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Designing high-energy lithium–sulfur batteries

Zhi Wei Seh,a Yongming Sun,b Qianfan Zhangc and Yi Cui*bd

Due to their high energy density and low material cost, lithium–sulfur batteries represent a promising

energy storage system for a multitude of emerging applications, ranging from stationary grid storage to

mobile electric vehicles. This review aims to summarize major developments in the field of lithium–sulfur

batteries, starting from an overview of their electrochemistry, technical challenges and potential solutions,

along with some theoretical calculation results to advance our understanding of the material interactions

involved. Next, we examine the most extensively-used design strategy: encapsulation of sulfur cathodes in

carbon host materials. Other emerging host materials, such as polymeric and inorganic materials, are

discussed as well. This is followed by a survey of novel battery configurations, including the use of lithium

sulfide cathodes and lithium polysulfide catholytes, as well as recent burgeoning efforts in the

modification of separators and protection of lithium metal anodes. Finally, we conclude with an outlook

section to offer some insight on the future directions and prospects of lithium–sulfur batteries.

1. Introduction

With a rising world population, increasing energy demand and
imminent climate change, there is significant emphasis today
on creating a sustainable energy future for humanity while
preserving our delicate environment at the same time.1,2 To
achieve this goal, we need to reduce our reliance on fossil fuels

and turn to clean, renewable energy sources such as solar and
wind power. However, the intermittent nature of these renew-
able sources necessitates advanced energy storage systems that
can store the energy when it is present in excess and release it
back to the grid on demand, in order to maintain a constant
power supply to homes and industries.3–8 This is where batteries
can play a crucial role because they represent an efficient means
of storing and releasing energy electrochemically. Unfortunately,
lithium-ion batteries, which are commonly used in small
portable electronics today, are unable to meet the high-energy
demands of stationary grid energy storage.9–12 The limited
energy density of these batteries also hinders their widespread
deployment in a variety of emerging mobile transport applica-
tions such as electric vehicles, which have much lower carbon
dioxide emissions compared to gasoline-powered cars today.9–12

This has prompted an extensive worldwide search for
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new battery technologies that go beyond conventional lithium-
ion batteries.

Lithium–sulfur batteries represent a promising energy
storage system that has drawn considerable attention due to
their higher energy density compared to existing lithium-ion
batteries today.13–18 The key difference between these two
forms of batteries lies in their mechanism of energy storage.
Lithium-ion batteries operate based on intercalation of lithium
ions into layered electrode materials, such as graphite anodes
and lithium metal oxide cathodes.9–12 Because lithium ions can
only be intercalated topotactically into certain specific sites, the
theoretical energy density of lithium-ion batteries is typically
limited to B420 W h kg�1 or 1400 W h L�1 (Fig. 1).18,19 On the
other hand, instead of intercalation, lithium–sulfur batteries
operate based on metal plating and stripping on the lithium
anode side and a conversion reaction on the sulfur cathode
side.13–18 The non-topotactic nature of these reactions endows
lithium anodes and sulfur cathodes with high theoretical specific
capacities of 3860 and 1673 mA h g�1 respectively.18,19 Together
with an average cell voltage of 2.15 V, this gives lithium–sulfur
batteries a high theoretical energy density of B2500 W h kg�1 or
2800 W h L�1 (Fig. 1).18,19 Moreover, sulfur is cheap and readily
abundant in the Earth’s crust, which makes lithium–sulfur
batteries a particularly attractive and low-cost energy storage
technology.

Lithium–sulfur batteries have been investigated since the
1960s;20 despite decades of intensive research, such batteries
were still found to be plagued with low discharge capacity and
fast capacity decay during cycling. A major breakthrough was
achieved in 2009 when Nazar and co-workers developed a
highly-ordered, mesoporous carbon–sulfur cathode for use in
lithium–sulfur batteries.21 By encapsulating sulfur within the
mesopores of CMK-3, the group demonstrated high discharge
capacity and stable cycling performance over 20 cycles. Since then,
the field of lithium–sulfur batteries has seen much progress, as
evidenced by the rapidly-growing number of publications on this
subject, especially in the past 3 years.

This review aims to provide an overview of major advance-
ments in the field of lithium–sulfur batteries. First, we start by
reviewing the electrochemistry of lithium–sulfur batteries, as
well as their technical challenges and potential solutions. Some
results of theoretical ab initio calculations are also presented to
provide us with an understanding of the material interactions
involved. Next, we examine the most common design strategy:
encapsulation of sulfur cathodes with carbon host materials, with
a particular focus on one-, two-, three-dimensional structures.
Emerging host materials such as polymeric and inorganic
materials are also discussed in detail. Recently, there has been
some exciting progress in the development of lithium sulfide
cathodes, use of lithium polysulfide catholytes, modification of
separators and protection of lithium metal anodes, all of which
will be surveyed as well. Finally, we conclude with an outlook
section to provide some insight on the future directions and
prospects of lithium–sulfur batteries.

2. Electrochemistry, challenges and
solutions

Lithium–sulfur batteries operate based on the electrochemical
reaction: S8 + 16Li 2 8Li2S, which gives sulfur its high
theoretical specific capacity (1673 mA h g�1).13–18 During the
discharge process, the lithium metal anode (negative electrode)
is oxidized to form lithium ions and electrons, which travel
through the electrolyte and the external circuit respectively to

Fig. 1 Energy density plots of lithium–sulfur vs. lithium-ion batteries
(based on graphite anodes and LiNi1/3Mn1/3Co1/3O2 cathodes). Values
obtained from ref. 18 and 19.
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reach the sulfur cathode (positive electrode). At the cathode,
sulfur reacts with the lithium ions and electrons, undergoing
reduction to form lithium sulfide. The opposite occurs during
the charge reaction (Fig. 2a).13–18

Discharge:
Negative electrode: Li - Li+ + e�

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

Although the as-written reaction looks simple, the actual
charge/discharge process is more complicated. Lithium–sulfur
batteries typically show a 2-plateau charge/discharge voltage
profile in ether-based electrolytes (Fig. 2b).13–18 During the
discharge process, sulfur first becomes lithiated to form a
series of intermediate, long-chain lithium polysulfide species
(S8 - Li2S8 - Li2S6 - Li2S4), which dissolve readily into ether-
based electrolytes. This is represented by the upper voltage
plateau, which contributes 25% of the theoretical capacity of
sulfur (418 mA h g�1). Upon further lithiation, the dissolved
long-chain polysulfides form short-chain sulfide species
(Li2S4 - Li2S2 - Li2S), which re-precipitate onto the electrode
as solid species. This is represented by the lower voltage
plateau, which contributes the remaining 75% of the theoret-
ical capacity (1255 mA h g�1). The opposite occurs during the
charge reaction, although the intermediate species might be
different.13–18 Overall, we see that lithium–sulfur batteries
undergo a solid - liquid - solid transition as the reaction
proceeds, which is very different from other battery systems.
This is also part of the reason why lithium–sulfur batteries are
more challenging to deal with.

Overall, there are several challenges that impede the practical
application of lithium–sulfur batteries. On the sulfur cathode
side, these challenges include:

(a) Dissolution of intermediate lithium polysulfides into the
electrolyte. During the cycling process, intermediate long-chain
lithium polysulfide species (Li2S4 to Li2S8) dissolve readily into
ether-based electrolytes.13–18 This leads to continuous loss of active
material into the electrolyte, some of which remain dissolved and
do not precipitate back onto the cathode as lithium sulfide at the
end of discharge. As a result, low discharge capacities and rapid
capacity decay are often observed during cycling.

(b) Low conductivity of sulfur and lithium sulfide. The
insulating nature of sulfur and lithium sulfide, both electro-
nically and ionically, results in poor utilization of active
material.13–18 The precipitation of insulating lithium sulfide
during discharge also causes passivation of the cathode surface,
limiting the discharge capacity that can practically be achieved.

(c) Large volumetric expansion of sulfur upon lithiation.
Because of the difference in density between sulfur and lithium
sulfide (2.03 vs. 1.66 g cm�3 respectively), sulfur undergoes
a large volumetric expansion of B80% upon full lithiation to
lithium sulfide, which can cause pulverization and structural
damage at the electrode level.13–18

On the lithium anode side, there are several issues that need
to be overcome as well before lithium–sulfur batteries can be
successfully commercialized:

(a) Polysulfide shuttle effect. Long-chain lithium polysulfides
(Li2S4 to Li2S8) which dissolve into the electrolyte can diffuse to
the lithium anode to be reduced chemically (instead of electro-
chemically) to form lower-order polysulfides, which can then
diffuse back to the sulfur cathode to be re-oxidized.6 This
parasitic polysulfide shuttle effect, which is essentially an
internal short, leads to self-discharging and low Coulombic
efficiency during cycling.

(b) Non-uniform solid electrolyte interphase (SEI). Lithium
metal is highly reactive and reacts with the electrolyte to form
an SEI on the surface, which is ionically-conducting but
electronically-insulating.6 However, in most cases, the SEI is
non-uniform and does not passivate the lithium metal surface
sufficiently, leading to continuous, undesirable side reactions
with the electrolyte. This consumes both lithium metal and
electrolyte, resulting in poor reversibility and low Coulombic
efficiency during repeated plating and stripping.

(c) Dendrite growth of lithium metal. The growth of lithium
dendrites leads to continuous breaking and reforming of the
SEI, which further consumes lithium metal and electrolyte.6

This causes the battery to eventually fail due to depletion
of electrolyte and high impedance through the thick SEI.
Dendrites that break off will lost contact with the lithium metal
anodes and become dead lithium, resulting in further loss of
Coulombic efficiency. Moreover, dendrites can potentially
penetrate the separator and lead to internal short circuits,
posing serious safety hazards.

First, we focus on work done in addressing the challenges on
the sulfur cathode side. The typical strategy is to encapsulate
sulfur cathodes with conductive host materials in order to

Fig. 2 (a) Schematic of the electrochemistry and (b) a typical 2-plateau
charge/discharge voltage profile of lithium–sulfur batteries in ether-based
electrolytes.
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improve their conductivity as well as physically confine lithium
polysulfide species within the host during cycling. A brief
survey of the literature will indicate that the most common
encapsulation material used is carbon.13–18 However, our group
demonstrated that the vast difference in polarity between carbon
and lithium polysulfides (non-polar vs. polar) leads to weak
chemical binding between the 2 species, hence weakening the
polysulfide trapping effect.22,23 Following that, a plethora of
publications in the last 3 years have demonstrated that pure
carbon is indeed not the most ideal host material for sulfur
cathodes.13–18 This brings us to our next question: How do we
select promising, highly-polar host materials that interact
strongly with lithium polysulfide species? To shed some light
on this issue, we turn to theoretical calculations based on density
functional theory, which is the focus of our next section.

3. Theoretical ab initio calculations

Owing to their high-throughput nature, theoretical calculations
represent a very powerful and efficient tool in helping to
elucidate the interaction between lithium polysulfides and a
wide variety of materials. More importantly, they provide us with
a rational guideline which we can use to screen, identify and
select promising encapsulation materials for sulfur cathodes.

