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Recently, the use of a non-conductive oxide, manganese
dioxide (MnO2), was investigated in sulfur cathodes.71 Interestingly,
a very different reaction mechanism, based on the formation
of thiosulfates to mediate the polysulfide redox shuttle, was
discovered. When birnessite d-MnO2 nanosheets were mixed
with a yellow solution of lithium polysulfides (Li2S4), immediate
discoloration was observed. X-ray photoelectron spectroscopy
performed on the MnO2–Li2S4 composite showed the formation
of thiosulfate and polythionate species. Similar results were
obtained in the analysis of other oxygen-rich host materials,
such as graphene oxide–Li2S4 composites. The authors proposed
that Li2S4 reacted with MnO2 to form thiosulfate species, which
then further reacted with long-chain lithium polysulfides to form
catenated polythionate species and shorter-chain polysulfides.
In other words, MnO2 acted as a polysulfide mediator to
facilitate the binding and reduction of polysulfides via an
internal disproportionation mechanism. After melt-infusion
of sulfur, the sulfur–MnO2 composites were found to exhibit
a high specific capacity of 1120 mA h gS

� 1 with 92% capacity
retention after 200 cycles at 0.2C. Notably long cycle life of
2000 cycles was also demonstrated at a higher C-rate of 2C.

7. Lithium sulfide cathodes
Recently, there has been a burgeoning interest in the develop-
ment of lithium sulfide cathodes due to its promising
pre-lithiated nature and high theoretical specific capacity
(1166 mA h g� 1).7 Because lithium sulfide is in its fully-lithiated
state (unlike sulfur), it can be paired with non-lithium metal
anodes such as silicon or tin, hence circumventing dendrite
formation and safety concerns associated with metallic lithium.7

In this case, the battery would need to be charged first to
delithiate the lithium sulfide cathode (positive electrode) to form
sulfur, releasing lithium ions and electrons in the process, which
travel through the electrolyte and the external circuit respectively
to reach the non-lithium metal anode (negative electrode), for
example, silicon. At the anode, silicon reacts with the lithium ions
and electrons to form full-lithiated Li4.4Si.8 The opposite occurs
during the charge reaction.

Charge:
Positive electrode: 8Li2S - S8 + 16Li+ + 16e�

Negative electrode: Si + 4.4Li+ + 4.4e� - Li4.4Si
Discharge:
Positive electrode: S8 + 16Li+ + 16e� - 8Li2S
Negative electrode: Li4.4Si - Si + 4.4Li+ + 4.4e�

Besides its compatibility with non-lithium metal anodes,
other advantages of using lithium sulfide (instead of sulfur) as
a cathode material are as follows:

(a) Unlike sulfur which expands 80% during initial lithia-
tion, lithium sulfide is in its fully-lithiated and fully-expanded
state.72–85 As a result, lithium sulfide shrinks as it is delithiated
initially, generating empty space for subsequent volumetric
expansion during lithiation. This not only helps to mitigate
against structural damage to the entire electrode, but also
eliminates the need to deliberately create internal void space

to account for volumetric expansion, hence simplifying the
synthesis process greatly.

(b) Lithium sulfide has a much higher melting point (938 1C)
compared to that of sulfur (115 1C).72–85 This imparts greater
ease of processing in the synthesis of lithium sulfide–carbon
composite materials, during which the carbonization process
usually takes place at high temperatures.

7.1. Activation process

Because of the low electronic and ionic conductivity of lithium
sulfide, it was once thought to be electrochemically inactive.72

Pioneering work in this area was performed by Dahn and
co-workers in 2002, who found that lithium sulfide could be
activated by ball milling with conductive metal powder such as
iron.72 After the lithium sulfide–iron composite cathodes were
charged to 3 V vs. Li+/Li, they exhibited a specific capacity of
B320 mA h gLi2S

� 1 upon discharge to 1 V. Subsequent cycling
of the cell from 1 to 3 V vs. Li+/Li showed good reversibility.
On the other hand, a pure lithium sulfide cathode showed no
significant capacity even when charged to 4.8 V. However, the
exact mechanism behind this ball-milling activation process
remained elusive.

In 2010, a high-performance lithium sulfide cathode was
prepared by low-energy ball milling of commercial lithium
sulfide with conductive carbon black.73 Interestingly, after this
simple ball milling process, the lithium sulfide cathodes could
be activated by charging to B3.6 V vs. Li+/Li, following which
stable discharge capacities of B1050 mA h gLi2S

� 1 were obtained
at 0.05C using a composite gel polymer electrolyte. However,
it remained unclear if this activation process applies in more-
commonly used ether-based liquid electrolytes as well.

