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Abstract: Lithium–sulfur (Li-S) batteries have recently
received great attention because they promise to provide
energy density far beyond current lithium ion batteries.
Typically, Li-S batteries operate by conversion of sulfur to
reversibly form different soluble lithium polysulfide intermedi-
ates and insoluble lithium sulfides through multistep redox
reactions. Herein, we report a functional electrolyte system
incorporating dimethyl disulfide as a co-solvent that enables
a new electrochemical reduction pathway for sulfur cathodes.
This pathway uses soluble dimethyl polysulfides and lithium
organosulfides as intermediates and products, which can boost
cell capacity and lead to improved discharge–charge reversi-
bility and cycling performance of sulfur cathodes. This
electrolyte system can potentially enable Li-S batteries to
achieve high energy density.

The combination of lithium and sulfur is one of the most
promising chemistries for the next generation of rechargeable
lithium batteries owing to its high theoretical specific energy
(� 2600 Whkg¢1) and potentially low cost.[1] Unlike interca-
lation-based lithium ion batteries, Li-S batteries operate by
conversion of elemental sulfur to reversibly form lithium
sulfide (Li2S). This process involves the formation and
multistep redox reactions of different soluble lithium poly-
sulfide intermediates.[2] The dissolution of polysulfides in
liquid electrolytes and the resulting “shuttle phenomenon”
often lead to serious issues, such as active material loss, low
Coulombic efficiency, and severe self-discharge, and has long
been identified as one of the reasons for the poor cycle life of
Li-S batteries.[3] The irreversible deposition of insoluble and
insulating Li2S on the cathode is known as another key reason
for the rapid capacity fading.[4] Tremendous efforts have been
made to address these issues, including the design of advanced
carbon/sulfur (C/S) nanocomposites,[5] new cell configurations
with polysulfide-blocking interlayers,[6] and more efficient
electrolytes and additives.[7] Although these approaches have
demonstrated improved performance by mitigating polysul-
fide dissolution and migration, none of them have fully
addressed the key issues of Li-S batteries.

Despite these issues, the dissolution of polysulfides
actually plays a positive role in circumventing the insulating
nature of sulfur species, helping Li-S cells to reach acceptable
capacity and rate capability.[2b, 8] The dissolved polysulfides
can be progressively reduced or oxidized on a conductive
surface owing to the easy access of Li+ through diffusion in
the liquid electrolyte. The equilibrium reactions between
sulfur (or Li2S) and polysulfides also help enable the
continuous reduction of non-conductive bulk sulfur during
discharging (or the oxidation of insoluble Li2S upon charging,
respectively).[9] In this regard, the dissolved lithium poly-
sulfides have been used, as either a “catholyte” or a co-salt/
electrolyte additive while still having a sulfur cathode, to
enhance electrochemical performance superior to the con-
ventional Li-S cell configuration.[10] However, owing to the
limited solubility of lithium polysulfides in organic electro-
lytes, extra electrolyte volume is needed to dissolve a large
amount of lithium polysulfides and reach a high capacity.[11]

Moreover, the cell capacity can be significantly reduced at
high polysulfide concentrations owing to the increase in
electrolyte viscosity and resistance.[12]

Departing from the use of lithium polysulfides as a co-salt/
additive in electrolytes, we herein report a functional electro-
lyte system using a liquid organosulfur compound, dimethyl
disulfide (DMDS), as a co-solvent for Li-S batteries. The
DMDS contains a S¢S bond that can reversibly cleave/reform
upon discharging/charging, and has a theoretical capacity of
570 mAhg¢1 (Supporting Information, Table S1). Because
organic solvents commonly account for around 90 wt % of the
electrolyte, substituting electrochemically active DMDS in
place of a large fraction of the inactive solvents can
significantly enhance Li-S cell capacity and help achieve
high energy density. More importantly, investigation of the
DMDS-containing electrolyte system using in operando
proton nuclear magnetic resonance (1H NMR) and other
techniques showed that DMDS enables a new electrochem-
ical reduction pathway for sulfur cathodes by formation and
subsequent reduction of soluble dimethyl polysulfide
(DMPS) species to form lithium organosulfides and lithium
sulfides. The DMPS and lithium organosulfides show signifi-
cantly improved redox kinetics and better reversibility, thus
enabling lower charge overpotential and more stable cycling
performance of sulfur cathodes in the optimized DMDS-
containing electrolyte than that of Li-S cells using conven-
tional electrolytes.

