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Sulfone Based-Electrolytes for Lithium-Ion Batteries: Cycling
Performances and Passivation Layer Quality of Graphite and
LiNi1/3Mn1/3Co1/3O2 Electrodes
Benjamin Flamme,1 Jolanta Światowska,1,z Mansour Haddad,1 Phannarath Phansavath,1
Virginie Ratovelomanana-Vidal,1 and Alexandre Chagnes2,z

1PSL Research University, CNRS-Chimie ParisTech, Institut de Recherche de Chimie Paris (IRCP), 75005 Paris, France
2Université de Lorraine, CNRS, GeoRessources, 54000 Nancy, France

The solvent 3-methoxytetrahydrothiophene 1, 1-dioxide (MESL) was synthesized and its cycling performances of grapshite and
LiNi1/3Mn1/3Co1/3O2 (NMC) electrodes were investigated in view of the high anodic stability of MESL in the presence of lithium
bis-trifluoromethanesulfonimidate (LiTFSI). Galvanostatic charge-discharge of graphite electrode was possible in MESL + LiTFSI
(1 M) only in the presence of 5% (vol.) fluoroethylene carbonate (FEC) at 40 °C. On the other hand, a good cycling ability of NMC
electrode with this electrolyte was observed at room temperature even at a cut-off voltage of 4.5 V vs Li+/Li. However, it was
necessary to reduce the cut-off voltage from 4.5 V to 4.3 V vs Li+/Li in order to keep a good cycling ability <<< when the
temperature was increased from 25 °C to 40 °C due to an exaltation of oxidation reactions onto the cathode surface. X-Ray
Photoelectron Spectroscopy (XPS) analyses were performed to investigate the electrode/electrolyte interphase and formation of
passive layer on the electrode surfaces in order to explain the differences of cycling ability of NMC and graphite electrodes at room
temperature and 40 °C.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ab63c3]

Manuscript submitted November 7, 2019; revised manuscript received December 9, 2019. Published January 10, 2020. This paper
is part of the JES Focus Issue on Challenges in Novel Electrolytes, Organic Materials, and Innovative Chemistries for Batteries in
Honor of Michel Armand.

For the last two decades, a large variety of batteries has been
developed to respond to demand for various applications including
cordless tools, data communication equipment, electric vehicles and
renewable energy storage systems, etc.1 The expected incssrease of
electric vehicles production using LiBs technologyis is esstimated to be
7%–11% by 2025.2 It will stimulate undoubtedly the research of new
electrochemical storage technologies exhibiting high energy density.
While many advances have been performed during the last decades on
the development of new negative and positive electrodes in order to
increase the charge-discharge capacity and the cycling ability of LiBs,
less researches were devoted to the design of new liquid and solid
electrolytes.3–20

Recently, our group published a review that gathers many data on the
physicochemical and electrochemical properties of electrolytes for
lithium-ion batteries.4 This paper showed that seven families of dipolar
aprotic organic solvent beside ionic liquids can be used in LiBs:
carbonates, esters, ethers, acetals, sulfoxides, sulfites and sulfones. Each
family presents advantages and disadvantages in terms of viscosity, ionic
conductivity, thermal properties or anodic stability. Among these
solvents, sulfones are an interesting in terms of thermal and oxidation
stability except of viscosity, which remains too high and their ionic
conductivities in the presence of lithium salt are usually very low. This
review also showed that there is a great interest to extend the
investigation of electrochemical and physicochemical properties to other
sulfones in order to identify less viscous sulfones exhibiting higher ionic
conductivities in the presence of lithium salts. Within this framework, a
QSPR model was developed to find relationships between chemical
structure and physicochemical properties of electrolytes.21 For the first
time, the physicochemical properties (dynamic viscosity, ionic con-
ductivity, boiling and melting points) and the anodic stability of twenty-
two new dipolar aprotic organic solvents bearing sulfone, ester and/or
carbonate functions in the presence of lithium bis-trifluoromethanesul-
fonimidate (LiTFSI) were investigated by our group recently.22 Among
these molécules, the 3-methoxytetrahydrothiophene 1,1-dioxide (MESL)
exhibited the most interesting anodic stability at a NMC electrode, i.e.
4.9 V vs Li+/Li in the presence of 1 mol · l−1 LiTFSI.22 Therefore, the