Subsequently, it was demonstrated that commercial lithium
sulfide could be activated in ether-based electrolytes by applying
a high charge cutoff voltage of B4 V vs. Li+/Li.74 This general
high-voltage activation method was found to work for commer-
cial, micron-sized lithium sulfide particles (as large as 10 mm),
without the need for ball milling with conductive additives.
A large potential barrier at B3.5 V vs. Li+/Li was found in the
initial charge process (Fig. 20), which could be overcome by
using a high cutoff voltage to achieve a notable discharge
capacity of 950 mA h gLi2S

� 1 at 0.1C. Using in situ synchrotron

Fig. 20 Charge/discharge voltage profiles of a lithium sulfide cathode
in the initial three cycles, showing the large potential barrier at B3.5 V vs.
Li+/Li at the beginning of the first charge process (circled). Reprinted with
permission from ref. 74. Copyright 2012 American Chemical Society.
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anodes (1166 mA h g� 1) and sulfur cathodes (1673 mA h g� 1)
and the average cell voltage of 1.85 V, the energy density
of room-temperature sodium–sulfur batteries is as high as
1300 W h kg� 1 or 1600 W h L� 1.19 Moreover, room-temperature
sodium–sulfur batteries are intrinsically much safer compared to
those operating at high temperature, which is a major considera-
tion for any stationary or transport applications.

There have been some demonstrations of room-temperature
sodium–sulfur batteries in the literature, most of which focus on
improving the cycling stability on the sulfur cathode side. Examples
include the use of polyacrylonitrile–sulfur composites,219,220 small
sulfur allotropes in microporous carbon,221 sodiated Nafion
separators,222,223 carbon interlayers,224 polymer electrolytes,225,226

etc. The application of sodium polysulfide catholytes223 and sodium
sulfide cathodes227 on high surface area carbon supports have also
been demonstrated with some success. However, the overall cycling
performance of room-temperature sodium–sulfur batteries, in
terms of their specific capacity, Coulombic efficiency and cycle life,
still greatly lags behind that of lithium–sulfur batteries.

The key to achieve progress is to solve the crucial problems
on the sodium metal anode side, which is the major bottleneck
in the performance of sodium–sulfur batteries today. Like in
the case of lithium metal, sodium metal anodes are also
plagued with challenges of poor reversibility, dendrite growth
and non-uniform SEI during repeated plating and stripping.218

Most recently, it was discovered that sodium hexafluorophosphate
(NaPF6) in glyme electrolytes (mono-, di- and tetraglyme) can
enable highly-reversible and non-dendritic plating–stripping of
sodium metal anodes with 99.9% Coulombic efficiency
(Fig. 25).228 This was attributed to the formation of a uniform,
inorganic SEI made of sodium oxide and sodium fluoride. A room-
temperature sodium–sulfur battery was also demonstrated using
NaPF6 in tetraglyme as the electrolyte, with sodium nitrate as an
electrolyte additive to alleviate the polysulfide shuttle effect.228

However, the specific capacity (776 mA h g� 1
S), Coulombic

efficiency (74 to 80%) and cycle life (20 cycles) are still limited,
probably because the use of sodium nitrate is not sufficient in
protecting the reactive sodium metal anode from dissolved poly-
sulfide species.

Overall, there is much room for improvement in the promising
field of room-temperature sodium–sulfur batteries. This can be
achieved by further improving the plating–stripping reversibility
of sodium metal anodes and exploring effective strategies/
electrolyte additives to protect these anodes from dissolved
sodium polysulfides. It is also important to elucidate the identity
of the sodium polysulfides formed (which may or may not be
analogous to lithium polysulfides), as well as the solubility of
these sodium polysulfides in various electrolytes and their
interactions with sulfur host materials. A combination of theo-
retical computations and in situ/in operando characterization will
help to address these critical knowledge gaps.

12. Conclusion
Recent years have witnessed burgeoning interest in the develop-
ment of high-energy lithium–sulfur batteries. This is evidenced
by the rapidly-increasing number of publications on the design
of novel sulfur cathodes using a variety of carbon, polymeric and
inorganic host materials. However, to achieve a significant
breakthrough, there is a pressing need to fully understand both
the fundamental electrochemistry of lithium–sulfur batteries
as well as the interaction of lithium polysulfide species with
existing and emerging host materials. Progress in this direction
can be accomplished through a synergistic combination of
theoretical calculations and experimental approaches. In order
to keep up with the fast recent progress on the sulfur cathode
side, parallel efforts are needed on the lithium anode side as well
in order to realize the full potential of lithium–sulfur batteries.
Overall, with further understanding and optimization of
electrode design, we envision an acceleration in the development
of commercial lithium–sulfur batteries in the near future.
Hopefully, the successful application of these high-energy batteries
in a multitude of clean energy applications, ranging from grid
energy storage to electric vehicles, will help in our sustainability
efforts for future generations.
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Fig. 25 (a) Plating–stripping Coulombic efficiencies, (b) low-magnification
and (c) high-magnification SEM images of sodium metal anodes cycled at
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