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ABSTRACT: A high performance Li−S battery with novel
fluoroether-based electrolyte was reported. The fluorinated
electrolyte prevents the polysulfide shuttling effect and
improves the Coulombic efficiency and capacity retention of
the Li−S battery. Reversible redox reaction of the sulfur
electrode in the presence of fluoroether TTE was systemati-
cally investigated. Electrochemical tests and post-test analysis
using HPLC, XPS, and SEM/EDS were performed to examine
the electrode and the electrolyte after cycling. The results
demonstrate that TTE as a cosolvent mitigates polysulfide
dissolution and promotes conversion kinetics from polysulfides
to Li2S/Li2S2. Furthermore, TTE participates in a redox reaction on both electrodes, forming a solid electrolyte interphase (SEI)
which further prevents parasitic reactions and thus improves the utilization of the active material.

KEYWORDS: lithium−sulfur batteries, fluorinated electrolyte, polysulfide shuttle dissolution, solid−electrolyte interphase,
lithium anode passivation

1. INTRODUCTION

Rechargeable lithium-ion batteries have been one of the best
candidates for energy storage applications over the past two
decades; however, at present these batteries cannot offer a
suitably long driving range (i.e., >300 km) for pure electric
vehicles due to their limited energy density of about 200−250
Wh kg−1.1−3 The lithium−sulfur (Li−S) battery has recently
attracted attention due to its potential to meet the performance
requirements for high-energy-density batteries in emerging
electronics and vehicle applications.4−9 Sulfur is a naturally
abundant element, nontoxic, and one of the cheapest energy
storage materials with an extremely high capacity of 1675 mAh
g−1.10−12 In a Li−S cell, sulfur is electrochemically reduced to
polysulfide intermediates through a multistep process, where
the longer chain polysulfides tend to dissolve in the organic
electrolyte.13−17 Insoluble discharge products such as Li2S2 and
Li2S are generated through the reduction reactions at the final
step. During the charging step, Li2S/Li2S2 is converted to
elemental sulfur through multiple oxidation steps.
The dissolution of the intermediate lithium polysulfides

during cycling causes a severe redox shuttling effect and rapid
capacity fading, which are the main obstacles for commercial-
ization of Li−S batteries.6,7,18 A firm understanding of the

operation mechanism of the Li−S battery and the technical
solution to solve these issues are in great demand in order to
successfully develop Li−S batteries for commercial applica-
tion.19,20 Much research has been undertaken to overcome
these problems. One approach was to introduce porous carbon
materials into the cathode to trap lithium polysulfides within
the cathode during cycling by the strong adsorption property of
carbon.21,22 Another approach was to form a protective layer on
the lithium anode surface to mitigate the redox reaction of the
dissolved polysulfides and lithium metal.23,24 Yet another
approach was the development of new solid-state electro-
lyte,25,26 electrolytes consisting of ionic liquid,27−29 tetra-
(ethylene glycol) dimethyl ether30,31 as organic solvents for
the electrolyte, lithium salt electrolytes,32 and functional
electrolyte/additives33−35 to prevent the dissolution of the
polysulfides into the organic electrolyte and thereby avoid the
redox shuttling effect. These approaches can improve the Li−S
performance to some extent but still cannot solve the above-
mentioned problems.
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In this paper, we report in detail the enhancement of the
electrochemical performance of a new Li−S battery electrolyte
based on organic fluorine ether as cosolvent. The new
electrolyte can prevent the shuttling effect of polysulfides and
significantly improve the cell performance. To understand the
function mechanism behind the performance, the electrode and
electrolyte were studied systematically using electrochemical
methods and analytical techniques such as high-performance
liquid chromatography (HPLC), X-ray photoelectron spectros-
copy (XPS), and scanning electronic microscopy (SEM)/
energy-dispersive X-ray spectroscopy (EDS).