present work deals with the investigation of the cycling ability of this
new solvent in the presence of LiTFSI at graphite and NMC
(LiNi1/3Mn1/3Co1/3O2) electrodes. The surface characterization was
performed by X-ray Photoelectron Spectroscopy on the NMC and
graphite electrodes as a function of cycling at different temperatures in
order to understand the influence of passive layer and the influence of
electrolyte decomposition on charge-discharge behavior.

Material and Methods

Reagents.—Synthesis of MESL was performed according to the
method reported in our previous work (Scheme 1).21

Fluoroethylene carbonate (Alfa Aesar, 99%) was used as
received. An appropriate amount of lithium bis-trifluoromethanesul-
fonimidate (LiTFSI, Aldrich, Battery Grade) previously dried under
vacuum at 120 °C overnight was dissolved in MESL to prepare the
electrolyte at 1 mol · l−1. Water contents in electrolytes were
measured by the coulometric Karl Fisher method by means of the
Metrohm KF Titrando titrator. Water content was estimated at 20–30
ppm in the investigated sulfone-based electrolytes.

Galvanostatic charge-discharge tests.—The galvanostatic
charge-discharge tests were carried out in Swagelok half-cells
containing graphite electrode/Li (graphite was kindly provided by
Saft) or NMC electrode/Li (LiNi1/3Mn1/3Co1/3O2, kindly provided
by Pr. J.-M. Tarascon Lab at Collège de France) and two glass fiber
separators (glass microfiber filter, 691, VWR, 11 mm diameter). The
current collectors used during the tests were copper and aluminum
discs for graphite and NMC electrodes, respectively. Swagelok
assembly was carried out in an argon-filled glovebox containing less
than 2 ppm H2O and O2.

During the galvanostatic charge-discharge tests, graphite elec-
trodes were charged and discharged at a constant current to a cut-off
voltage of 0.01 V and 2.5 V vs Li+/Li, respectively. NMC electrodes
were tested at constant currents up to discharge voltages of 4.5 V,
4.6 V or 4.7 V and charge voltage of 3 V vs Li+/Li.

X-ray photoelectron spectroscopy.—X-ray photoelectron spectro-
scopy was used to analyze the surface composition of graphite and
NMC electrodes after cycling in MESL-based electrolytes. VG
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ESCALAB 250 spectrometer was employed for X-Ray Photoelectron
Spectroscopy (XPS) surface chemical characterization of electrode
materials (NMC and graphite) before and after cycling. The graphite
and NMC electrodes underwent five charge-discharge cycles at room
temperature and 40 °C between 2.5 V and 0.01 V vs Li+/Li (C/20)
and between 4.5 V and 3 V vs Li+/Li (C/20), respectively. After
galvanostatic cycling, the electrodes were removed from the
Swagelok cell, rinsed with DMC and dried in the glove box before
being introduced into the XPS analysis chamber using an anhydrous
and anaerobic transfer system as previously reported.23

Al Kα monochromatized radiation (hυ = 1486.6 eV) was used as
the X-ray source. The spectrometer was calibrated against the
reference binding energies (BE) of Cu (932.6 eV), Ag (368.2 eV)
and Au (84 eV) samples. All analyses were performed in the analysis
chamber (pressure ∼10−9 mbar) at a take-off angle of 90°. High
resolution spectra (C 1s, F1s, S 2p) were collected with a pass
energy of 20 eV. Binding energies of the component peaks were
corrected with reference to the –CH–CH– set at 285.0 eV. Peak
fitting and decomposition were performed with the Advantage
software version 5.966 provided by Thermo Electron, using a
Shirley-type background and Gaussian/Lorentzian peak shapes at a
fixed ratio of 70/30. The experimental and fitted curves are included
in the figures presenting the XPS results.