We first studied and compared the electrochemical
performance of C/S cathodes in conventional ether-based
electrolytes and electrolytes with varied DMDS contents. All
of the coin cells tested contained� 1 mg of sulfur and 10 mL of
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electrolyte, resulting in an electrolyte/sulfur ratio of
� 10 mL g¢1 (Supporting Information), similar to the sug-
gested optimal value in the literature.[13] As shown in Fig-
ure 1a, the C/S cathode in conventional electrolyte shows an
initial sulfur-specific discharge capacity of 1164 mAhg¢1 with
two typical discharge plateaus at 2.4–2.3 V and � 2.1 V,
corresponding to the reduction of solid S8 to soluble
polysulfides, and polysulfides to insoluble sulfides, respec-
tively. In comparison, using the same amount of DMDS-
containing electrolytes, the initial sulfur-specific discharge
capacities of the C/S cathode increase to 1348, 1708, and
1950 mAh g¢1 with DMDS contents of 10, 20, and 50 vol %,
respectively. The enhanced capacity can also be illustrated in
terms of specific capacity based on the whole mass of the
cathode and electrolyte, demonstrating the advantage of
DMDS-containing electrolytes to boost the overall cell
capacity (Figure S1). Besides the change in capacities, the
high voltage discharge plateau at 2.4–2.3 V (in conventional
electrolyte) disappears with increasing DMDS content and
two different discharge plateaus at � 2.05 and � 2.0 V are
observed. Furthermore, the charge plateau remarkably
decreases from 2.2–2.4 V to 2.1–2.2 V, resulting in a much
lower hysteresis between charge and discharge. The changes
are consistent over cycling (Figure S2) and in line with cyclic
voltammetry (CV) results (Figure S3), which show similar
changes in redox peak structure and position. Increasing of
DMDS content to 75 vol% does not further improve the
capacity and leads to poor cycle life, probably owing to its low
conductivity (Figure S4) and fast depletion of solvents.

Figure 1b shows that the C/S cathode has the optimized
cycling performance with 50 vol% DMDS at C/10, reaching
a maximum discharge capacity of � 2,000 mAhg¢1 in the first
few cycles. The sulfur-specific capacity remains
� 1,400 mAh g¢1 after 50 cycles, which is more than double

the stable capacity of � 600 mAh g¢1

with the conventional electrolyte.
Rate capabilities of the C/S cathode
in conventional electrolyte and elec-
trolytes with varied DMDS contents
were evaluated (Figure S5). Simi-
larly, the optimal rate performance
was also obtained with 50 vol%
DMDS. Extended cycling
(250 cycles) in the 50 vol% DMDS-
containing electrolyte at a higher C/3
rate was also conducted, demonstrat-
ing the stable voltage profiles (Fig-
ure 1c) and excellent retention of
discharge capacity (Figure 1d,
> 1,200 mAh g¢1) over longer cycling
periods.

Based on the above results, it is
clear that the use of DMDS-contain-
ing electrolytes can significantly
boost cell capacity. Interestingly, the
� 1.9 V discharge plateau corre-
sponding to direct reduction of
DMDS (Figure S6) was not observed
in Figure 1a for the cells using

DMDS-containing electrolytes. This indicates a different
discharge–charge mechanism of both sulfur and DMDS in
this system, distinct from the superposition of the redox
reactions of sulfur and DMDS. The smaller gap between
discharge and charge curves and the remarkable cycling
performance indicate that this mechanism has faster redox
kinetics and better discharge–charge reversibility than that in
the conventional electrolyte.

Previous research has shown that DMDS is capable of
quickly dissolving sulfur by forming an equilibrated mixture
of soluble dimethyl polysulfides (DMPS, CH3SSmSCH3),[14] as
confirmed by 1H NMR results (Figure S7). The generated
DMPS and its reduction could be responsible for the observed
differences in electrochemical performances shown in
Figure 1. To investigate the reaction mechanism, we assem-
bled two transparent flask cells using conventional and
50 vol % DMDS-containing electrolytes. Similar differences
to those seen in coin cells, in terms of capacities and discharge
curves between the two electrolytes, were observed in the
transparent cells (Figure 2a). This suggests similar discharge
mechanisms in both coin cells and flask cells, even though the
flask cells are flooded with electrolytes.