2. EXPERIMENTAL SECTION
2.1. Sulfur Electrode Fabrication. A sulfur−carbon nano-

composite was prepared by impregnating sulfur into a microsized
spherical nanoporous carbon.36 Cathodes for Li−S coin cell tests were
prepared by mixing 80 wt % of the carbon/sulfur composite (75%
sulfur), 10 wt % carbon black (Super-P), and 10 wt % poly(vinylidene
difluoride) (PVDF) dissolved in 1-methyl-2-pyrrolidinone (NMP) to
form a homogeneous slurry. The slurry was then coated onto an
aluminum foil current collector. The coated electrodes were dried at
60 °C under vacuum for 12 h and punched into discs with an area of
1.27 cm2. The electrodes had 56% sulfur with loadings of 5 mg cm−2.
2.2. Electrolyte Preparation. 1,1,2,2-Tetrafluoroethyl-2,2,3,3-

tetrafluoropropyl ether (TTE) was purchased from Synquest
Laboratories, Inc. 1,2-Dimethoxyethane (DME) and 1,3-dioxolane
(DOL) were purchased from Sigma-Aldrich. All solvents were purified
b y v a c u um d i s t i l l a t i o n b e f o r e u s e . L i t h i um b i s -
(trifluoromethanesulfonyl)imide (LiTFSI), sulfur, and Li2S were
from Sigma-Aldrich and used as received. The preparation of lithium
polysulfide (Li2S8) in different DOL/TTE mixture solvents and
electrolyte preparation were performed in an Ar-filled glovebox with
controlled moisture content <5 ppm. The electrolytes tested in this
study were (1) a baseline electrolyte of 1.0 M LiTFSI in DOL/DME
(v:v=1:1) and (2) 1.0 M LiTFSI in DOL/TTE with various volume
ratios (2:1, 1:1, 1:2, and 1:3). Complete dissolution of LiTFSI was
achieved with all the solvent combinations expect for DOL/TTE
(1:3), which remained slightly cloudy after prolonged stirring. The
preparation of lithium polysulfide (Li2S4 and Li2S6) catholytes at
different concentrations was adopted from a method of Rauh et al.37

by mixing stoichiometric amounts of elemental sulfur and Li2S in
DOL/DME or DOL/TTE solutions.
2.3. Electrochemical Evaluation. An amount of 2032 coin cells

was assembled with lithium as the anode and the above sulfur
electrode as cathode. The cells were assembled in an Ar-filled glovebox
and cycled with C/10 (1C = 1675 mA g−1) current on a Maccor series
4000 cycler with a 1.6−2.6 V voltage range. The charging process was
terminated by a cutoff voltage of 2.6 V for all the DOL/TTE
electrolyte cells; for the baseline cell, the charging was terminated

when the charging capacity equals 120% of the discharge capacity of
the last cycle.

2.4. Electrode Surface and Morphology Characterization.
The sulfur electrode was harvested from the Li−S cells after different
numbers of charge−discharge cycles. The cells were disassembled
inside the glovebox, and the sulfur cathode was thoroughly rinsed with
electrolyte solvents and dried. The elemental characteristics, chemical
state, and quantity of the element on the surface of the cathode were
determined by X-ray photoelectron spectroscopy (XPS). These
analyses were performed on a monochromatic Al Kα source
instrument (Kratos, Axis 165, England) operated at 12 kV and 10
mA for an X-ray power of 120 W. Spectra were collected with a
photoelectron takeoff angle of 90° from the sample surface plane,
energy steps of 0.1 eV, and a pass energy of 20 eV for all elements. All
spectra were referenced to the C 1s binding energy at 284.8 eV.

For SEM/EDS analysis, the electrode samples were loaded onto an
airtight SEM sample holder. The morphology of the electrodes was
examined by a high resolution JEOL JSM6610 scanning electron
microscopy (SEM) operated at 5−10 kV for imaging and 10−20 keV
for EDS data.