Results and Discussion

Charge-discharge tests of graphite electrode.—Preliminary tests
showed an important fading at the graphite electrode throughout the
charge-discharge cycles when MESL + 1 mol l−1 LiTFSI was used
as electrolyte (fading of 90% after 50 cycles between 2.5 and 0.01 V
vs Li+/Li at room temperature).

Fluoroethylene carbonate (FEC) was added into the electrolyte as
this additive usually improves the coulombic efficiency and capacity
retention of negative electrodes including graphite and Si-based
electrodes by forming an efficient solid electrolyte interphase layer
(SEI) onto the electrode surface.24–26 Figure 1 shows that the
addition of 1% (vol.) FEC in MESL + 1 mol l−1 LiTFSI improved

cycling ability of the graphite electrode. The low coulombic
efficiency observed at the first cycle results from electrolyte
reduction onto the graphite surface as very often observed for
negative electrodes.27–31 However, after the first cycle, the cou-
lombic efficiency is close to 100% due to the passive film already
formed, which avoids further electrolyte reduction.

A small increase of the charge-discharge capacity was obtained by
increasing FEC concentration from 1% (vol.) to 5% (vol.) as illustrated
in Fig. 2. The low coulombic efficiency during the first cycle is related
to the important electrolyte decomposition and formation of SEI layer
as in the case discussed above (Fig. 1). However, during the following
cycles, the high values of coulombic efficiency after the first cycle
(≈100%) shows that SEI layer formed onto the electrode surface was
stable and was not re-dissolved during lithium deinsertion.

The low value of the charge-discharge capacity (160 mAh g−1

instead of 330 mAh g−1 as theoretically expected) may be explained by:

• the formation of the bad quality SEI layer (composition and/or
thickness) exhibiting high impedance,

• the difficulties of electrolyte penetration into the graphite pores
because of the high viscosity of sulfone-based electrolytes (a recent
study showed that the dynamic viscosity of 3-ethoxytetrahydrothio-
phene 1,1-dioxide, which the chemical structure is very close to
MESL, is equal to 19.1 cP at 25 °C).22

Figure 3 shows the influence of charge-discharge rates on capacity
and coulombic efficiency of graphite electrode cycled in 1 mol l−1

LiTFSI in MESL in the presence of 5% (vol.) FEC at 40 °C.
Comparison of charge and discharge capacities at room tempera-

ture (Fig. 2) and 40 °C (Fig. 3) for a charge-discharge rate of C/20
shows that an increase of the temperature was responsible for an
increase of the charge-discharge capacities without affecting the
coulombic efficiency or the irreversibility. Therefore, the low
capacity observed in Figs. 1–2 may result from the high viscosity
of the electrolyte at low temperatures. The higher the temperature,
the lower the viscosity is, and the better the electrolyte penetration
into the electrode porosity.19

Figure 1. (a) Galvanostatic charge-discharge tests for a graphite electrode cycled at C/20 at room temperature in 1 mol l−1 LiTFSI in MESL in the presence of
1% (vol.) FEC and (b) corresponding variations of specific capacities and coulombic efficiency.

Scheme 1. Synthetic pathway used for MESL.
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Charge-discharge tests of NMC electrode.—Preliminary tests
showed an important capacity loss of NMC electrode in MESL+ 1
mol l−1 LiTFSI at room temperature between 3 and 4.5 V vs Li+/Li.
The addition of 1% (vol.) FEC enhanced slightly the cycling ability
of NMC. A significant improvement of the cycling ability of NMC
electrode in MESL-based electrolyte was obtained in the presence of
5% (vol.) FEC in comparison to 1% (vol.) FEC (Fig. 4).

In the presence of 1% (vol.) FEC, the initial charge-discharge
capacities were around 80 mAh g−1 and the fading was of 3% per
cycle while coulombic efficiencies were comprised between 85%
and 90% during the first five cycles and remained constant around
95% during the next 25 cycles. In the presence of 5% (vol.) FEC, the
coulombic efficiencies were close to 100% after 30 cycles and the
fading was only equal to 0.7% per cycle.