To this end, systematic screening of potential host materials
was performed using ab initio calculations based on density
functional theory.23 A general structural framework based on
vinyl polymers –(CH2–CHR)n– was used to represent different
functional groups (R), including those containing oxygen,
nitrogen, sulfur, fluorine, chlorine, bromine and carbon atoms.
This was followed by an investigation of the interaction and
binding energies of these various functional groups with LiS
species, which can be used to represent the relevant end groups
in lithium polysulfides (Li–S–Sn–S–Li). The results of these
theoretical calculations, arranged in order of decreasing bind-
ing energy with LiS, are shown in Fig. 3.

As expected, carbon-based groups such as alkanes exhibit the
lowest binding energy with polar LiS species (0.30 eV; Fig. 3).23

Halogenated groups such as fluorine-, chlorine- and bromine-
rich groups were found to possess relatively weak affinity for LiS
species as well, with adsorption energies in the range of 0.42 to
0.62 eV. On the other hand, strong interaction with LiS was
found in the case of oxygen-rich groups including esters, amides,
ketones and ethers, with binding energies as high as 1.01 to
1.26 eV (Fig. 3). In all of these cases, the most stable configu-
ration corresponds to the electropositive lithium atom binding
directly to the lone pair of electrons on the oxygen atom. This
results in the formation of a strong, coordinate-like Li–O
interaction, with electron accepting and donating taking place
between lithium and oxygen (Fig. 4).

In addition, nitrogen-containing groups, such as amines,
imines and nitriles, were found to possess strong affinity for LiS
species as well.23 The binding with LiS takes place through a
coordinate-like Li–N interaction, with high adsorption energies
in the range of 0.77 to 1.29 eV (Fig. 3 and 4). It is noteworthy

that sulfur-rich groups including thiols, sulfides and disulfides,
also interact strongly with LiS species. In these cases, the
binding occurs through a Li–S interaction, with calculated
binding energies ranging from 0.66 to 0.85 eV (Fig. 3 and 4).
In addition, ab initio calculations were also performed to
investigate the binding energies of these various functional
groups with Li2S, the end discharge product of lithium–sulfur
batteries.23 A similar trend was observed, with oxygen-, nitrogen-
and sulfur-containing groups having the strongest binding
energy with Li2S as well (Fig. 3).

We note that these computation results are by no means
exhaustive and only provide us with a glimpse of possible
functional groups, particularly oxygen-, nitrogen- and sulfur-
rich ones, which can be used to improve the binding with
lithium polysulfide/sulfide species. In fact, these are the three
most common heteroatoms used in the literature today.13–18 In
the next few sections, we shall first review carbon host materials,
with a particular focus on one-, two-, and three-dimensional
structures, as well as heteroatom modification of these materials
to enhance the polysulfide binding effect. Next, we proceed to
discuss other materials used to encapsulate sulfur cathodes,
including conducting polymers and inorganic materials, many
of which are already inherently rich in oxygen, nitrogen and
sulfur atoms. In the course of our discussion, the results of

Fig. 3 Table showing the calculated binding energies of LiS and Li2S
species with various functional groups, arranged in order of decreasing
binding energy with LiS species. Adapted from ref. 23 with permission from
The Royal Society of Chemistry. Amine, thiol, sulfide and disulfide groups
are original calculations performed using methods in ref. 23.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 S
ta

nf
or

d 
U

ni
ve

rs
ity

 o
n 

01
/0

8/
20

16
 0

3:
25

:0
9.

 
View Article Online

http://dx.doi.org/10.1039/c5cs00410a


This journal is©The Royal Society of Chemistry 2016 Chem. Soc. Rev.

additional ab initio calculations performed in these works will
also be summarized to provide us with a more complete
understanding of the interactions involved between lithium
polysulfides and these various heteroatoms.

4. Carbon host materials for sulfur
cathodes

A major breakthrough was achieved in 2009 when Nazar and
co-workers developed a highly-ordered, mesoporous carbon–
sulfur cathode for use in lithium–sulfur batteries.21 As a proof-
of-concept, they used CMK-3 as the mesoporous carbon
support, which consists of an array of hollow 6.5 nm carbon
rods separated by 3 to 4 nm channel voids (Fig. 5). Sulfur was
then infiltrated into the CMK-3 structure by a melt-diffusion
method at 155 1C where sulfur has its lowest viscosity, enabling
sulfur to maintain intimate contact with the conductive carbon
walls. Using the mesoporous structure of CMK-3 to trap lithium
polysulfides, the group demonstrated high specific capacity of
1005 mA h gS

�1 with stable cycling over 20 cycles at 0.1C.
Additional modification of the carbon surface with hydrophilic
polyethylene glycol led to further increase in discharge capacity
to 1320 mA h gS

�1. This work has since spurred rapid develop-
ment in the field of lithium–sulfur batteries, especially in the
use of highly-conductive carbon materials to encapsulate sulfur
cathodes.

4.1. One-dimensional materials

4.1.1. Carbon nanotubes. Because of their high aspect
ratios, one-dimensional carbon nanotubes are able to form
interconnected networks and impart long-range conductivity
to sulfur cathode materials, making them very attractive for use
in lithium–sulfur batteries. One of the earliest studies in using

carbon nanotubes as additives in such batteries was carried
out by Lee and co-workers.24 Through the simple addition of
multi-walled carbon nanotubes (20 wt%) to sulfur cathodes,
the authors found an increase in specific capacity, from
B400 mA h gS

�1 (without additive) to 485 mA h gS
�1 (with

additive). The capacity retention after 50 cycles was also greatly
improved, from 25% (without additive) to 62% (with additive),
which is a very promising result. However, poor overall contact
between sulfur and carbon nanotubes probably led to a limit in
the discharge capacity that could be achieved in this work.

In order to create a more intimate contact, sulfur and carbon
nanotubes were mixed together at 155 1C, where sulfur has its
lowest viscosity, to utilize the capillary effect.25 Sulfur was found
to coat onto the outer surface of the carbon nanotubes, rendering
better contact between the 2 species. As a result, the sulfur–
carbon nanotube cathodes prepared at 155 1C showed lower
charge transfer resistance and enhanced cycling performance
compared to sulfur cathodes prepared by simple mixing of sulfur
and carbon nanotubes at room temperature. In particular, a high
discharge capacity of B900 mA h gS

�1 was achieved in the former
case with 74% capacity retention after 60 cycles at 0.06C.

Since then, there has been a great deal of work on using
carbon nanotubes with various unique morphologies to enhance
the performance of sulfur cathodes. For instance, vertically-
aligned carbon nanotubes were synthesized on nickel foil using
chemical vapor deposition, with ethene as the precursor and
iron-, molybdenum- and cobalt-ethylhexanoate as the catalysts
(Fig. 6).26 The vertical alignment of carbon nanotubes perpendi-
cular to the substrate enables fast diffusion of ions and electrons
through the entire electrode cross-section. A solution of sulfur in
toluene was then added to the structure and allowed to soak
in completely at 120 1C. The as-synthesized carbon nanotube–
sulfur composite was used directly as a binder-free cathode
in lithium–sulfur batteries, which exhibited stable discharge
capacities of B800 mA h gS

�1 over 40 cycles at 0.08C.
To achieve longer cycle life and higher rate performance, a

solution of sulfur in ethanol was mixed with superaligned
carbon nanotubes using ultra-sonication, followed by dropwise
addition of distilled water (a poor solvent for sulfur) to allow slow
precipitation of sulfur nanoparticles onto the nanotubes.27

The presence of the carbon nanotube network in solution
prevents the aggregation and growth of large sulfur particles.
The as-synthesized composites were used directly as binder-free

Fig. 4 Ab initio calculations showing the most stable binding configu-
ration of LiS species with oxygen-, nitrogen- and sulfur-rich functional
groups. Adapted from ref. 23 with permission from The Royal Society of
Chemistry. Amine, thiol, sulfide and disulfide groups are original calcula-
tions performed using methods in ref. 23.

Fig. 5 (a) TEM image and (b) schematic of highly-ordered, mesoporous
carbon (CMK-3) in which sulfur was infiltrated by melt-diffusion at 155 1C.
Reprinted by permission from Macmillan Publishers Ltd: Nature Materials
ref. 21, copyright 2009.
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cathodes in lithium–sulfur batteries, which showed a high
specific capacity of 1088 mA h gS

�1 and capacity retention of
85% after 100 cycles at 1C. More importantly, even at high C-rates
of 2C, 5C and 10C, impressive discharge capacities of 1006, 960
and 879 mA h gS

�1 were achieved respectively.
4.1.2. Hollow carbon tubes. Because of the very small

diameters of carbon nanotubes and the impermeable nature
of their walls, it is difficult to infiltrate sulfur into the inner
hollow space of carbon nanotubes. In most of the work using
carbon nanotubes, sulfur was found to coat only the outer
surface but not the inside, leaving sulfur/lithium polysulfides
exposed to the electrolyte. It would be advantageous to use
hollow carbon tubes with much larger diameters to encapsulate
and confine sulfur/lithium polysulfides inside the tubes.

To this end, Zheng et al. prepared hollow carbon tubes by
first carbonizing a polymer in an anodic aluminum oxide
template, followed by infusion of sulfur into the tubes using
the melt-diffusion strategy at 155 1C.28 The template was then
removed by acid dissolution after sulfur infusion, leaving sulfur
only on the inner surface of the carbon tubes but not the outer
surface. Using this unique structure, high specific capacities
of B1400 and 1300 mA h gS

�1 were achieved at 0.2C and 0.5C
respectively. However, there was appreciable capacity decay
in both cases, with B52% and 48% capacity retention after
150 cycles respectively.

These results were consistent with work published around
the same time by the Wang group, who synthesized hollow
carbon tubes using an anodic aluminum oxide template as
well.29 The difference is that the Wang group removed the
template first to obtain free-standing carbon tubes, followed
by impregnation of sulfur into the structures by using a
vapor infusion method at 500 1C. Elemental mapping showed
that sulfur was present largely on the inside of the tubes and
the authors hypothesized that sulfur could exist as smaller
sulfur allotropes such as S2 and S6 under these vapor infusion
conditions. Using this structure, a high specific capacity of
B1500 mA h gS

�1 was demonstrated, with B47% capacity
retention after 100 cycles at 0.1C, which is in good agreement

with the results obtained by Zheng et al.28 The reason for this
capacity decay using sulfur-impregnated hollow carbon tubes
was unclear at that time.