2.5. Polysulfide Dissolution Analysis. Cycled cells were
disassembled inside the glovebox, and the electrolyte was collected
by thoroughly rinsing the cathode and separator with dry,
deoxygenated DOL. The solution was passed through a 2 μm
poly(tetrafluoroethylene) filter to remove residual solids. High-
performance liquid chromatography (HPLC) was used for separation
of the components in a cycled electrolyte. The HPLC (Agilent 1260
Infinity) consisted of an autosampler, a degasser, a quaternary pump,
and a diode array detector (190−950 nm, in steps of 1 nm). The diode
array detector (DAD) was used for the qualitative and quantitative
determination of the different species. Dry, deoxygenated DOL was
also used as the mobile phase. In a typical experiment, the solvent
reservoir was filled in an Ar-filled glovebox and capped with two layers
of parafilm. It was quickly transferred to the Ar-filled glovebag, which
had been purged five times with Ar and placed in the bag under a
positive flow of Ar. Again, the glovebag was purged with Ar. Positive
Ar pressure was maintained throughout the HPLC experiment. A
Zorbax ODS column (250 × 4.6 mm), which was thermostated at 25
°C, was used to separate the electrolyte solution. The flow rate of the
mobile phase was 0.5 mL min−1. Between 1.0 and 50 μL of the
electrolyte solution was injected by the autosampler.

3. RESULTS AND DISCUSSION
3.1. Electrochemical Performance. Fluorinated ethers

were reported by Ishikawa et al.38,39 and Nikajima et al.40,41 for
the lithium-ion battery to enhance the formation of the
protection layer against further decomposition of the electrolyte
at the positive electrode surface. In this paper, we investigated
the effect of fluorinated ether TTE as a cosolvent on the
performance of the Li−S battery.

Figure 1. (a) Discharge capacity retention and (b) Coulombic efficiency profiles of Li−S cells containing baseline electrolyte 1.0 M LiTFSI DOL/
DME (1/1) and fluorinated electrolyte 1.0 M LiTFSI DOL/TTE (2/1), 1.0 M LiTFSI DOL/TTE (1/1), 1.0 M LiTFSI DOL/TTE (1/2), and 1.0
M LiTFSI DOL/TTE (1/3).
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To systematically study the fluorinated electrolyte concen-
tration effect on battery performance, fluorinated electrolytes
with different ratios of DOL to fluoroether TTE were
formulated with 1.0 M LiTFSI. Figure 1a shows the capacity
retention of Li−S cells in a voltage window of 1.6−2.6 V at C/
10 (1C = 1675 mA g−1) using electrolytes with different DOL/
TTE volume ratios. The cell containing the electrolyte with a
DOL/TTE ratio of 1:2 shows the best capacity retention after
50 cycles, whereas the baseline cell containing the conventional
DOL/DME (1:1) electrolyte has the lowest capacity after the
same number of cycles. Surprisingly, even without the use of
the widely adopted LiNO3 additive, the cells containing
fluorinated electrolytes showed very high Coulombic efficiency,
as shown in Figure 1b. Among all the TTE-containing
electrolytes, the one with DOL/TTE = 1:1 showed the highest
Coulombic efficiency of 97%, which contrasts with the low
efficiency of 83.3% for the baseline cell. All the cells with
fluorinated electrolytes can be charged to 2.6 V cutoff voltage;
however, without LiNO3 additive, the baseline cell was not able
to reach 2.6 V due to the severe shuttling effect. The charge
process had to be terminated when the charge capacity reached
120% of the previous discharge capacity. It is concluded that a
higher ratio of TTE in the electrolyte leads to less dissolution of
polysulfides in the electrolyte and thus suppresses their
shuttling behavior. The function mechanism is proposed and
schematically illustrated in Figure 2a and Figure 2b. The high
solubility of polysulfides in conventional DOL/DME-based
electrolyte results in diffusion of the polysulfide species into the
electrolyte, and their reduction and chemical side reactions at
the anode side cause a severe shuttling phenomenon and loss of
active materials. However, the polysulfide intermediates have
low solubility in the TTE electrolyte and tend to accumulate
inside the electrode scaffold. As a result, their migration to the