Figure 5 shows floating tests for NMC electrode performed at
room temperature and 40 °C in MESL + 1 mol l−1 LiTFSI with 0%
and 5% (vol.) FEC.

It can be observed that FEC decreases the electrolyte oxidation
since current was drastically reduced in the presence of FEC
(Fig. 5a). FEC does not prevent the electrolyte oxidation but it
leads to its significant decrease. However, a temperature increase to
40 °C (Fig. 5b) shows a significant current increase, which can be

attributed to a strong decrease of the anodic stability of the
electrolyte.

Figure 6 shows the variations of NMC capacity@ and coulombic
efficiency as a function of charge-discharge cycles in MESL+ 5%
(vol.) FEC+ 1 mol l−1 LiTFSI at 40 °C and room temperature.

Side reactions occur due to the low anodic stability of the
electrolyte at 40 °C. The dramatic decrease of coulombic efficiency
and charge-discharge capacity are due to exaltation of electrolyte
reduction at 40 °C. A decrease of the temperature improves
markedly the coulombic efficiency and cycling ability of the
electrode. At room temperature, there is no significant electrolyte
oxidation and NMC can be cycled. However, fading was still too
high, and the charge-discharge capacity was still lower than the
theoretical value to envisage any applications of NMC and MESL-
FEC-LiTFSI electrolyte in high-voltage LiBs. Cycling ability
behavior may be enhanced by adding a co-solvent exhibiting low
viscosity and increasing the anodic stability. Esters could be one of
such candidates given that their viscosities are significantly lower
than those obtained in electrolytes containing sulfone.4

Surface characterization.—NMC electrode cycled in MESL
based electrolyte.—XPS analyses were performed on the pristine

Figure 2. (a) Galvanostatic charge-discharge tests for a graphite electrode cycled at C/20 at room temperature in 1 mol l−1 LiTFSI in MESL in the presence of
5% (vol.) FEC and (b) corresponding variations of specific capacities and coulombic efficiency.

Figure 3. (a) Galvanostatic charge-discharge tests for a graphite electrode performed at 40 °C in 1 mol l−1 LiTFSI in MESL in the presence of 5% (vol.) FEC
performed at different rates: C/20, C/10, C/5 and C/20 and (b) corresponding variations of specific capacities and coulombic efficiency.
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Figure 4. (a) Galvanostatic charge-discharge tests for NMC electrode performed at C/20 at room temperature in 1 mol l−1 LiTFSI in MESL in the presence of
5% (vol.) FEC and (b) corresponding variation of specific capacities and coulombic efficiency. Discharge performed down to a cut-off voltage of 4.5 V and
charge to a cut-off voltage of 3 V vs Li+/Li.

Figure 5. Floating tests performed for NMC electrode in MESL + 1 mol l−1 LiTFSI without and with 5% (vol.) FEC at room temperature (a) and in the
presence of 5% (vol.) FEC at room temperature and at 40 °C (b). The floating tests were performed during 20 h at constant voltage comprised between 4.1 V and
4.8 V vs Li+/Li.