In a follow-up work, the capacity decay was found to be
largely due to detachment of the discharge product, lithium
sulfide, from the inner walls of the hollow carbon tubes,
causing loss of electrical contact (Fig. 7a and b).22 This detach-
ment was attributed to the weak interaction between the highly-
polar lithium sulfide and the non-polar carbon walls. By the
same reasoning, it can be deduced that the non-polar carbon
surface would also bind weakly to highly-polar lithium polysulfide
species, hence weakening the polysulfide trapping effect. To
tackle this problem, an amphiphilic polymer, polyvinylpyrroli-
done (PVP), was used to modify the surface of the inner carbon
walls. PVP possesses a hydrophobic carbon backbone which
can anchor strongly onto the non-polar carbon surface, as well
as hydrophilic amide groups which can bind strongly to lithium
sulfide and lithium polysulfide species. Ab initio calculations
showed that the amide groups of PVP are able to form strong
Li–O interaction with lithium polysulfide/sulfide species
(LiS and Li2S), with high binding energies of 1.30 and 1.14 eV
respectively.23 Using this amphiphilic effect, detachment of
lithium sulfide from the polymer-modified carbon surface
was eliminated as evidenced by TEM (Fig. 7c and d). As a
result, high discharge capacity of 838 mA h gS

�1 was achieved
with 80% capacity retention after 300 cycles at 0.5C, which is a
significant improvement compared to the case without polymer
modification.

In order to combine the advantages of carbon nanotubes
and larger carbon tubes, a tube-in-tube structure was developed
which consists of multi-walled carbon nanotubes on the inside
surrounded by another larger carbon tube on the outside.30

While the inner carbon nanotubes can facilitate long-range
electronic conductivity, the outer tube helps to confine lithium

Fig. 6 (a and b) Low-magnification and high-magnification SEM images
of vertically-aligned carbon nanotubes (a) before and (b) after sulfur
infiltration. Reproduced from ref. 26 with permission from The Royal
Society of Chemistry.

Fig. 7 (a and b) TEM images of sulfur cathodes encapsulated in unmodified
hollow carbon tubes (a) before and (b) after discharge to 1.7 V vs. Li+/Li.
(c and d) TEM images of sulfur cathodes encapsulated in PVP-modified
hollow carbon tubes (c) before and (d) after discharge under identical
conditions. The yellow lines in (a) and (c) show the EDX line scan for sulfur.
Scale bars in (a–d) are 500 nm. Reprinted with permission from ref. 22.
Copyright 2013 American Chemical Society.
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polysulfide species within. This structure was achieved by first
coating carbon nanotubes with silica followed by a polymer,
octadecyltrimethoxysilane. After carbonizing the polymer to
form an outer carbon tube, the silica was etched away to create
hollow space between the two tubes where sulfur can be impreg-
nated by melt-diffusion. Elemental mapping clearly showed the
successful encapsulation of sulfur within the tube-in-tube struc-
ture. High specific capacities of 1274 and 787 mA h gS

�1 were
delivered at 0.3C and 1.2C, with 72% and 82% capacity retention
after 50 and 200 cycles respectively.

4.1.3. Heteroatom modification. Modifying the carbon surface
with heteroatoms such as nitrogen represents a promising
approach to improve lithium–sulfur batteries as it can render
stronger binding with lithium polysulfide species to minimize
their dissolution into the electrolyte. The possibility of using
nitrogen-doped carbon nanotubes in lithium–sulfur batteries
was first predicted theoretically using ab initio computations.31

It was found that nitrogen doping made it easier for lithium
atoms to penetrate the nanotube walls (reduction of energy
barrier from B9.0 to 1.0 eV), but did not affect the diffusion of
lithium along the nanotubes. On the other hand, the energy
barrier for sulfur atoms to diffuse through the nitrogen-doped
walls remained very high at 9.3 to 12.0 eV due to the presence of
strong S–N interaction, which suggests that sulfur species can
be effectively bound and trapped.

Inspired by this study, the Zhang group decided to use
nitrogen-doped carbon nanotubes as conductive hosts to achieve
stable cycling in lithium–sulfur batteries.32 Conductivity measure-
ments showed that nitrogen-doped carbon nanotubes still main-
tained good conductivity (7.98 S cm�1) compared to pristine
nanotubes (11.85 S cm�1). Theoretical calculations also showed
strong Li–N interaction between pyridinic nitrogen atoms and
various lithium polysulfide/sulfide species (Li2S4, Li2S3, Li2S2 and
Li2S), with high binding energies of 1.04 to 1.42 eV. Based on
these results, the as-prepared nitrogen-doped carbon nanotube–
sulfur composite showed a discharge capacity of 937 mA h gS

�1

with 70% capacity retention after 200 cycles at 1C, which is much
better than in the case of using pristine carbon nanotubes. For
comparison, oxidized carbon nanotubes were also prepared,
which have strong affinity for lithium polysulfide/sulfide species
as well, but much lower conductivity (3.81 S cm�1). The oxidized
carbon nanotube–sulfur composites were found to exhibit poor
cycling stability, which tells us that besides strong polysulfide
binding, high electronic conductivity is essential in enhancing the
performance of lithium–sulfur batteries as well.

To further improve the electronic conductivity, an elaborate
multi-dimensional structure was fabricated which combines
vertical nitrogen-doped carbon nanotubes with horizontal graphene
sandwiches (Fig. 8).33 This scaffold structure not only enables rapid
electron transfer in both the vertical and horizontal directions,
but also prevents the self-aggregation of carbon nanotubes and
re-stacking of graphene. To achieve this hybrid structure,
exfoliated vermiculites embedded with iron/molybdenum were
used to catalyze both the growth of aligned carbon nanotubes
at 750 1C and the deposition of graphene at 950 1C. After
nitrogen doping and impregnation with sulfur, the structure

delivered a high discharge capacity of 1152 mA h gS
�1, retaining

76% of its capacity after 80 cycles at 1C. Even at a high C-rate
of 5C, a reversible capacity of 770 mA h gS

�1 could still be
delivered, indicating excellent rate capability. Most recently,
by combining zero-dimensional carbon nanoparticles, one-
dimensional carbon nanotubes and two-dimensional graphene
with high sulfur content (90 wt%), superior battery performance
was attained.34

4.2. Two-dimensional materials

4.2.1. Graphene and graphene oxide. Two-dimensional carbon–
sulfur structures based on graphene represent one of the most
extensively-studied systems in lithium–sulfur batteries so far. The
excellent electronic conductivity and ease of functionalization of
graphene makes it a promising encapsulation material for sulfur
cathodes. Since the sulfur particles are loaded on the surface of
the two-dimensional nanosheets, the trapping of intermediate
polysulfide species relies on the functional groups on the
surface and the surface area of the graphene materials.

Dai and co-workers pioneered the use of graphene to
encapsulate sulfur particles for use as sulfur cathodes.35 To this
end, they first synthesized sulfur particles using the reaction of
sodium thiosulfate with hydrochloric acid (Na2S2O3 + 2HCl -
S + SO2 + 2NaCl + H2O) in the presence of Triton X-100 polymer,
followed by the addition of graphene and carbon black to form
a composite (Fig. 9). It was postulated that the graphene
wrapping would serve to trap lithium polysulfide species and
improve the overall electronic conductivity, while the Triton
X-100 polymer would help to partially buffer the volumetric
expansion of sulfur. As a result, the as-synthesized graphene-
wrapped sulfur composites showed enhanced cycling stability
compared to their uncoated counterparts. In particular, a

Fig. 8 (a) Schematic of the synthesis process, (b) SEM image and (c) TEM
image of nitrogen-doped aligned carbon nanotube/graphene (N-ACNT/G)
hybrid scaffolds. Reproduced from ref. 33 with permission from
Wiley-VCH.
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specific capacity of B750 mA h gS
�1 was demonstrated with

70% capacity retention at the end of 100 cycles at 0.2C.
Further improvement was achieved by using oxygen-rich

graphene oxide instead of graphene as a host material for sulfur
cathodes.36 The synthesis was performed using the acidification
of sodium polysulfides to precipitate sulfur in the presence of
graphene oxide sheets (Sx

2� + 2H+ - (x � 1)S + H2S). Theoretical
ab initio calculations indicated the possibility of S–O and S–C
interactions between sulfur and the oxygen functional groups
(epoxide and hydroxyl groups) in graphene oxide. The presence
of these interactions was confirmed experimentally using X-ray
photoelectron spectroscopy and X-ray absorption near edge
structure in a subsequent publication.37 Using these interactions
to immobilize the sulfur species, the sulfur–graphene oxide
cathodes showed a high specific capacity of B1000 mA h gS

�1

with 95% capacity retention after 50 cycles at 0.1C.
Further computations were performed to elucidate the inter-

action between graphene oxide and lithium polysulfides.38 The
results indicated that Li2S8 can bind strongly to oxygen on the
graphene basal plane (in the form of epoxides) through a strong
Li–O interaction. The adsorption energy was calculated to be
1.1 eV, which is larger than in the case of binding with pristine
graphene (0.8 eV). If oxygen binds at a single vacancy site, the
adsorption energy of Li2S8 could be further increased to 1.5 eV.

In addition, hydroxyl groups commonly found in graphene
oxide can also bind to Li2S8 with a high binding energy of
1.4 eV. Overall, the results of these theoretical calculations help
us to understand the exact nature of the interaction between
lithium polysulfides and graphene oxide, hence explaining the
enhancement in cycling stability.

Subsequently, many other groups have confirmed experi-
mentally the beneficial effects of graphene oxide on the cycling
performance of lithium–sulfur batteries. One of the most
impressive cycling performances was achieved by coating graphene
oxide uniformly onto sulfur particles using solution ionic strength
engineering.39 This method involves adjusting the ionic strength of
solutions so that positively-charged ions are attracted onto the
surface of negatively-charged graphene oxide sheets in solution,
leading to screening of electrostatic repulsion between neighboring
sheets. Upon adding sulfur particles into the ionic solution, the
graphene oxide can reduce their surface energy by precipitating and
coating onto the particles to form a core–shell morphology. Using
the sulfur–graphene oxide core–shell structures as a cathode
material, outstanding long-term cycling performance was achieved,
with stable discharge capacities of B800 mA h gS

�1 at the end
of 1000 cycles at 0.6C.

Recently, exciting progress was reported using ultrasmall
sulfur nanoparticles supported on reduced graphene oxide to
achieve the theoretical capacity of sulfur.40 Briefly, sulfur was
first reacted with ethylenediamine to form a sulfur–amine
complex (2(R–NH2) + S8 - (R–NH3

+)(RNH–S8
�)). This complex

was then added to reduced graphene oxide in the presence
of hydrochloric acid, during which the complex decomposed
to nucleate sulfur on the surface of the graphene sheets
((R–NH3

+)(RNH–S8
�) + 2H+ - 2(R–NH3

+) + S8). By controlling
the pH and reaction time, sulfur nanoparticles with controllable
diameters (5 to 150 nm) could be obtained (Fig. 10). The ultra-
small size of these nanoparticles can enable fast charge transfer
kinetics to compensate for the low electronic and ionic conduc-
tivity of sulfur. Using the smallest 5 nm sulfur nanoparticles, the

Fig. 9 (a) Low-magnification and (b) high-magnification SEM images of
graphene-wrapped sulfur composites. Reprinted with permission from
ref. 35. Copyright 2011 American Chemical Society.