anode side and subsequent parasitic reactions with Li become
less likely. To confirm the effect of fluorinated solvent on the
cell performance, a solubility test was conducted by synthesiz-
ing 1.0 M Li2Sx (Li2Sx, x = 8 based on stoichiometric amounts
of Li2S and S) in DOL/DME and DOL/TTE solvents
according to the method reported by Rauh et al.37 The images
for different mixtures after 48 h of agitation at 70 °C are shown
in Figure 2c. It was found that Li2S8 completely dissolved in
DOL/DME solvent to form a dark-brown and viscous solution.
In contrast, less dissolution and more precipitate were observed
for the mixtures with an increasing TTE ratio in the DOL/TTE
solvents, as indicated by the lighter color of the mixture (the
pictures of the filtered solution are shown in Figure S1,
Supporting Information). The solvent mixture with the highest
fluoroether concentration (DOL/TTE = 1:3) has the lowest
solubility of polysulfides; however, it should be noted that the
high ratio of DOL/TTE also has a significant effect on the
solubility of the LiTFSI salt. The low solubility of polysulfide
and LiTFSI was believed to account for the poor cell
performance of DOL/TTE = 1:3 electrolyte (Figure 1a).
Figure 3 shows the first charge/discharge voltage profiles of

Li−S cells with fluorinated electrolytes. Overpotential was
observed in both a higher-order and lower-order plateau from
charge and discharge curves for the fluorinated electrolyte cells.
This is caused by the lower ionic conductivity of the fluorinated
electrolytes (Figure S2, Supporting Information). Interestingly,
for the TTE electrolyte cells, the contribution to the overall
capacity from the higher-order polysulfide reduction (the first
plateau on discharge profile at ∼2.3 V) became smaller with the
increasing amount of TTE. For the baseline cell, the
contribution from the higher-order plateau was 570 mAh g−1,
which decreased to 410 mAh g−1 for DOL/TTE (2:1), 200
mAh g−1 for DOL/TTE (1:1), 260 mAh g−1 for DOL/TTE

Figure 2. Schematic illustration of discharge and charge process in Li−S battery with (a) baseline electrolyte DOL/DME−1.0 M LiTFSI, (b)
fluorinated electrolyte DOL/TTE−1.0 M LiTFSI, and (c) polysulfide solubility test in fluorinated electrolyte solvents: 1.0 M Li2S8 (based on
stoichiometric amounts of Li2S and sulfur) dissolved in baseline solvent DOL/DME (1/1) (left) and fluorinated solvents with different DOL/TTE
volumetric ratios DOL/TTE (2/1) (second left), DOL/TTE (1/1) (second right), and DOL/TTE (1/2) (right).
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(1:2), and 100 mAh g−1 for DOL/TTE (1:3). These results
imply that the reduction reaction from elemental S to higher-
order polysulfides is transient and further conversion of the
higher-order polysulfides to lower-order ones is more favorable
in the fluorinated electrolytes than in DOL/DME-based
electrolyte. Furthermore, a third plateau was observed for the
electrolytes containing higher ratios of TTE (DOL/TTE, 1:1,
1:2, and 1:3), as indicated by the arrow on the discharge profile
corresponding to DOL/TTE (1:2). This plateau may be related
to the overpotential as well as wettability of the electrode when
a high ratio of TTE is present. On the other hand, this third
plateau may also be associated with the reductive decom-
position of TTE on the surface of the sulfur/carbon particles
during discharge, forming a passivation layer as the so-called
solid−electrolyte interphase (SEI).35 The SEI acts as a
protection layer on the cathode surface and further mitigates
the dissolution of the polysulfides. This finding is consistent
with the SEM observation which will be discussed later.
3.2. Lithium Polysulfide Characterization. Ex situ

analysis methods such as HPLC and UV−vis spectroscopy
were employed to characterize the active species in the
electrolyte after cycling. The standard polysulfide samples of
Li2S4 and Li2S6 with different molar concentrations were first
measured by HPLC. Figure 4 shows the HPLC chromatograms
of standard Li2S6 samples with sulfur concentration of 3.0, 6.0,