Figure 6. Specific charge-discharge capacities and coulombic efficiencies of NMC electrode cycled in MESL + 1 mol l−1 LiTFSI in the presence of 5% (vol.)
FEC: (a) at 40 °C and (b) at room temperature. Charge-discharge rate = C/20 and D/20 performed at constant current; discharge performed down to a cut-off
voltage of 4.5 V and charge up to a cut-off voltage of 3 V vs Li+/Li.
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NMC electrode and after 5 cycles of charge-discharge performed in
MESL+ LiTFSI with or without FEC (5%) at room temperature and
40 °C (Fig. 7). Only the principal peaks (C 1s, F 1s, S 2p)
corresponding to the electrolyte decomposition and formation of
the passive layer are presented here. The Ni 2p, Mn 2p and Co 2p
core level signals (not presented here) corresponding to the NMC
electrode material show a small intensity decrease after cycling in
MESL+ LiTFSI without FEC and a significant intensity decrease
after cycling in MESL+ LiTFSI+ FEC. This signal attenuation of
the Ni 2p, Mn 2p and Co 2p peaks can be attributed to SEI formation
on the NMC electrode. XPS analyses show that there was no change
in the oxidation state of nickel, manganese or cobalt. The small
signal attenuation of Ni 2p, Mn 2p and Co 2p peaks observed after
cycling NMC in MESL+ LiTFSI without FEC is attributed to non-
significant surface modifications, which can be confirmed by some
negligible changes in the C 1s, F 1s and S 2p signals towards the
non-cycled pristine NMC electrode (Fig. 7). The C 1s core level
signal for the pristine NMC electrode (Fig. 7a) presents six peaks,
which can be attributed to: carbon black at 284.4 eV, –CH–CH– at
285.0 eV (PVDF), –C–O at 286.3 eV, –C=O at 288.5 eV, –CO3, at
290.7 eV and –CF2 (PVDF) at 293.2 eV. The F 1s peak at 688.0 eV
corresponding to the –CF2 bonding can be attributed to the PVDF
binder present in the NMC composite electrode material as already
observed in the C 1s peak.17,32,33 Only small intensity S 2p peak at
169.1 eV can be observed on the pristine NMC electrode showing a

negligible surface contamination by sulfur species originating from
handling of the electrode.

After NMC cycling in MESL+ LiTFSI without FEC, the C 1s
and F 1s peaks do not show considerable changes (Fig. 7b). Peaks
attributed to carbon black and PVDF binder can be clearly observed,
which indicates a formation of thin passive layer not leading to
attenuation of peaks identified in the bulk composite electrode
material. More significant changes can be observed in the case of
S 2p signal showing significantly higher intensity than on the
pristine electrode. The S 2p peak is composed of closely spaced
spin-orbit components S 2p3/2 and S 2p1/2 (with Δ = 1.16 eV)
(Fig. 7b). The principal S 2p3/2 peak observed at 168.4 eV attributed
to –SO3 can originate from the presence of MESL decomposition
products or the presence of Li-imide salt (LiTFSI) or its decom-
position products.34

The cycling of NMC electrode at room temperature in
MESL+ LiTFSI+ FEC has an important influence on the surface
modifications (Fig. 7c). The peaks corresponding to NMC electrode
as well as carbon black and PVDF binder are significantly attenuated
indicating the formation of thicker and/or more homogenous surface
layer than on the electrode cycled without FEC. The results of
electrolyte decomposition can be evidenced by a strong intensity
increase of the peak located at 285.6 eV corresponding to C–C/C–H
bonding, and the second one at 287.0 eV corresponding to –C–O–C–
bonding, i.e. polymeric compound such as poly(ethylene oxide) PEO

Figure 7. C 1s, F 1s and S 2p core level peaks obtained on the pristine NMC electrode (a) and after 5 cycles of charge-discharge at C/20 in MESL + LiTFSI
electrolyte without (b) and with FEC (5%) additive at room temperature (c) and 40 °C (d).
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((–CH2–CH2–O–)n).
28 The other components comprised in C 1s

region are not significantly modified with reference to the C 1s peaks
obtained on the pristine NMC surface or on the NMC surface after
cycling in MESL+ LiTFSI without FEC. Significant modifications
of F 1s core level peak are observed since two well distinguished
peaks appear at 686.3 eV and 688.5 eV attributed to Li-F and to
–CF2 or to Li-imide salts (LiTFSI) or their decomposition products,
respectively.17,28,35 The high intensity peak at 688.5 eV cannot
justify only the presence of –CF2 bonds since the C:F ratio of C and
F peaks is not exactly equal to 2 (stoichiometry of –CF2). Thus, it
can be concluded that other species such as LiTFSI or their products
of decomposition were present on the NMC surface. Much more
important modifications can be observed in the case of S 2p core
level peak where three contributions can be identified at 164.2, 167.3
and 169.0 eV, which may correspond to polysulfures/polysulfides,
–SO2 (RSO2–) and –SO3/–SO4 (RSO3–), respectively. These results
are coherent with the detection of similar compounds on the surface
of Li7Ti5O12 electrode cycled in electrolytes containing sulfones
such as EMS and TMS.36 The presence of sulfur-containing species
was also observed in the surface layer formed on other active
electrode materials.37 Cycling in sulfone-based electrolytes can lead
to Li2SO3 and RSO3Li formation as evidenced previously on
graphite and NMC surface.38,39 However, it should be also noted
that the presence of sulfur-containing species can be also related to
LiTFSI decomposition leading to Li2SO3 and polysulfures/polysul-
fides formation.40–42 Nonetheless, the three S 2p3/2 peaks may result