Fig. 10 (a) Schematic of the synthesis of ultrasmall sulfur nanoparticles supported on reduced graphene oxide (rGO) via sulfur–amine chemistry.
(b–f) TEM images of (b) 150 nm, (c) 40 nm, (d) 20 nm, (e) 10 nm and (f) 5 nm sulfur nanoparticles. Reprinted with permission from ref. 40. Copyright 2015
American Chemical Society.
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theoretical specific capacity of 1672 mA h gS
�1 was achieved at

0.1C. Long-term cycling at 0.5C and 1C showed high specific
capacities of 1661 and 1574 mA h gS

�1 respectively, with capacity
retentions of B61% after 500 cycles in both cases.

4.2.2. Unique morphologies. In terms of other unique two-
dimensional graphene-based structures, the Wei group pre-
pared an unstacked, double-layer templated graphene for use
in high-rate lithium–sulfur batteries.41 First, mesoporous metal
oxide sheets were used as templates to deposit graphene layers
on both sides of the sheets via chemical vapor deposition. At
the same time, carbon atoms deposited into the mesopores of
the sheets act as protuberances and spacers to prevent the
stacking of the graphene layers. After removal of the metal
oxide template, the group obtained unstacked, double-layer
templated graphene, in which sulfur can be incorporated into
the mesoscale protuberances as well as the interlayer spaces.
This unstacked graphene–sulfur structure combines a meso-
porous structure, high surface area as well as high electronic
conductivity, all of which are essential for fast charge transfer
kinetics. At high C-rates of 5C and 10C, high specific capacities
of 1034 and 734 mA h gS

�1 could be achieved respectively, with
B52% capacity retention after 1000 cycles in both cases.

A unique structure based on vertically-aligned graphene–
sulfur nanowalls was also prepared for use in ultrafast lithium–
sulfur batteries.42 To do so, cyclic voltammetry was carried out
in a graphene–sulfur dispersion from �0.5 to 2 V vs. platinum
(bidirectional scanning) using copper or nickel as the working
electrodes. Interestingly, due to the presence of weak electric field
generated during the scan from 0.5 to �0.5 V, the graphene–
sulfur layers were found to migrate and grow vertically on the
working electrodes. Furthermore, the thickness of the layers and
hence the areal mass loading could be adjusted easily by tuning
the number of scans. Such a novel vertically-aligned structure
enables rapid electronic and ionic diffusion through the cathode
material. A high discharge capacity of 1261 mA h gS

�1 was
achieved with 97% capacity retention after 120 cycles at 0.1C.
Even at a high C-rate of 8C, a reversible capacity of 410 mA h gS

�1

could be delivered.
4.2.3. Heteroatom modification. Huang and co-workers

synthesized nitrogen-doped graphene as host materials for
sulfur cathodes in lithium–sulfur batteries.43 In their work,
nitrogen doping (1.05 wt%) was achieved by heating graphene
oxide with ammonia solution in an autoclave at 200 1C. The
nitrogen-doped graphene exhibited an electronic conductivity
of 1.02 S cm�1, which was higher than in the undoped case.
Sulfur was then anchored onto the nitrogen-doped graphene
sheets using the reaction of sodium thiosulfate with hydrochloric
acid. The as-synthesized composites showed a discharge capacity
of B854 mA h gS

�1 with stable cycling performance (93%
capacity retention) after 145 cycles at 0.4C, which is signifi-
cantly better compared to the undoped case.

Subsequently, ab initio calculations were carried out to study
the binding between nitrogen-doped graphene and various
lithium polysulfide/sulfide species (Li2S8, Li2S6, Li2S4 and Li2S).44

Strong Li–N interaction was found between lithium polysulfides/
sulfides and the nitrogen atoms, with high binding energies of

1.33 to 2.09 eV for pyrrolic graphene and 1.48 to 2.10 eV for
pyridinic graphene. These values are much higher compared to
the case of binding with pristine, undoped graphene (0.25 to
0.60 eV). To demonstrate the effect of this strong Li–N inter-
action in confining lithium polysulfides, the authors synthesized
nitrogen-doped graphene by thermal nitridation of graphene
oxide under ammonia atmosphere at 750 1C. Sulfur was then
anchored onto the nitrogen-doped graphene sheets using
the reaction of sodium sulfide and sodium thiosulfate with
formic acid to precipitate sulfur (2Na2S + Na2S2O3 + 6HCOOH -

4S + 6HCOONa + 3H2O). The as-synthesized composites demon-
strated a high specific capacity of 789 mA h gS

�1 with notable
long-term cycling performance at 2C: 75%, 62% and 44% capacity
retention at the end of 500, 1000 and 2000 cycles respectively.

In a further study, the difference in polysulfide binding strength
between pyrrolic, pyridinic and quaternary nitrogen atoms in
graphene was clarified using theoretical computations.45 It was
found that pyrrolic and pyridinic nitrogen atoms bind more
strongly to lithium polysulfide/sulfide species (Li2S8, Li2S4 and
Li2S) compared to quaternary nitrogen. This is because, unlike
quaternary nitrogen, pyrrolic and pyridinic nitrogen atoms possess
a lone pair of electrons which enables stronger coordinate-like
interaction with the electropositive lithium in lithium polysulfides.
Between pyrrolic and pyridinic nitrogen, the calculation results
also indicate that pyrrolic nitrogen has slightly higher binding
energy with lithium polysulfides, which was attributed to more
concentrated charge density and more open space. Overall, this
theoretical work provides a useful guideline to optimize the
different types of nitrogen atoms in graphene, so as to further
enhance the polysulfide adsorption energy and corresponding
cycling performance.

4.3. Three-dimensional materials

4.3.1. Porous carbon spheres. Three-dimensional carbon
materials are excellent hosts that can be used to contain sulfur
within their pores to trap the intermediate polysulfide species.
After functionalizing the carbon surface appropriately, the
cycling stability of sulfur cathodes can be further improved.
Moreover, the large porosity and pore volume of porous carbon
can enable higher mass loading of active materials and hence
higher areal capacity.

A representative example of a three-dimensional carbon–
sulfur structure is that of sulfur encapsulated in porous carbon
spheres. The Nazar group prepared spherical, ordered meso-
porous carbon with very high inner pore volume of 2.32 cm3 g�1

and high surface area of 2445 m2 g�1 (Fig. 11).46 Sulfur was then
impregnated into these mesopores (3.1 and 6.0 nm) at 155 1C
and the homogeneous distribution of sulfur within the pores
was confirmed using elemental mapping. The mesoporous
carbon–sulfur composite with 49.7 wt% sulfur was found to
show good cycling performance: 1200 mA h gS

�1 with 61%
retention after 100 cycles at 1C. Interestingly, the sulfur content
could be further increased to 61.4 and 70.0 wt% without much
sacrifice in specific capacity and cycling stability (B1070 mA h gS

�1

with 65% retention after 100 cycles at 1C in both cases), which
is a very promising result.
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Instead of using mesoporous carbon, Gao and co-workers
developed a unique microporous carbon–sulfur composite
where sulfur was encapsulated in the micropores of carbon
spheres (Fig. 12a and b).47 It was postulated that the small
micropores (B0.7 nm) can accommodate short chains of sulfur
in low molecular forms. Interestingly, the microporous carbon–
sulfur composites were found to cycle very well in carbonate-
based electrolytes. A single sloping voltage plateau was observed
during discharge and charge (Fig. 12c), instead of the 2-plateau
voltage profile typically seen in ether-based electrolytes. A high

specific capacity of 1333 mA h gS
�1 was demonstrated in

carbonate-based electrolytes, with B70% capacity retention
over 50 cycles at 0.02C. This strongly suggests that long-chain
lithium polysulfides, which usually attack carbonate solvents,
are not formed in the cycling process. It is worth noting that
this excellent cycling performance was achieved at a sulfur
loading of 42 wt%, which corresponds to the maximum pore
volume of the microporous carbon. When the sulfur loading
was further increased to 51 wt%, the cycling performance was
found to deteriorate greatly. Over-saturation of the micropores
means that the excess sulfur would exist on the carbon surface as
S8, which can form long-chain polysulfides to attack carbonate
solvents. This observation corroborates the hypothesis that
sulfur exists as a different molecular form (instead of S8) within
the micropores of carbon, though the exact identity of these
species remained elusive.

To shed some light on the identity of these species, theoretical
computations were performed on different sulfur allotropes
(S2 to S8).48 It was calculated that small, chain-like sulfur
allotropes, S2 to S4, have at least one dimension that is less
than 0.5 nm, whereas larger, cyclo-sulfur allotropes, S5 to S8,
have at least two dimensions that are greater than 0.5 nm. As a
proof-of-concept, the authors synthesized carbon nanotubes
coated with microporous carbon with pore size of B0.5 nm,
in which S2 to S4 could be accommodated but not S5 to S8.
The small sulfur allotropes were incorporated into the micro-
pores of carbon by melt-diffusion at 155 1C. When cycled in
carbonate-based electrolytes, the microporous carbon–sulfur
composites achieved a high specific capacity of 1670 mA h gS

�1

(very close to the theoretical value), with 68% capacity retention
after 200 cycles at 0.1C. The composites also exhibited a single
sloping voltage plateau, which is consistent with the report by
Gao and co-workers above.47 On the basis of these results, it
was proposed that, due to the micropore confinement effect, the
small S2 to S4 allotropes can avoid the solid - liquid - solid
transition from S8 - Li2S8 to Li2S4 - Li2S during discharge,
hence preventing the formation of long-chain polysulfides which
attack carbonate solvents. Instead, a direct solid - solid transi-
tion takes place from S2 to S4 - Li2S during discharge. During
charging, the small size of the micropores would allow only the
re-formation of S2 to S4 instead of S8, hence ensuring the
reversibility of the reaction.

In order to combine the advantages of mesopores and
micropores, several groups also developed carbon spheres with
bimodal pore distributions. As a representative example, an
elaborate, hierarchical porous carbon structure was developed
in which inner macro- and mesopores are surrounded by outer
micropores.49 The advantage of this structure is that sulfur can
be infused only into the inner macro- and mesopores, while the
smaller outer micropores act as a physical barrier to confine
lithium polysulfides within. The hierarchical carbon structure
was prepared by ultrasonic spray pyrolysis at 800 1C using a
precursor solution containing sucrose as the carbon source and
sodium bicarbonate as the base catalyst to decompose sucrose.
During the spray pyrolysis process, micropores were generated
by the formation of gases during the decomposition of sucrose,

Fig. 11 (a and b) TEM images of spherical, ordered mesoporous carbon
nanoparticles (a) projected along the columns and (b) tilted out of the
columnar projection, with corresponding fast Fourier transform diffraction
patterns in the insets. Reproduced from ref. 46 with permission from
Wiley-VCH.