12.5, and 50.0 mM. As shown in Figure 4a, three peaks were
detected at retention times of 4.8−5.0, 5.8, and 6.1 min (major
peak), corresponding to the elution of polysulfides with
different chain lengths and sizes for the Li2S6 reference
sample.15,16 Since the major peak at 6.1 min is symmetrical
and well-resolved, as is the baseline around this area, its
position and integrated intensity at different concentrations
were used to generate the calibration plot shown as the inset of
Figure 4b. On the basis of this highly linear plot, one can
perform quantitative analysis of the polysulfide dissolution in
the cycled baseline cell and the TTE-based electrolyte cell.
The harvested baseline and fluorinated electrolyte from a Li−

S cell cycled 10 times were analyzed by HPLC using conditions
identical to those for the Li2S6 standard sample. As shown in
Figure 5, polysulfide peaks were observed for baseline and

fluorinated electrolytes at 4.8, 5.2, and 6.1 min, indicating that
the dissolved polysulfide species is close to Li2S6, not Li2S4
(Figure S4, Supporting Information, shows the HPLC
chromatograms of Li2S4 standard solutions). Actually, the
major peak at 6.1 min is identical to that of the Li2S6 standard
solution. On the basis of the peak intensity and integration area
at 6.1 min, the concentration of the dissolved polysulfide in the
cycled cells was calculated from the calibration plot. When
cycled with the baseline electrolyte, the sulfur concentration
was measured to be 12.5 mM, whereas it was only 8.0, 3.0, and

Figure 3. First charge and discharge voltage profiles for the Li−S cell
containing DOL/DME (1/1)−1.0 M LiTFSI and four fluorinated
electrolytes with different DOL/TTE ratios 2/1, 1/1, 1/2, and 1/3.

Figure 4. HPLC chromatograms of (a) Li2S6 reference samples and (b) Li2S6 reference sample major peak at 6.1 min (inset for calibration plot). The
concentration is normalized to sulfur.

Figure 5. HPLC chromatograms of harvested electrolytes from Li−S
cells after 10 cycles with DOL/DME (1/1)−1.0 M LiTFSI, DOL/
TTE (1/1)−1.0 M LiTFSI, DOL/TTE (1/2)−1.0 M LiTFSI, and
DOL/TTE (1/3)−1.0 M LiTFSI.
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2.9 mM for the cells with DOL/TTE/LiTFSI electrolyte with
solvent ratios of 1:1, 1:2, and 1:3, respectively. Thus, when the
ratio of fluorinated solvent was increased, a much lower
concentration of polysulfide was generated, as well as much less
diffusion of these species in the electrolyte. This finding serves
as direct evidence for the improved performance the the Li−S
cell in terms of Coulombic efficiency, sulfur utilization, and
capacity retention with the fluorinated electrolyte.
3.3. Electrode Surface and Morphology. Previous

reports by other groups have constructed a complete redox
reaction mechanism of Li−S cells via impedance analysis,42 in

situ X-ray diffraction,14,19 ex-situ SEM,14,42,43 UV−vis absorp-
tion spectroscopy,15 and XPS for Li anode,44 but only a few
papers reported XPS analysis on the sulfur cathode.45,46 To
further understand the effect of fluorinated solvents on the Li−
S battery performance, we performed XPS analysis of the
surface of cathodes retrieved from cycled cells. Figure 6a shows
the S2p binding energy of pristine and cycled sulfur electrodes
in DOL/DME electrolyte. The S2p peaks at 164.4 and 165.7 eV
are characteristic of S−S bonds of elemental S8 in the pristine
cathode.45,46 After the first discharge, the S−S peak
disappeared, and two new peaks emerged in the lower energy