from the presence of MESL solvent and LiTFSI salt, and their
products of decomposition since cycling in EMS-based electrolytes
showed principally the formation of (RSO2–) and (RSO3–) and not
the presence of polysulfures/polysulfides.34

After NMC cycling at 40 °C in MESL+ LiTFSI+ FEC
(Fig. 7d), the thickness or the homogeneity of the passive layer
onto the electrode surface was significantly decreased towards the
SEI layer formed on the electrode cycled at room temperature. This
can be concluded from the high intensity of the C 1s peak
corresponding to the black carbon at 284.6 eV and lower intensity
peaks located at higher binding energies corresponding to electrolyte
decomposition. The formation of thinner or non-homogeneous
passive layer is also confirmed by the presence of higher intensity
Ni 2p, Mn 2p and Co 2p peaks (not shown here) when the electrode
was cycled at 40 °C in comparison the the NMC electrode cycled at
room temperature. It should be emphasized that little attention has
been paid to investigate the influence of additive on the formation of
the SEI layer on positive electrode materials. According to our
knowledge there is no study regarding the influence of additives in
sulfone-based electrolytes.

The presence of a unique F 1s peak at 688.1 eV attributed to
PVDF after cycling the NMC electrode at room temperature or 40 °
C in MESL-LiTFSI indicates the absence of inorganic products of
salt decomposition. However, it should be noticed that the lower
intensities of sulfur peaks can indicate the impoverishment of the
surface layer in sulfur species. Furthermore, high temperature leads

Figure 8. C 1s, F 1s and S 2p core level peaks obtained on the pristine graphite electrode (a) and after 5 cycles of charge-discharge at C/20 in MESL + LiTFSI
electrolyte without (b) and with FEC (5%) additive at room temperature (c) and 40 °C (d).
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to partial dissolution and formation of more heterogeneous surface
layer, which leads to fast capacity decrease and low columbic
efficiency. Less stable and less homogenous layer can be also a
reason of slight dissolution and cleavage of NMC compounds of
electrode materials. The addition of FEC may also inhibit electrode
degradation.43

Graphite electrode cycled in MESL based electrolyte.—Slightly
different surface layer was formed on the graphite electrode. Figure 8
presents the C 1s, F 1s and S 2 p core level peaks obtained by XPS
analysis of a graphite electrode after 5 charge-discharge cycles at C/20
between 2.5 V and 0.01 V in MESL+ LiTFSI without and with FEC
(5% vol.) at room temperature and 40 °C.

The SEI layer formed on the graphite electrode is thicker and/or
more homogenous than the passive layer formed on the NMC surface
since the peak intensity at 284.6 eV corresponding to carbon sp2
bonding is lower on the graphite electrode than on the NMC electrode
after cycling in MESL+ LiTFSI electrolyte without FEC additive
(Fig. 8b). The passivation of the positive electrode is usually less
significant because electrolyte stability at high potential is theoreti-
cally greater than at low potential.44–48 The attenuation of the peak
corresponding to graphite (at 284.6 eV) is accompanied by a
significant increase of the highest binding energy peaks at 290.4
and 293.9 eV corresponding to –CO3/–CH2OLi and –CF3, respec-
tively. More important intensity increase of these two peaks can be
observed for the graphite cycled in MESL-LiTFSI-FEC at room
temperature and 40 °C (Figs 8c and 8d, respectively). Moreover, the
addition of FEC in MESL-LiTFSI was responsible for an increase of
–C–O–C– peak at 286.6 eV attributed to the presence of polymeric
compounds such as poly(ethylene oxide) PEO ((–CH2–CH2–O–)n).