To elucidate the formation and subsequent reduction of
new DMPS intermediates, in operando 1H NMR studies of
the electrolytes at various depths of discharge were conducted
and photos were also taken during the initial discharge
process. Because lithium polysulfides are 1H NMR silent, only
constant peaks from DOL and DME were observed in the
conventional electrolyte (Figure S8). In addition to those
peaks, the DMDS-containing electrolyte showed a significant
increase in dimethyl trisulfide (DMTS, d = 2.48 ppm) at the
early stages of discharge and the formation of a small amount
of dimethyl tetrasulfide (DMTtS, d = 2.57 ppm), which are
characteristic of the sulfur-DMDS reaction (Figure 2b).[14c]

Figure 1. a) Initial discharge–charge profiles and b) cycling performance of C/S cathodes at C/10
rate in conventional and 10–75 vol% DMDS-containing electrolytes. c) Discharge–charge profiles
and d) extended cycling performance of a C/S cathode in 50 vol% DMDS-containing electrolyte at
C/3 rate. The specific capacities are calculated based on the mass of sulfur in the C/S cathodes.
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Upon further discharging, the peak of DMTtS quickly
disappeared while that of DMTS gradually decreased owing
to their electrochemical reduction, which corresponds to the
discharge plateaus between � 2.0 and 2.1 V. The appearance
of a new singlet peak at 1.93 ppm corresponding to CH3SLi
(Figure S9) was also noted; this peak grew initially then
reached its maximum size when the discharge capacity rose
above 800 mAh g¢1, probably due to the limited solubility of
CH3SLi. This could explain why DMDS itself is not directly
reduced: the precipitation of CH3SLi may passivate the
conductive surface, cutting off the discharge process before
the remaining DMDS in the electrolyte can be reduced.
Therefore, only the DMDS that reacts with sulfur to form
DMPS, which is more reactive than DMDS, is involved in the
electrochemical reduction reactions and contributes capacity.
Other possible reduction products are Li2S2/Li2S (insoluble
and 1H NMR silent) and CH3SSLi. However, the 1H NMR

peak of CH3SSLi may overlap with the broad peak of DMDS
and cannot be directly observed in these spectra.

In operando 1H NMR studies of the 50 vol % DMDS-
containing electrolyte at various depths of both discharge and
charge processes were also conducted. Regeneration of
DMTS and disappearance of CH3SLi upon charging were
observed (Figure S10), which indicate the reversibility of the
DMDS-containing electrolyte system and further confirm the
new reaction mechanism, as summarized below.

CH3SSCH3 þ
m
8

S8 $ CH3SSmSCH3 ð1Þ

CH3SSmSCH3 þ 2ðmþ 1ÞLiþ þ 2ðmþ 1Þe¢ $ 2 CH3SLiþmLi2S

ð2Þ

The CH3SSmSCH3 represents a mixture with m mainly
equalling 1 and 2 based on the above NMR results.

In addition to the NMR results, obvious differences in the
colors of the two electrolytes during the discharge process are
observed (Figure 2 c). Upon discharging, the conventional
electrolyte changes from clear to dark red, then to green, and
finally to light yellow due to the presence of lithium
polysulfides with different sulfur chain lengths and concen-
trations.[15] The DMDS-containing electrolyte changes very
little at early discharge steps (point A to D in Figure 2c) and
then to a slightly cloudy and straw-colored liquid at the end of
discharge (point E to F in Figure 2c), indicating the absence
of lithium polysulfides and further confirming the new
reaction pathway by the formation of DMPS intermediates
and lithium organosulfides.