Figure 6. S2P XPS spectra of sulfur electrode in pristine state, the 1st discharge state, and the 1st charge state with (a) 1.0 M LiTFSI DOL/DME (1/
1) and (b) 1.0 M LiTFSI DOL/TTE (1/1); S2p XPS spectra of the sulfur electrode at the 20th charge state with (c) 1.0 M LiTFSI DOL/DME (1/1)
and (d) 1.0 M LiTFSI DOL/TTE (1/1).
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area at 162.6 and 163.8 eV, confirming the conversion of
elemental S to S2− through electrochemical reduction with
generation of the discharge product Li2S or Li2S2,

47 and these
peaks remain unchanged even in fully charged state, indicating

the loss of the active material due to this irreversible reaction.
However, for the electrode cycled in DOL/TTE electrolyte, the
S2p peaks at 162.6 and 163.8 eV in the first discharge
completely vanished at the first charge, as shown in the top

Figure 7. XPS spectra of sulfur cathodes in pristine state, the 1st discharge state, the 1st charge state, the 20th discharge state, and the 20th charge
state cycled with DOL/DME (1/1)−1.0 M LiTFSI electrolyte (a) C1s, (c) Li1s, (e) F1s and cycled with DOL/TTE (1/1)−1.0 M LiTFSI electrolyte
(b) C1s, (d) Li1s, (f) F1s.
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curve in Figure 6b. This highly reversible process explains the
high specific capacity and Coulombic efficiency of the DOL/
TTE-containing cell, as discussed in Sulfur Electrode
Fabrication (section 2.1). The lower oxidation S2p peaks exist
throughout the cycling and accumulate with cycling for the
DOL/DME-containing cell (Figure 6c); however, the electro-
chemical reversibility is maintained with the depth of cycling for
the DOL/TTE-containing cell. No recognizable peaks
appeared until the 20th cycle, as seen from Figure 6d, and
the intensity of these S2p peaks was still small when DOL/TTE
was used as electrolyte. This observation is in good agreement
with the improved specific capacity and capacity retention of
the DOL/TTE-containing cell. As evident in Figure 7c and 7d,
additional sulfur peaks appeared for cells with the baseline and
fluorinated electrolytes at the higher binding energy range (168,
169, and 171 eV). They arise from the formation of LixSOy
species due to the reaction of the LiTFSI with the active
material.45,46 The intensity of these peaks increases with
cycling, leading to the deterioration of the cell performance.
The C1s, Li1s, and F1s XPS spectra of sulfur cathodes at

different charge and discharging cycles are shown in Figure 7.
In the pristine cathode, the C1s peak at 248.8 eV was attributed
to the C−C, and peaks at 286.4 and 291.0 eV (Figure 7a and
7b) were assigned to C−H and C−F bonds from the PVDF
binder in the electrode.48 At the first discharge, the C1s peaks
were covered by new species (CO at 290.2 eV and CF2 at
293.4 eV) due to the SEI formation and the deposition of the
discharge products on the electrode surface. Interestingly, for
the DOL/TTE-containing cell, the binding energy of the C−F
peak (CF2)

49 has high intensity, and this peak does not
disappear even at the fully charged state (Figure 7b). In the Li1s
spectra, the peak at 55.5 eV was assigned to the Li−S bonds
from Li2S/Li2S2 at the discharge state for the DOL/DME-
containing cell (Figure 7c) and DOL/TTE-containing cell
(Figure 7d). However, in the charge state, this peak
disappeared, and a new peak emerged at a shifted position at
56.2 eV, corresponding to the formation of the Li−F bond for
the DOL/TTE-containing cell (Figure 7d), whereas the peak
remained unchanged in terms of position and intensity for the

