after cycling in a 3 M EC/EMC-based electrolyte, with
only Co** detected. This suggests severe decomposition of the
carbonate-based electrolyte and significant leaching out of tran-
sition metals from the surface of LCO, resulting in decreased
chemical valence. In contrast, the Co spectra of LCO remained
relatively stable even after exposure to FMS-based electrolyte,
which can be attributed to the formation of a robust and endur-
ing CEI film by the electrolyte on the surface of LCO. As shown
in Figure S15b-e (Supporting Information), the CEI film con-
structed by FMS effectively inhibits the dissolution of Co ele-
ment, thereby significantly reducing the residual Co content in
the electrolyte, separator, and lithium anode after cycling. The
SEM images in Figure S15f (Supporting Information) reveal that
the morphology of Li anode cycled in 3 m EC/EMC-based elec-
trolyte exhibits less homogeneity compared to that in 3 m FMS-
based electrolyte, indicating the superior ability of FMS system
to suppress the transition metal crossover effect.

Finally, the possible SEI/CEI formation mechanism of FMS-
based electrolyte is summarized in Scheme 1. The FMS solvent
promotes the formation of Li*-FSI~ contact ion pairs (CIPs) and
cation—anion aggregates (AGGs) structure in the electrolyte, re-
sulting in a greater number of FSI~ anions entering into the first
solvation sheath compared to carbonate-based electrolytes. This
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Figure 8. SEM and TEM images of fresh LCO a,d) and LCO after 10 cycles at 0.5 Cin 3 m EC/EMC-based electrolyte b,e) and 3 m FMS-based electrolyte
¢,f). AFM surface morphology g,h), phase images i,j) and Young's modulus k) of LCO cathodes after five cycles in 3 m EC/EMC-based electrolyte and

3 M FMS-based electrolyte.

Scheme 1. Schematic diagram illustrating the possible SEI/CEI formation
mechanism of FMS-based electrolytes.
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improves the reduction activity of Li*-FSI~ and lead to formation
of a stable SEI film rich in LiF and Li; N on the Li-metal surface.
The oxidative decomposition of FMS solvent generates a CEI film
with high oxidation resistance, thereby ensuring the long-term
cycling stability of high-voltage Li-metal batteries.

3. Conclusion

In this work, we proposed a new solvent, FMS, as novel electrolyte
for high voltage LMBs. The electrolyte composed of this single
solvent and 3 m LiFSI (3 M FMS-based) successfully supported
the long-term cycling stability of limited-Li (50 pm)|high loading
LCO (~20 mg cm~2) cell at 4.6 V. The capacity retention of the
cell remained at 92.5% after 100 cycles at room temperature, with
the average Coulombic efficiency reached 99.5%. Under the high
temperature of 60 °C, the capacity retention can be maintained
at 86.7% even after 50 cycles. In contrast, in carbonates-based
electrolytes at the same LiFSI concentration, the capacity of the
cell decreased to 0 after less than three cycles. It is shown from
experiments and theoretical simulation that the outstanding
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performance of 3 M FMS-based electrolyte in high-voltage LMB
is mainly due to its great ability to form a highly stable and ro-
bust interphase on the surface of lithium anode and high-voltage
cathode. The FMS solvent facilitates the formation of contact ion
pairs (CIPs) and cation—anion aggregates (AGGs) structures in
the electrolyte. Additionally, FMS enhances the reduction activity
of FSI- ions, particularly for two-electron reduction, resulting in
a stable SEI film rich in LiF, Li;N, and Li,SO; on the surface of
lithium metal. This inhibits dendrite growth and electrode polar-
ization increase. On the cathode side, FMS undergoes oxidation
and decomposition prior to FSI-, leading to the formation of a
CEI film with superior oxidation resistance and robustness on
the surface of high voltage LCO. The proposed FMS-based elec-
trolyte not only introduces a novel design concept, but also offers
a unique film-forming mechanism that has the potential to open
up new avenues for the development of high-voltage LMB elec-
trolytes.

4. Experimental Section

Electrolyte Preparations and Coin Cell Assembly: Battery-grade carbon-
ate solvents, ethylene carbonate (EC), ethyl methyl carbonate (EMC), and
lithium bisfluorosulfonimide (LiFSI) were provided by Guangzhou Tinci
Material Technology Co., Ltd. TFPMDS solvent was purchased from TCI.
All chemicals were used without further purification. A carbonate-based
electrolyte consisting of 1 m LiFSI in EC/EMC (3/7, vol) and 3 m LiFSl in
EC/EMC (3/7, vol) was used as reference. Dissolve 1 m LiFSI in FMS sol-
vent to form the 1 M FMS-based electrolyte. Dissolve 3 m LiFSI in FMS
solvent to form the 3 M FMS-based electrolyte. All electrolytes were pre-
pared in an argon-filled glove box (MBraun, Germany). Cathode material
particle slurry (LCO, Guangzhou Penghui Energy Technology Co., Ltd.),
polyvinylidene fluoride (PVDF), Super-P binder (96.8:1.2:2), weight ratio)
in N-methylpyrrolidone (NMP) solvent, the mixture was coated on alu-
minum foil, then vacuum-dried at 80 °C for 1 h, 120 °C for 12 h, and finally
cut into 1.13 cm™~2 to prepare LCO electrodes. The areal mass loading of
the high-load LCO (H-LCO) is about 20 mg cm~2. The areal mass loading
ofalow-load LCO (LCO) is approximately 2.5 mg cm~2. Battery-grade thick
lithium foil (Li, diameter = 15.6 mm, thickness = 450 um) and battery-
grade thin lithium foil (L-Li, thickness = 50 um) were purchased from
China Energy Lithium Co., Ltd. CR2025 coin-type cells were assembled
with Celgard 2400 separator and different electrolytes in the argon-filled
glove box (H,0, O, < 1 ppm), and the amount of electrolyte is controlled
at 60 pL in all coin cells.