To identify the discharge products, C/S cathodes and
sulfur-free carbon electrodes discharged in coin cells with
both conventional and 50 vol % DMDS-containing electro-
lytes were investigated using scanning electron microscopy
(SEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). Morphological and structural differences
in the solid discharge products with different electrolyte
systems were found from the SEM and XRD results (Fig-
ure S11). Consistent with previous results, broad XRD peaks
from aggregated sub-micron-sized Li2S particles were clearly
observed after discharging the C/S cathode in conventional
electrolyte.[16] The sulfur-free electrode discharged in the
DMDS-containing electrolyte instead showed very large
particles (diameter of � 100 mm) with intense XRD peaks,
which can be ascribed to highly crystalline CH3SLi, the only
reduction product of DMDS. In contrast, the C/S cathode
discharged in DMDS-containing electrolyte was covered by
numerous plate-like particles around 10–50 mm in size, along
with aggregated sub-micron-sized particles, and showed
major XRD peaks from both Li2S and CH3SLi, indicating
the existence of both products.

The solid discharge products were further identified by
XPS (Figure 3). The XPS spectrum of the as-prepared C/S
cathode was obtained as an additional reference, and
exhibited a pair of characteristic S 2p3/2 and S 2p1/2 peaks of
neutral sulfur at 164.0 eV and 165.2 eV.[17] In agreement with
the literature data,[18] the XPS spectrum of the C/S cathode
discharged in conventional electrolyte showed three pairs of S
2p3/2 and S 2p1/2 dual peaks, which are evidence of three sulfur

Figure 2. a) Initial discharge profiles of the flask cells with conven-
tional (black) and 50 vol% DMDS-containing (red) electrolyte.
b) 1H NMR spectra of the DMDS-containing electrolyte at varying
depths of discharge, corresponding to points marked in (a). The two
peaks marked with x are satellites attributable to C13 coupling in
DMDS. c) Photos showing the electrolyte color changes of both
electrolytes at corresponding points in (a) during discharge.
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species: primarily Li2S (S 2p3/2 at 160.5 eV) along with smaller
amounts of Li2S2 (S 2p3/2 at 162.0 eV) and polysulfides (S 2p3/2

at 163.5 eV). In the sulfur-free electrode discharged with the
DMDS-containing electrolyte, a major XPS peak was
observed at 162.0 eV (a similar position to that of Li2S2),
which is ascribed to the S 2p3/2 for CH3SLi, the reduction
product of DMDS. Smaller peaks at � 160.5 and � 163.5 eV
were also observed, corresponding to small amounts of Li2S
and CH3SSLi, respectively. They probably come from the
reduction of the DMTS impurity in the DMDS (the presence
of which was seen in the NMR spectra in Figure S7). When
discharging the C/S electrode in DMDS-containing electro-
lyte, the spectrum appears similar to that of the sulfur-free
electrode, with a relatively stronger peak of CH3SLi at
162.0 eV. Additionally, the relative intensity of the Li2S peak
was much weaker than that observed in the conventional
electrolyte system, indicating the formation of less Li2S at the
end of discharge. It was further confirmed that the discharge
process shuts off mainly due to the surface passivation by
CH3SLi and some other lithium organopolysulfide (e.g.,
CH3SSLi) products, rather than by Li2S as in conventional
electrolytes. As indicated by the lower charge overpotential
(Figure 1a) and the CV profile (Figure S3), these discharge
products also showed better kinetics and reversibility upon
charging than insoluble Li2S in conventional electrolyte,
which can be beneficial to the cycling performance.

In conclusion, we reported a functional electrolyte system
using DMDS as a co-solvent for Li-S batteries. DMDS was
found to react with sulfur to form soluble methyl-terminated
polysulfide intermediates, which are further reduced to
lithium organosulfides during the discharge process. Through
this new mechanism, the DMDS-containing electrolyte not
only contributes extra capacity to the cell, reaching almost
double the value obtained in the conventional Li-S electro-
lyte, but also enables robust performance of sulfur cathodes.
This work thus provides a strategy for improving the practical

energy density of Li-S batteries. However, it is worth noting
that the soluble organopolysulfides and DMDS can still
corrode the lithium anode and cause shuttle effects and self-
discharge issues (Figure S12) similar to lithium polysulfides.
Thus, LiNO3 is still needed to protect the lithium anode and
improve the charge efficiency. This indicates the continued
need for development of anode protection technology to
couple with this electrolyte system and meet the demands of
practical applications.
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