DOL/DME-containing cell (Figure 7c). The LiF-rich SEI
formed on the sulfur surface further improves the Coulombic
efficiency and capacity retention.
Figure 7e and 7f shows the F1s XPS profiles. Decomposition

products comprising the C−F bond dominate the spectra for
electrodes cycled with both electrolyte types. For the pristine
sulfur electrode, the peak centered at 688 eV was attributed to
the PVDF binder, and the peak shifted when LiTFSI was
involved in the electrochemical reaction on the electrode
surface. However, a larger contribution from C−F was observed
for the electrode with DOL/TTE electrolyte (Figure 7f) due to
the participation of the electrochemical reduction of the TTE
solvent on the sulfur electrode.50

The morphology of the cycled sulfur electrode is also
investigated by SEM. Figure 8a is a typical SEM image of the
pristine sulfur/carbon electrode. After the first discharge in the
DOL/DME electrolyte, the surface of cathode was deposited
with large quantities of crystal-like discharge products (Figure
8b) of the insoluble lithium sulfides (Li2S and/or Li2S2).
Further analysis of the deposit by XRD and energy-dispersive
X-ray spectroscopy (EDS) revealed a surface morphology with
Li2S/Li2S2 agglomeration. When the DOL/TTE electrolyte was
used, the discharged electrode showed morphology similar to
the pristine cathode filled with fine discharged product
particles/flakes hidden in the porous structure of the sulfur−
carbon composite, as illustrated in Figure 8c. Additionally,
much less lithium polysulfide deposition was detected from the
EDS spectrum. SEM results indicate that the SEI layer
formation through reductive decomposition of TTE on the
surface of the cathode suppressed the polysulfide dissolution
and agglomeration of the discharged species, an observation
that is supported by the improved specific capacity and superior
Coulombic efficiency for the fluorinated electrolyte cells vs
baseline cell (Figure 1 and Figure 3).
The improved performance of the fluorinated electrolyte Li−

S cell is also attributed to the protection of the lithium metal
anode. Aurbach et al.44 reported that the shuttle effect can be
suppressed by the addition of LiNO3 additive to the DOL/
DME electrolytes. LiNO3 participates in the formation of a

Figure 8. SEM images of (a) pristine sulfur electrode, (b) the 1st discharged sulfur electrode with 1.0 M LiTFSI DOL/DME (1/1) electrolyte, and
(c) the 1st discharged sulfur electrode with 1.0 M LiTFSI DOL/TTE (1/1) electrolyte.
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stable passivation film on the surface of the Li anode, which
protects the dissolved polysulfides from reacting with the Li
anode. However, the capacity still fades with cycling, indicating
that the LiNO3 could not eliminate the active material loss.
TTE is thermodynamically unstable in contact with lithium
metal and tends to chemically react with it. As a perfluorinated
ether, TTE chemically and electrochemically reacts with lithium
metal, forming a conjugated CC bond and LiF.51 Our SEM
analysis of the lithium metal immersed in TTE solvent for 12 h
revealed the formation of the LiF-rich composite layer on the Li
anode surface (Figure S5, Supporting Information). This layer
could serve as a physical barrier, thereby further inhibiting the
chemical and electrochemical reaction of polysulfides with the
Li anode.52

■ CONCLUSIONS
A deeper understanding of a high performance Li−S battery
with DOL/TTE fluorinated electrolyte was gained by using
electrochemical methods and various analytical techniques such
as HPLC, XPS, and SEM. The lithium polysulfide species
generated in a Li−S cell with this electrolyte were quantitatively
analyzed. The results suggested that the improved performance
of a Li−S cell with TTE as cosolvent is due to multiple reasons:
(1) less solubility of higher-order polysulfides as confirmed with
a solubility test and an HPLC experiment mitigates the shuttle
effect of the polysulfide and promotes the reversible electro-
chemistry of insoluble Li2S/Li2S2; (2) the SEI formation on the
sulfur cathode by reductive decomposition of the fluoroether
further prevents the dissolution of the polysulfide and improves
sulfur utilization; (3) the electrochemical/chemical reaction of
fluoroether with the lithium anode forms a protective layer,
acting as a physical barrier to eliminate the parasitic reactions of
dissolved polysulfides with lithium.
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