Fig. 12 (a) Low-magnification and (b) high-magnification TEM images of
microporous carbon spheres. (c) Typical charge/discharge voltage profiles
of microporous carbon–sulfur composites with 42 wt% sulfur, showing a
single sloping voltage plateau. Reproduced from ref. 47 with permission
from The Royal Society of Chemistry.
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while macro- and mesopores were formed from the presence of
water-soluble salt byproducts. Upon sulfur infiltration into the
structure at 155 1C, notable long-term cycling performance was
demonstrated, with discharge capacity of B700 mA h gS

�1 and
capacity retention of 77% at the end of 500 cycles at 2.4C.

4.3.2. Hollow carbon spheres. In order to allow for volumetric
expansion of sulfur during lithiation (80%), the fabrication of
hollow carbon spheres to sequester sulfur is a very attractive
approach. To this end, the Archer group developed hollow,
mesoporous carbon–sulfur composites through deposition and
pyrolysis of a carbon precursor (pitch) on silica nanoparticles,
followed by dissolution of the silica core to create hollow,
mesoporous carbon spheres.50 Sulfur was then infiltrated into
the carbon spheres using a vapor phase infusion method
(Fig. 13). Using the hollow, porous carbon–sulfur composites,
a high specific capacity of 1071 mA h gS

�1 was achieved with
91% capacity retention after 100 cycles at 0.5C.

However, it remained unclear where the sulfur is located in
the carbon–sulfur composites: in the interior hollow space or in
the porous carbon shell. Detailed studies using STEM and
elemental mapping revealed that most of the inside of hollow
carbon spheres were partially filled with sulfur, indicating that
sulfur not only penetrated through the porous carbon shell,
but also aggregated in the interior hollow space.51 However,
because of the sensitivity of sulfur under the electron beam,
some of the sulfur was sublimated off after the measurement
process. To overcome this problem, the hollow carbon–sulfur
composites were further coated with a thin layer of polydop-
amine to protect the sulfur from sublimation. Using this struc-
ture, it was determined unequivocally that sulfur preferred to
diffuse into the hollow interior space rather than stay in the pores
of the carbon shell (Fig. 14). The polydopamine-coated, hollow
carbon–sulfur composites exhibited impressive cycling perfor-
mance: specific capacities of 1070 mA h gS

�1 with 84% capacity

retention after 150 cycles at 0.2C, as well as 740 mA h gS
�1 with

85% retention after 600 cycles at 0.6C.
Recently, a different approach was used to accommodate

the volumetric expansion of sulfur within carbon shells by
developing sulfur–carbon yolk–shell nanostructures with partial
sulfur filling.52 These yolk–shell nanostructures were realized by
first carbonizing phenol formaldehyde resin on zinc sulfide
nanospheres to form a carbon shell, followed by reaction with
a mild oxidizing agent, iron(III) nitrate, to convert some of the
zinc sulfide core into sulfur (ZnS + 2Fe3+ - S + Zn2+ + 2Fe2+).
Theoretically, zinc sulfide undergoes a volumetric contraction of
B35% upon conversion to sulfur, leading to the creation of void
space inside the carbon shells. By tuning the concentration of
oxidizing agent and reaction time, the volume of void space and
hence the extent of sulfur filling can be controlled and optimized
as well. The sulfur–carbon yolk–shell nanostructures were found
to exhibit a high specific capacity of 1400 mA h gS

�1 and good
cycling stability over 100 cycles at 0.2C.

4.3.3. Heteroatom modification. Similar to the case of
graphene, the surface of porous carbon can be modified using
heteroatoms to improve their affinity for lithium polysulfides
as well. Dai and co-workers were the first group to develop
nitrogen-doped, mesoporous carbon for encapsulation of sulfur
cathodes.53 In this work, nitrogen doping was performed by heat
treatment of mesoporous carbon under ammonia atmosphere at
850 1C, followed by infiltration of sulfur at 155 1C. The nitrogen-
doped, mesoporous carbon–sulfur composites showed a higher
specific capacity compared to undoped, activated carbon–sulfur
composites (1420 vs. 1120 mA h gS

�1 respectively at 0.05C),
though the subsequent rate of capacity decay was about the
same in both cases, which could be due to the low level of
nitrogen doping used (B3.3 wt%).

Fig. 13 (a–c) TEM images of hollow, mesoporous carbon spheres (a)
before and (b) after sulfur infiltration, as well as (c) EDX spectrum of the
composite in (b). Reproduced from ref. 50 with permission from Wiley-VCH.

Fig. 14 (a) Low-magnification and (b) high-magnification STEM images of
polydopamine-coated, hollow carbon–sulfur composites and the corres-
ponding elemental maps for (c) sulfur and (d) carbon. (e) STEM image and
(f) EDX spectrum of the composite in (b) after elemental mapping. Reprinted
with permission from ref. 51. Copyright 2014 American Chemical Society.
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Inspired by Dai’s work on nitrogen-doped, mesoporous
carbon, a similar structure was developed with much higher
and controllable nitrogen doping level (from 0 to 12 wt%).54 It
was found that slight doping of nitrogen (4.3 to 8.1 wt%) could
increase the electronic conductivity of mesoporous carbon
(up to 0.43 S cm�1), after which the conductivity decreased
due to disruption of the graphitic structure. Upon electro-
chemical cycling, all 3 nitrogen-doped carbon–sulfur cathodes
(with 4.3, 8.1 and 11.9 wt% nitrogen doping) were found to
exhibit improved cycling stability compared to their undoped
counterpart. The best cycling performance (1145 mA h gS

�1

with 66% capacity retention after 100 cycles at 0.2C) was
realized in the case of 8.1 wt% nitrogen doping, which repre-
sents a compromise between stronger polysulfide binding and
lower electronic conductivity as the nitrogen doping level
increases.

In order to elucidate the underlying interaction, a combi-
nation of theoretical and experimental approaches was used to
probe nitrogen-doped carbon–sulfur composites.55 It is note-
worthy that nitrogen-doped carbon typically contains oxygen
functional groups (such as carboxyl and carbonyl groups) as
well. Theoretical calculations that were performed between
sulfur and nitrogen-doped carbon showed that sulfur did not
adsorb directly onto the nitrogen atoms; instead, nitrogen
doping helped to promote the adsorption of sulfur onto
the oxygen functional groups. This was in good agreement
with X-ray absorption near edge structure analysis of the
nitrogen-doped carbon–sulfur composites, which showed the
formation of S–O rather than S–N bonds. This observation
was rationalized by considering the electron-withdrawing
effect of nitrogen atoms, causing neighboring oxygen-
containing groups to be polarized and more easily bonded to
the sulfur atom. Using this S–O chemical adsorption effect, a
stable specific capacity of B800 mA h gS

�1 was achieved at 0.1C
even with a high mass loading of 4.2 mgS cm�2, which
corresponds to a high areal capacity of B3.3 mA h cm�2 at
0.7 mA cm�2.

Subsequently, theoretical calculations were also performed
to probe the interaction between lithium ions and nitrogen-
doped carbon (containing carboxyl and carbonyl groups).56 It
was found that nitrogen doping led to a significant increase in
adsorption energy of lithium ions as compared to the undoped
case. Both the nitrogen atoms and the oxygen atoms (in the
carboxyl and carbonyl groups) contributed to the binding
energy with lithium ions, though the contribution of the Li–O
binding was greater than that of Li–N binding due to the higher
electronegativity of oxygen. In order to utilize these strong
interactions, nitrogen-doped mesoporous carbon spheres were
synthesized and further interpenetrated with carbon nanotubes
to enhance their long-range electronic conductivity. Using this
extremely-conductive nanostructure as host materials for sulfur
cathodes, a stable specific capacity of B1200 mA h gS

�1 was
achieved at 0.2C even with a high mass loading of 5 mgS cm�2,
which corresponds to a noteworthy areal capacity of B6 mA h cm�2

at 1.7 mA cm�2, representing very encouraging progress for
practical applications.

5. Polymeric host materials for sulfur
cathodes

Conducting polymers represent a promising class of encapsula-
tion materials for sulfur cathodes owing to: (a) their inherently-
conducting nature which can facilitate electronic conduction,
(b) their elastic and flexible nature which can partially accom-
modate the volumetric change of sulfur during cycling and (c)
the rich variety of functional groups which can have strong
affinity for lithium polysulfide species.

One of the earliest studies in this area involved the use of
polypyrrole (PPY) as a coating material for sulfur cathodes. Wang
and co-workers developed sulfur–PPY composites using oxida-
tive polymerization of pyrrole onto commercial sulfur particles
with iron(III) chloride as the oxidizing agent.57 The presence
of PPY was found to improve the conductivity and kinetics of the
composite from impedance spectroscopy measurements. The
sulfur–PPY composites exhibited a higher discharge capacity
compared to the pristine case (1280 vs. 1110 mA h gS

�1 respec-
tively at 0.03C), though the subsequent rate of capacity decay
over 20 cycles was about the same, which indicates that there is
still polysulfide dissolution into the electrolyte.

To better confine polysulfide species, a sulfur–polythiophene
(PT) core–shell composite was prepared with a uniform polymer
coating on the surface of the sulfur particles.58 To do so, iron(III)
chloride was used as an oxidizing agent to polymerize thiophene
onto commercial sulfur particles to form a core–shell morphology,
which was confirmed using TEM imaging. By controlling the
amount of thiophene monomer added, 3 different compositions
with 38.0, 28.1 and 17.5% PT were prepared. The optimum
composition was found to be 28.1% PT due to the compromise
between higher conductivity and lower active material content
with increase in PT content. Electrochemically, the PT-coated
sulfur particles showed much better cycling stability compared
to the uncoated case, attesting to the effectiveness of the
uniform PT shell in limiting polysulfide dissolution. A high
specific capacity of 1119 mA h gS

�1 was attained with 74%
capacity retention after 80 cycles at 0.06C.

To achieve much longer cycle life, self-assembled poly-
aniline (PANI) nanotubes were prepared to confine sulfur at
the molecular level during cycling (Fig. 15).59 The synthesis
of these nanotubes involved the oxidative polymerization of
aniline using ammonium persulfate, with tartatic acid as the
templating agent. To infiltrate sulfur, a key step was to heat the
PANI nanotubes with sulfur at 280 1C to achieve a vulcanization
reaction. During this process, some of the sulfur would react
with the PANI to form a three-dimensional, cross-linked
network with both inter- and/or intrachain disulfide bonds,
which can help to immobilize the sulfur at the molecular level.
Due to this unique confinement effect, the sulfur–PANI nano-
tubes displayed a specific capacity of 568 mA h gS

�1 with 76%
capacity retention over 500 cycles at 1C, which represents
an impressive long-term cycling performance. Moreover, the
sulfur–PANI nanotubes were observed to swell at the end of
discharge and revert back to their original dimensions at
the end of charge, which shows that the flexible polymeric
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structure is capable of partially accommodating the volumetric
change of sulfur during cycling.