Electrochemical Tests: The charge/discharge tests were conducted on
LAND cell test system (Land CT 2000 China). The Li//Li symmetric cells
were tested at different densities (1.0 and 2.0 mA cm™2) for Li strip-
ing/depositing in various electrolytes. The Li//Cu cells were cycled at dif-
ferent current densities (1.0, 2.0 mA cm™2). In each cycle, the cells were
first discharged for 1.0 h, and then charged to the cutoff voltage of 1 V.
The Li//Li and Li//Cu rate performance tests were performed by cycling at
various current densities (j = 0.2, 0.5, 1, 2, and 3 mA cm~2 for five times
each in turn, and then back to 0.2 mA cm~2). The H-LCOJ|L-Li cells were
cycled in the potential range of 3-4.6 V (vs Li/Li*) at 0.2 C (1 C =190 mA
h g~y in various electrolytes. The H-LCO||L-Li cells were also cycled in
the potential range of 3-4.6 V (vs Li/Li*) at 0.2 C in various electrolytes
under 60 °C. The LCO||Li cells were cycled in the potential range of 3—
4.6 V (vs Li/Li*) at 0.5 C (1 C = 190 mA h g~} in various electrolytes.
Various electrolytes were measured by linear sweep voltammetry (LSV) in
the voltage range of 3-5 V (vs Li/Li*) at a scan rate of 0.1 mV s~ on a
Solartron-1470 instrument in the UK by using Li||Pt cells. Linear scanning
voltammetry (LSV) measurements of various electrolytes were performed
at a scan rate of 0.1 mV s~ over the voltage range of 3-4.6 V (vs Li/Li*)
on a Solartron-1480 (England) using Li||LCO V-type cells, followed by a
constant voltage of 4.6 V for 12 h to observe the liquid level difference of
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the V-type cells. Chronoamperometry (CA) was scanned three times at a
scan rate of 0.5 mV s™! over a voltage range of 3-4.6 V (vs Li/Li*) on a
Solartron-1480 (England) and then held at a constant voltage of 4.6 V for
20 h to record the change in current. Self-discharge profiles cells cycled 3
times between 3 and 4.6 V at 0.5C and charged to 4.6 V and then left to
stand and the voltage change were recorded. Electrochemical impedance
spectroscopy (EIS) of LCO/Li cells after one and three cycles with different
electrolytes were tested separately on a PGSTAT-30 electrochemical station
(Autolab, Switzerland).

Online O,, CO,, and SO, evolution was performed on an HPR-40
DEMS mass spectrometer system (HIDEN Analytical, UK) and an ECC air
cell (EL-cell, Germany), where 15.6 mmg lithium foil, PP separator, 40 pL
electrolyte and cathode (LCO, 2.5 mg cm~2) were added sequentially. The
cell was degassed for 2 h under continuous Ar flow (0.5 mL min~") to
remove residual gas prior to measurement. In addition, to minimize the
detection delay, the Ar gas flow was also passed through the cell during
the measurement.

Physical Characterization: The cycled Li//Li and Li//Cu cells were dis-
assembled within the argon-filled glove box and Li electrode (Cu electrode)
was recovered, followed by laundry thrice with EMC solvent to get rid of
the residual solution. The morphologies of Li electrode and LCO electrode
surface were observed with scanning electron microscope (FEI-SEM, FEI-
Quanta-250, America). The solvated structural changes at different salt
concentrations using in 532 nm wavelength laser obtain to Raman spec-
tra (WITec Alpha 300R, alpha 300, Germany). Transmission electron mi-
croscopy (TEM, JEM-2100, JOEL, Japan) were used to observe the surface
morphology and particle integrity of the LCO electrode and Li electrode.
Operando optical microscopy(YM710TR, China) images of lithium anodes
cycled in various electrolytes in a transparent cell with a fixed current den-
sity of 1 mA cm~2. The compositions of surface film on the Li-metal anode
and LCO electrode before and after cycling were analyzed by X-ray photo-
electron spectroscopy (XPS) using an ESCALAB 250 X-ray photoelectron
spectrometer (Thermo Fisher Scientific, America). The depth profiles were
obtained via Art sputtering at 1kV for 0, 1, 2, and 4 min. The mass con-
tents of the elements were obtained from the XPS fitting. The ionic conduc-
tivity of electrolytes was tested by the 856 Conductivity Module (Metrohm,
Switzerland). The solvated structural changes at different salt concentra-
tions were measured with FTIR (Bruker Tensor 27, Germany). The content
of transition metal ions dissolved in different electrolytes after 10 cycles
in V-type cells and the content of transition metals deposited in lithium
electrodes and separators after 10 cycles in LCO/Li coin cells were deter-
mined by inductively coupled plasma (ICP)-atomic emission spectrome-
try. The contact angles between separator and electrolytes were measured
using a contact angle meter (JC 2000D3P, Shanghai). The viscosity of var-
ious electrolytes was measured by viscometer (Anton Paar Lovis 2000 m).
The surface flatness and mechanical strength of the LCO electrode before
and after the cycle were tested by Atomic force microscope (AFM, Oxford
MFP-3D Origin).
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