28

The presence of –CF3 clearly evidenced by the C 1s and F 1s
regions (peaks at 293.7 ± 0.2 eV and 689.5 ± 0.2 eV, respectively)
can be explained by decomposition of LiTFSI salt, which was
addressed in previous studies.49,50 The salt degradation can be also
confirmed by the presence of N 1s (not shown here) and S 2p3/2 at
around 168.3 (±0.2) eV. As demonstrated by the significant intensity
of the F 1s peak located at 168.3 (±0.2) eV and the C1s peaks located
at 293.7 ± 0.2 eV (Fig. 8), the decomposition of LiTFSI was much
more important on the graphite surface than on the NMC surface
(Fig. 7).

Concerning the S 2p3/2 peak observed after cycling the graphite
electrode in MESL+ LiTFSI without or with FEC at room
temperature and 40 °C (Figs 8c and 8d, respectively), only two
peaks can be observed at 168.4 (±0.2) eV and 170.4 (±0.2) eV,
which correspond to –SO2 (RSO2–) and –SO3/–SO4 (RSO3–),
respectively. The lower binding energy peak observed for NMC
electrode at around 164.2 eV corresponding to polysulfures/poly-
sulfides was not observed. As mentioned above, the presence of
polysulfures/polysulfides can result from LiTFSI decomposition. It
can be then concluded that RSO2– and RSO3– arising from MESL
decomposition onto the graphite surface may contribute to the
formation of a relatively stable SEI layer. Therefore, the increase
of the temperature (i) improved the cycling ability because of easier
electrolyte diffusion into the electrode pores, and (ii) enhanced the
formation of a good quality solid electrolyte interface layer with
slightly lower thickness and lower enrichment in –CO3/–CH2OLi
species. Such a SEI layer seems to have the optimal properties in
order to protect the graphite electrode against exfoliation and to
allow the reversible lithium insertion into the graphene layers.

Conclusions

MESL exhibits high anodic stability but it cannot be utilized as a
pure solvent due to its low ability to form a good quality SEI layer
onto graphite and NMC electrodes.

The low cycling performances of NMC electrode between 2.5 V
and 4.5 V vs Li+/Li at 40 °C was observed due to exaltation of
electrolyte oxidation at NMC electrode at 40 °C while good perfor-
mances were observed at room temperature. Thin SEI layer on NMC

enriched in S species originating from MESL decomposition products
or Li-imide salt (LiTFSI) was observed by XPS. However, it seems that
in the absence of FEC the contribution of LiTFSI in SEI composition is
less significant than MESL contribution, which tends to oxidize onto
the NMC surface, especially at high potentials. The addition of FEC led
to a significant increase of the SEI thickness, with formation of new C
and F-like species on the electrode surface (as shown by XPS) likely
improving the SEI homogeneity. However, at higher temperature (40 °
C) the SEI thickness was reduced on NMC electrode, leading to lower
cycling performances, even with the addition of FEC, which may
inhibit electrode degradation.

Nonetheless, good cycling ability of graphite electrode cannot be
achieved at room temperature due to sluggish electrolyte diffusion
into the pores of graphite since MESL is highly viscous. An increase
of the temperature to 40 °C resulted in reducing electrolyte viscosity
and, therefore, enhanced electrolyte diffusion. Besides of increased
electrolyte diffusion into the graphite, XPS characterization per-
formed on the graphite electrode showed that at higher temperatures
the formation of good quality SEI layer is possible with a lower
thickness and slightly different composition (lower quantity of
–CO3/–CH2OLi species).

As a conclusion, these results show that MESL/FEC+ LiTFSI
electrolyte can be viewed as a relevant electrolyte providing that the
formulation would be improved by adding a low viscous solvent
exhibiting high anodic stability in order to obtain good cycling
performances at room temperature without any issues. Preliminary
experiments led to the conclusion that ether could be a relevant co-
solvant.
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