To further buffer the volumetric expansion of sulfur during
lithiation, sulfur–PANI yolk–shell nanostructures with deliberately-
created internal void space were synthesized.60 Sulfur nano-
particles were first coated with PANI to form a core–shell structure,
which were then heated at 180 1C under argon to remove some of
the sulfur to form the yolk–shell morphology. During the heating
process, sulfur was also found to react with the PANI shell through
vulcanization to form a three-dimensional, cross-linked disulfide
network. Using the sulfur–PANI yolk–shell nanostructures, high
discharge capacities of 1101 and 920 mA h gS

�1 were demon-
strated at 0.2C and 0.5C, with 70% and 68% capacity retention
after 200 cycles respectively.

Instead of using the yolk–shell morphology, another approach
is to use a hollow structure to accommodate the volumetric
change of sulfur instead. To this end, hollow, monodisperse
sulfur nanoparticles (B400 to 500 nm in size) were prepared
using a one-step, room-temperature templating approach.61 To
do so, sodium thiosulfate was reacted with hydrochloric acid
(Na2S2O3 + 2HCl - S + SO2 + 2NaCl + H2O) in the presence of
polyvinylpyrrolidone (PVP) which acted as the structure-directing
agent. It was proposed that PVP would self-assemble into a
hollow spherical vesicular micelle with the hydrophobic carbon
backbone pointing inward and the hydrophilic amide group
pointing outward. Since sulfur is hydrophobic in nature, it would
nucleate and grow preferentially on the inner hydrophobic
portion of the micelle, leading to the formation of hollow sulfur
nanoparticles. These nanoparticles were then coated with three
different conducting polymers, poly(3,4-ethylenedioxythiophene)
(PEDOT), PANI and PPY using oxidative polymerization
(Fig. 16).62 Coating with PEDOT was found to result in the best
cycling performance among the three polymers. A high specific
capacity of 1165 mA h gS

�1 was attained with 67% capacity

retention after 500 cycles at 0.5C. Because of the inherently-
conducting nature of the polymer coating, impressive specific
capacities of 858 and 624 mA h gS

�1 were achieved at higher
C-rates of 2C and 4C as well.

From all of the above examples, we can tell that conducting
polymers can act as a good physical barrier to confine lithium
polysulfide species within the shell. However, the chemical
adsorption effect of conducting polymers on lithium poly-
sulfide species remained poorly understood. To understand this
effect, theoretical calculations were performed to elucidate the
interaction between lithium polysulfides/sulfides and various
conducting polymers, namely PEDOT, PANI and PPY.62 It was
found that all three conducting polymers were capable of
forming strong interactions with LiS and Li2S species. In
particular, the oxygen and sulfur functional groups in PEDOT
can form strong Li–O and Li–S interactions with LiS/Li2S
species, while the nitrogen groups in PANI and PPY can form
strong Li–N interactions with LiS/Li2S species. Overall, the
binding energies were found to follow the order: PEDOT 4
PANI 4 PPY (1.22 4 0.67 4 0.64 eV for binding with LiS and
1.08 4 0.59 4 0.50 eV for binding with Li2S). Interestingly, this

Fig. 15 (a–d) SEM and TEM images of PANI nanotubes (a and b) before
and (c and d) after sulfur infiltration using a vulcanization reaction.
Reproduced from ref. 59 with permission from Wiley-VCH.

Fig. 16 (a) Schematic of the synthesis process of conducting polymer-
coated hollow sulfur nanoparticles. (b–g) SEM and/or TEM images of
hollow sulfur nanoparticles (b and c) before coating, as well as after
coating with (d and e) PPY, (f) PEDOT and (g) PANI. Insets in (e–g) show
the polymer shells after dissolving away sulfur using toluene (RT: room
temperature). Reprinted with permission from ref. 62. Copyright 2013
American Chemical Society.
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order is consistent with the electrochemical cycling results,
which showed that coating with PEDOT led to the best cycling
performance among the three polymers. This provides supporting
evidence that strong chemical adsorption between conducting
polymers and lithium polysulfides can help to enhance the cycling
performance of lithium–sulfur batteries. In fact, combining
carbon–sulfur composites with PEDOT coating can help to
further trap polysulfide species and represents an exciting
direction moving forward.63

6. Inorganic host materials for sulfur
cathodes

Inorganic materials represent an attractive class of host materials
for sulfur cathodes because many of them, including metal
oxides, nitrides and sulfides, are already inherently rich in
oxygen, nitrogen and sulfur atoms which have strong affinity
for lithium polysulfide species.

In 2004, Lee and co-workers explored a simple idea of using
magnesium nickel oxide (Mg0.6Ni0.4O) as an additive in lithium–
sulfur batteries.64 The authors postulated that the large surface
area of this oxide material would help in the adsorption of lithium
polysulfides. Addition of Mg0.6Ni0.4O (15 wt%) to the sulfur
cathode was found to result in an increase in specific capacity
(741 mA h gS

�1 without additive vs. 1185 mA h gS
�1 with additive

at 0.1C). Given the simplicity of the approach, this represents a
very promising result. However, the subsequent rate of capacity
decay over 50 cycles was almost the same in both cases (with
and without additive), which indicates that polysulfide dissolu-
tion into the electrolyte still exists.

Subsequently, another metal oxide additive, aluminum
oxide (Al2O3), was also reported to be effective in improving
the performance of lithium–sulfur batteries.65 By adding nano-
sized Al2O3 (10 wt%) to sulfur cathodes, an increase in specific
capacity from 402 mA h gS

�1 (without additive) to 660 mA h gS
�1

(with additive) at 0.06C was observed, which was attributed to
the polysulfide adsorption effect of porous Al2O3. The cycling
performance was relatively stable, but the cycle life of 25 cycles
needed to be improved.

Mesoporous silicon dioxide (SiO2; SBA-15) was also investi-
gated as an additive (10 wt%) by mixing with mesoporous
carbon–sulfur composites to form the cathode material.66 It
was proposed that SiO2 would act as a polysulfide reservoir to
bind weakly to polysulfide species and release them reversibly like
in the case of drug delivery. The carbon–sulfur composites with
SBA-15 additive showed a discharge capacity of 960 mA h gS

�1

with 68% capacity retention after 40 cycles at 0.2C, which is an
improvement compared to the case without additive.

In all of the above examples, the metal oxides were added as
additives rather than coated uniformly onto sulfur particles,
leaving the possibility of polysulfide dissolution into the
electrolyte. To mitigate this problem, a sulfur–titanium dioxide
(TiO2) yolk–shell morphology was designed, using a TiO2 shell
to coat sulfur nanoparticles uniformly and confine lithium
polysulfides within the shell (Fig. 17).67 Internal void space

was also specially created between the sulfur yolk and the TiO2

shell to accommodate the volumetric expansion of sulfur
during lithiation and keep the shell intact. First, monodisperse
sulfur nanoparticles were synthesized using the reaction of
sodium thiosulfate with hydrochloric acid, followed by alkaline
hydrolysis of a titanium alkoxide precursor to form a uniform
TiO2 shell on the sulfur nanoparticles (Ti(OR)4 + 2H2O - TiO2 +
4ROH). To create the internal void space, toluene was used to
partially dissolve some of the sulfur, forming the yolk–shell
morphology. Upon lithiation of the sulfur–TiO2 yolk–shell
nanostructures, the protective shell was found to remain intact
after expansion of the sulfur yolk, unlike in the case of core–
shell nanostructures (with no empty space) and uncoated sulfur
particles. As a result, their cycling stability followed the order:
yolk–shell 4 core–shell 4 uncoated. In particular, excellent
long-term cycling performance was achieved at 0.5C using the
yolk–shell nanostructures: 1030 mA h gS

�1 with 67% retention
at the end of 1000 cycles, the longest cycle life reported for
lithium–sulfur batteries at that time. However, the overall
cathode conductivity remained to be improved because of the
semiconducting nature of TiO2.

To this end, non-stoichiometric, highly-conducting TinO2n�1

Magnéli phases were further developed as host materials in
lithium–sulfur batteries.68 By heating rutile TiO2 nanotubes
under a strongly-reducing hydrogen atmosphere at 950 1C and
1050 1C, Magnéli phase Ti6O11 nanowires and Ti4O7 nano-
particles were formed respectively (Fig. 18). Unlike TiO2,
oxygen-deficient Ti4O7 not only possesses metallic electronic
conductivity of B103 S cm�1, but also under-coordinated
titanium atoms at the step sites. The results of theoretical
calculations show that the under-coordinated titanium atoms
in Ti4O7 bind strongly with lithium polysulfides/sulfides
(Li2S4, Li2S2 and Li2S) through a Ti–S interaction, which was
confirmed experimentally using X-ray photoelectron spectro-
scopy. After melt-infiltration of sulfur, the as-prepared sulfur–
Ti4O7 composites showed impressive cycling performance:
1044 mA h gS

�1 with 99% capacity retention after 100 cycles at
0.1C. Overall, their cycling performance followed the order:

Fig. 17 (a) Schematic of the synthesis process, (b) SEM image and (c) TEM
image of sulfur–TiO2 yolk–shell nanostructures. Scale bars in (b) and (c)
are 2 mm and 1 mm respectively. Reprinted by permission from Macmillan
Publishers Ltd: Nature Communications ref. 67, copyright 2013.
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sulfur–Ti4O7 4 sulfur–Ti6O11 4 sulfur–TiO2, which is in good
agreement with the relative conductivity of these oxides:
Ti4O7 4 Ti6O11 4 TiO2.

These results were consistent with work published around
the same time on sulfur cathodes mixed with Magnéli phase
Ti4O7, which was prepared by crosslinking titanium ethoxide
with polyethylene glycol and heating at 950 1C under argon.69

When the as-synthesized Ti4O7 was added to a yellow solution
of lithium polysulfides (Li2S4) in tetrahydrofuran, the yellowish
coloration diminished immediately, indicating strong adsorp-
tion of Li2S4 onto the Ti4O7 surface (Fig. 19). This provides
strong visual evidence in support of the theoretical calculation
results described above.68 Electrochemically, the sulfur–Ti4O7

composites exhibited excellent cycling performance as well
(1069 mA h gS

�1 with 88% capacity retention after 100 cycles
at 0.2C). Results of in operando X-ray absorption near edge
structure showed that the presence of Ti4O7 not only results
in a significant decrease in polysulfide concentration during
discharge, but also a slow and controlled deposition of lithium
sulfide. These led the authors to propose a surface-enhanced
redox chemistry of polysulfides, in which the polar and metallic
Ti4O7 surface enhances both the adsorption of polysulfides as
well as the electron transfer process during cycling, leading to
excellent reversibility.

The application of two-dimensional Ti2C, an early transition
metal carbide (MXene), was also explored in lithium–sulfur
batteries.70 Similar to oxygen-deficient Ti4O7, carbon-deficient
Ti2C not only possesses high electronic conductivity, but
also under-coordinated titanium atoms on the surface. To
prepare Ti2C, hydrofluoric acid was used to etch away the
aluminum atoms in a MAX phase (Ti2AlC) to produce exfoliated
Ti2C, followed by delamination in dimethyl sulfoxide to form
two-dimensional Ti2C nanosheets. X-ray photoelectron spectro-
scopy studies showed that the under-coordinated titanium in
Ti2C interacts strongly with sulfur and lithium polysulfides
(Li2S4) through a Ti–S interaction. After melt-infiltration
of sulfur, the as-prepared sulfur–Ti2C composites exhibited a
high specific capacity of 1090 mA h gS

�1 with notable long-
term stability, retaining 68% of its capacity at the end of
650 cycles at 0.5C.

Fig. 18 (a–i) X-ray diffraction patterns, TEM images and high-resolution TEM images of (a–c) rutile TiO2 nanotubes, (d–f) Magnéli phase Ti6O11

nanowires and (g–i) Magnéli phase Ti4O7 nanoparticles. Insets in (b, e and h) show digital photos of the powders and insets in (c, f and i) show
corresponding fast Fourier transform diffraction patterns. Reprinted with permission from ref. 68. Copyright 2014 American Chemical Society.

Fig. 19 (a) Schematic showing the electron density transfer between Li2S4

and Ti4O7. (b and c) Sealed vials of a solution of (1) Li2S4 in tetrahydrofuran
(b) immediately upon contact and (c) after 1 h stirring with (2) graphite, (3)
VC carbon and (4) Ti4O7. Reprinted by permission from Macmillan Publish-
ers Ltd: Nature Communications ref. 69, copyright 2014.
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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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X-ray diffraction, impedance spectroscopy and theoretical
modeling, the authors investigated the origin of the potential
barrier and ascribed it to the phase nucleation process of
lithium polysulfides. On the other hand, the height of the
barrier was found to depend on the ease of charge transfer
between lithium sulfide and the electrolyte, as well as lithium
ion diffusion in lithium sulfide itself.

Shortly after, it was reported that commercial, micron-sized
lithium sulfide particles could be activated more easily through
high-energy ball milling with conductive carbon black.75

A potential barrier was also found during the initial charge
process of the lithium sulfide cathodes, but this barrier was
much lower at B2.55 V vs. Li+/Li in their case. This is because
high-energy ball milling with carbon helped to create excellent
contact between lithium sulfide and conductive carbon to
improve the charge transfer process, hence reducing the height
of the barrier. Using this simple ball-milling activation process,
a high discharge capacity of 1144 mA h gLi2S

�1 was achieved at
0.02C, which is close to the theoretical capacity of lithium
sulfide (1166 mA h g�1). The subsequent capacity decay upon
cycling could be attributed to the lack of encapsulation to
minimize polysulfide dissolution into the electrolyte.

Overall, these works opened up the exciting possibility of
using commercially-available lithium sulfide as high-capacity,
pre-lithiated cathode materials, which is an intensive and
rapidly-growing field of research right now. The next 3 sub-
sections describe recent progress in the effective encapsulation
of lithium sulfide cathodes using carbon materials, conducting
polymers and inorganic materials respectively.

7.2. Carbon host materials

A recent study demonstrated the coating of mildly-oxidized
graphene oxide onto commercial lithium sulfide particles using
a simple ultra-sonication process in anhydrous ethyl acetate
solution.76 Graphene oxide was chosen due to its oxygen-
rich functional groups that can interact strongly with lithium
polysulfide species to bind and trap them within the coating
layer. The lithium sulfide–graphene oxide composites showed
evidence of favorable Li–O interaction, as confirmed using
X-ray photoelectron spectroscopy and Raman spectroscopy. Using
this Li–O interaction to minimize lithium polysulfide dissolution,
a high discharge capacity of 782 mA h gLi2S

�1 was delivered with
stable cycling performance (88% capacity retention over 150 cycles
at 0.2C), which is a marked improvement compared to the case of
uncoated lithium sulfide particles.

It was found that by dissolving commercial, micron-sized
lithium sulfide powder in anhydrous ethanol, followed by
evaporation of the solvent, it is possible to produce nanoporous
lithium sulfide particles.77 This technique was further developed
by adding carbon nanotubes into ethanol together with lithium
sulfide, hence obtaining lithium sulfide–carbon nanotube com-
posites upon solvent evaporation. When cycled as cathode
materials in highly-concentrated electrolytes, these structures
showed high specific capacities of B732 and 558 mA h gLi2S

�1

at 0.05C and 0.5C respectively. Using this technique, polyvinyl-
pyrrolidone was also coated onto lithium sulfide particles in

ethanol and carbonized at 700 1C under argon to obtain lithium
sulfide–carbon composites.78 In this case, the polymer not only
served a carbon source, but also a steric stabilizer to prevent
agglomeration of the lithium sulfide particles. The lithium
sulfide–carbon composites exhibited outstanding cycling perfor-
mance, with a stable discharge capacity of over 836 mA h gLi2S

�1

at the end of 100 cycles at 0.2C.
Several other interesting methods were also developed to

synthesize lithium sulfide–carbon composites without starting
from commercial lithium sulfide particles. As an example,
sulfur-infiltrated CMK-3 mesoporous carbon was prepared
and then reacted with a strong reducing agent, n-butyllithium
in hexane, at 105 1C to convert the sulfur into lithium sulfide.79

Due to confinement within the pores of CMK-3 carbon, the
lithium sulfide exists as small 3 to 4 nm particles, which did not
show any activation barrier during the initial charge process,
unlike in the case of micron-sized, commercial lithium sulfide
particles. The as-synthesized lithium sulfide–mesoporous carbon
composites exhibited a specific capacity of 573 mA h gLi2S

�1 with
B60% capacity retention after 20 cycles at 0.1C. Further, by pairing
with a silicon nanowire anode, a specific energy of 630 W h kg�1

was experimentally realized in a full cell configuration.
An in situ approach was also developed to synthesize lithium

sulfide–carbon composites based on the reduction of lithium
sulfate using carbon (Li2SO4 + 2C - Li2S + 2CO2).80 Briefly, a
resorcinol–formaldehyde aerogel containing lithium sulfate
was heated at 900 1C to form carbon, some of which then acted
as a reducing agent to reduce lithium sulfate to lithium sulfide.
The in situ formation of lithium sulfide in a conductive carbon
matrix not only creates intimate electrical contact between the
two species, but also helps to sequester lithium polysulfides
within the matrix. As a result, the as-synthesized lithium sulfide–
carbon composites exhibited improved cycling performance
compared to a physical mixture of lithium sulfide and carbon.
The discharge capacity attained was 330 mA h gLi2S

�1 with 85%
capacity retention after 40 cycles at 0.5C.

To further improve on this work, polyacrylonitrile was added to
a solution of lithium polysulfides (Li2S3) in dimethylformamide to
achieve cross-linking of the polymer through lithium–nitrile
interactions.81 The cross-linked polymer was then heated at
300 1C under argon for dehydrogenation and cyclization of poly-
acrylonitrile, while decomposing Li2S3 to form lithium sulfide.
Finally, carbonization was performed at 600 1C to yield lithium
sulfide–carbon composites. The as-synthesized composites
exhibited a high specific capacity of B900 mA h gLi2S

�1 at
0.01C. At 0.2C, stable discharge capacities of B500 mA h gLi2S

�1

were achieved over 20 cycles, which represents a notable
improvement over the previous work.80

Instead of using irregularly-sized commercial lithium
sulfide, an ingenious method was developed to synthesize
size-controlled, monodisperse lithium sulfide particles (2 mm,
1 mm, and 500 nm) for use as cathode materials (Fig. 21a–c).82

Briefly, sulfur in toluene was reacted with a strong reducing
agent, lithium triethylborohydride in tetrahydrofuran, at 90 1C
to effect the reduction of sulfur into lithium sulfide particles
(S + 2Li(C2H5)3BH - Li2S + 2(C2H5)3B + H2). The monodisperse
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lithium sulfide particles were then coated with a uniform
carbon layer using chemical vapor deposition, forming lithium
sulfide–carbon core–shell structures in the process (Fig. 21d–f).
Excellent cycling performance was achieved with a high dis-
charge capacity of 972 mA h gLi2S

�1 and capacity retention of
76% after 100 cycles at 0.2C.

It is noteworthy that all the above-mentioned lithium sulfide
cathodes were cycled electrochemically in ether-based electro-
lytes. To show the possibility of operating lithium sulfide
cathodes in carbonate-based electrolytes (just like in the case
of sulfur cathodes), lithium sulfide–microporous carbon com-
posites were prepared.83 Using sulfur–microporous carbon with
small sulfur allotropes (S2) as the starting material, lithiation
was performed using stabilized lithium metal powder, which is
a proprietary form of protected lithium spheres compatible
with dry room environment. After spraying the powder onto the
sulfur–microporous carbon composites, mechanical compres-
sion was carried out to break the protective layer and release
the lithium, followed by addition of electrolyte to allow lithium
to react with sulfur, forming lithium sulfide in the process. The
in situ formed lithium sulfide–microporous carbon composites
exhibited a single sloping voltage plateau during charge and
discharge in carbonate-based electrolytes, similar to the case
of their sulfur counterparts in microporous carbon. This tells
us that, due to the micropore confinement effect, a direct
solid - solid transition takes place without the formation of
long-chain lithium polysulfides. Impressive long-term cycling
performance was demonstrated with a stable discharge capa-
city of B453 mA h gLi2S

�1 after 900 cycles at 0.1C, opening up
the possibility of using lithium sulfide cathodes in carbonate-
based electrolytes as well.

7.3. Polymeric host materials

Conducing polymers have been widely used to encapsulate
sulfur cathodes and they represent a promising class of host
materials for lithium sulfide cathodes for the same reasons as
well. However, the majority of conducting polymer synthesis is

performed in aqueous solutions, which is incompatible with
water-sensitive lithium sulfide particles. To overcome this
limitation, a non-aqueous, in situ polymerization process was
developed to coat a conducting polymer, polypyrrole (PPY),
onto commercial lithium sulfide particles.84 The process
involved the oxidative polymerization of pyrrole onto lithium
sulfide particles in anhydrous methyl acetate, using iron(III)
chloride as the oxidant and poly(vinyl acetate) as the stabilizer.
PPY was chosen as the encapsulation material because it is
both electronically-conductive and rich in nitrogen functional
groups that have high affinity for lithium polysulfide/sulfide
species. X-ray photoelectron spectroscopy and Raman spectro-
scopy were used to verify the presence of strong Li–N inter-
action in the lithium sulfide–PPY composites. When used as a
cathode material, a high discharge capacity of 785 mA h gLi2S

�1

was demonstrated with 73% capacity retention at the end
of 400 cycles at 0.2C. At a C-rate of 2C, a reversible capacity of
560 mA h gLi2S

�1 could still be attained, indicative of the high
conductivity of the cathode material.

7.4. Inorganic host materials

Recently, two-dimensional transition metal disulfides were
demonstrated as effective inorganic host materials for lithium
sulfide cathodes.85 In particular, metallic titanium disulfide
(TiS2) was chosen, because it not only possesses high electronic
conductivity of B103 S cm�1, but also strong binding with
lithium polysulfide/sulfide species. In this work, Li2S–TiS2

core–shell nanostructures were synthesized by adding a
controlled amount of titanium(IV) chloride to ball-milled, com-
mercial lithium sulfide particles. Titanium(IV) chloride
reacts directly with some of the lithium sulfide on the surface
to form a uniform TiS2 coating (TiCl4 + 2Li2S - TiS2 + 4LiCl).
The as-synthesized nanostructures were then heated at 400 1C
in an argon atmosphere to allow crystallization of the TiS2

shell (Fig. 22). The electronic conductivity of lithium sulfide
coated with TiS2 was measured to be 10 orders of magnitude

Fig. 21 (a–f) SEM images of monodisperse (a) 2 mm, (b) 1 mm and (c) 500 nm
lithium sulfide particles and (d–f) the corresponding core–shell structures
after carbon coating using chemical vapor deposition. Reprinted with
permission from ref. 82. Copyright 2014 American Chemical Society.

Fig. 22 (a) Schematic of the synthesis process, (b) SEM image and (c) TEM
image of Li2S–TiS2 core–shell nanostructures. Scale bars in (b) and (c) are
5 mm and 500 nm respectively (RT: room temperature). Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications
ref. 85, copyright 2014.
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higher than that of bare lithium sulfide. The results of ab initio
calculations also indicate strong Li–S and S–S interaction
between lithium sulfide and TiS2, with a calculated binding
energy of 2.99 eV, which is 10 times higher than that between
lithium sulfide and graphene (0.29 eV).

When used as a cathode material, the Li2S–TiS2 nano-
structures showed high specific capacities of 806 and
666 mA h gLi2S

�1 at 0.2C and 0.5C respectively.85 Stable long-
term cycling performance was also achieved with 77% capacity
retention after 400 cycles at 0.5C. Even at a high C-rate of 4C, a
reversible specific capacity of 503 mA h gLi2S

�1 could be
delivered. The use of a high mass loading of 5.3 mgLi2S cm�2

resulted in a notable areal capacity of 3.0 mA h cm�2,
which attests to the excellent conductivity and polysulfide
trapping effect in the cathodes. In addition, stable cycling
performance was also demonstrated using lithium sulfide
cathodes coated with vanadium disulfide (VS2) and zirconium
disulfide (ZrS2) using the same approach, hence showing the
generality of using transition metal disulfides as effective
encapsulation materials.

8. Lithium polysulfide catholytes
8.1. Carbon host materials

Instead of using solid sulfur or lithium sulfide cathodes, it is
also possible to use dissolved lithium polysulfide catholytes as
the starting material and conductive porous substrates as the
host material. Such a configuration not only renders intimate
contact between dissolved lithium polysulfides and porous
substrates, but also avoids the initial solid - liquid transition
from S8 - Li2S8, potentially leading to faster reaction kinetics
and improved sulfur utilization.86–90

The use of lithium polysulfide catholytes remained largely
underexplored, until recently when the Manthiram group demon-
strated a series of high-performance lithium-dissolved polysulfide
batteries. As a representative example, the group used Li2S6 in
1 : 1 v/v 1,2-dimethoxyethane/1,3-dioxolane (DME/DOL), together
with a free-standing multi-walled carbon nanotube paper as the
host material.86 Carbon nanotubes not only provide a highly-
conductive surface, but also a large surface area for deposition of
lithium sulfide during cycling. At 0.1C, 0.2C and 0.5C, notably
high discharge capacities of 1600, 1469 and 1261 mA h gS

�1 were
achieved, with capacity retentions of 88%, 90% and 93% respec-
tively after 50 cycles. Subsequently, the group demonstrated a
series of conductive porous host materials (such as carbon
nanofiber papers) that work equally as well, hence reviving
interest in the field of lithium-dissolved polysulfide batteries.87

8.2. Heteroatom modification

Similar to the case of sulfur and lithium sulfide cathodes, the
cycling performance of lithium-dissolved polysulfide batteries
can be enhanced using heteroatom modification of carbon host
materials as well, for example, by using free-standing nitrogen-
doped graphene paper.88 Nitrogen doping was achieved through
pyrolysis of nitrogen-rich poly(diallyldimethylammonium chloride)

with graphene paper to generate pyrrolic and pyridinic nitrogen
dopant atoms. Using nitrogen-doped graphene paper together
with Li2S6 catholyte in DME/DOL, high discharge capacities and
stable cycling performance were achieved: 1300 mA h gS

�1 with
B77% capacity retention after 100 cycles at 0.2C. Theoretical
calculations also showed that pyrrolic and pyridinic nitrogen
atoms have much stronger binding with lithium polysulfides/
sulfides (LiS and Li2S) as compared to quaternary nitrogen.
This was confirmed experimentally using Li2S6 catholyte with
graphene paper that is rich in quaternary nitrogen atoms, which
showed poorer cycling stability compared to one rich in pyrrolic
and pyridinic nitrogen atoms.

As a unique approach, conductive indium tin oxide (ITO)
was also used to modify carbon host materials in lithium-
dissolved polysulfide batteries.89 First, to study the interaction
between ITO and lithium polysulfides/sulfides, a regular array
of ITO pattern was fabricated on glassy carbon by sputtering
and used as a substrate for deposition of lithium sulfide during
discharge (Fig. 23). Interestingly, it was observed using SEM
elemental mapping that lithium sulfide deposited preferentially
on ITO instead of carbon, which indicates that oxygen-rich ITO
has strong affinity for lithium sulfide species (Fig. 23d). Upon
charging, the intermediate lithium polysulfides adsorb strongly
onto ITO as well, leading to the precipitation of sulfur onto ITO
at the end of charge (Fig. 23e). To make use of this spatial
control effect of ITO, carbon nanofibers decorated with ITO
nanoparticles were synthesized using a co-electrospinning
method with carbon, indium and tin precursors. Using the
ITO-decorated carbon fiber paper in combination with Li2S8 in
DME/DOL, a high specific capacity of B1200 mA h gS

�1 was
demonstrated with excellent cycling stability (88% capacity
retention after 300 cycles at 0.2C).

Besides metal oxides, metal sulfides are promising candi-
dates for modifying carbon host materials as well due to their
high affinity for lithium polysulfide/sulfide species. The edge
sites of two-dimensional molybdenum disulfide (MoS2) were
calculated theoretically to have high binding energy with
lithium sulfide (2.70 to 4.48 eV), much higher than in the case
of terrace sites (0.87 eV).90 Experimentally, lithium sulfide was
also found to deposit preferentially on the edge sides of MoS2

as opposed to terrace sites at the end of discharge, indicative of
the high electrochemical selectivity of the edge sites. To utilize
this effect, vertically-aligned MoS2 layers were synthesized on
carbon nanofibers through decomposition and sulfurization of
ammonium heptamolybdate precursor at 600 1C. Using MoS2-
modified carbon fiber paper with Li2S8 catholyte in DME/DOL,
a discharge capacity of 1110 mA h gS

�1 was demonstrated with
72% capacity retention after 300 cycles at 0.5C.

9. Modification of separators
9.1. Carbon modification

In 2012, the Manthiram group reported that the insertion of a
microporous carbon interlayer between the sulfur cathode and
the separator can help to improve the cycling stability of
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lithium–sulfur batteries (Fig. 24).91 It was believed that the free-
standing carbon interlayer served 2 important functions:
(a) helping to confine lithium polysulfides to the sulfur cathode
side to prevent their diffusion to the lithium anode and (b)
working as an upper current collector to improve active material
utilization. With the bifunctional interlayer, the charge transfer
resistance was found to decrease significantly, indicating improved

reaction kinetics. As a result, stable discharge capacities of over
1000 mA h gS

�1 were achieved after 100 cycles at 1C. This
represents a very promising result given the simplicity of the
approach.

To avoid sacrificing the energy density of the battery, it is
more desirable to modify the separator with a lightweight and
thin layer of carbon material instead. To this end, a polymer
separator was coated with a thin 10 mm layer of graphene by
using continuous vacuum filtration of a graphene slurry on the
separator.92 Sulfur cathodes prepared on aluminum current
collector showed enhanced specific capacity and cycling stability
with the graphene-coated separator compared to the unmodified
case. Further improvement was achieved by using a 20 mm graphene
membrane as the current collector as well (1.3 mg cm�2), which is
much lighter than aluminum of the same thickness (5.4 mg cm�2).
By combining both the graphene-coated separator and graphene
current collector, a high specific capacity of B971 mA h gS

�1 was
achieved with 70% capacity retention after 300 cycles at 0.9C.

Subsequently, SEM and Raman spectroscopy were used to
investigate the origin of capacity decay in polymer separators in
lithium–sulfur batteries.93 It was found that a huge amount of
polysulfides (up to 20% of total sulfur mass) was accumulated
in the pores of unmodified separators and not converted to

Fig. 23 (a) Schematic of the fabrication process of ITO micropatterns on glassy carbon substrate with polysulfide catholyte to show the nature of
polysulfide deposition. (b and c) SEM images of (b) a fresh ITO micropattern, and (c) an ITO micropattern with polysulfide catholyte. Scale bars in (b and c)
are 20 mm. (d and e) Elemental maps for carbon, indium and sulfur after (d) discharging to 1.7 V and (e) charging to 2.6 V vs. Li+/Li. Scale bars in (d and e)
are 50 mm. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications ref. 89, copyright 2014.

Fig. 24 (a) Schematic of a lithium–sulfur battery with a microporous
carbon interlayer inserted between the sulfur cathode and the separator.
(b) SEM image of the surface of the microporous carbon interlayer. Scale
bar in (b) is 500 nm. Reprinted by permission from Macmillan Publishers
Ltd: Nature Communications ref. 91, copyright 2012.
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lithium sulfide even at the end of discharge. Based on this
observation, it was proposed that carbon modification of the
separator would provide additional conductive surface area for
the precipitation of lithium sulfide at the cathode–separator
interface, hence reactivating the polysulfides which would
otherwise be trapped in the separator. To this end, a polymer
separator coated with a thin layer of carbon black (1 mm,
0.5 mg cm�2) was used in a lithium–sulfur battery, which afforded
much higher specific capacity compared to the unmodified case,
indicative of enhanced active material utilization. When used in
combination with a conducting polymer-coated sulfur cathode, a
high specific capacity of 1350 mA h gS

�1 was demonstrated with
55% capacity retention over 500 cycles at 0.5C.

9.2. Polymeric modification

Nafion is a promising polymeric material for use in lithium–
sulfur batteries due to its negatively-charged sulfonate groups,
which can allow the hopping of lithium ions yet repel poly-
sulfide anions electrostatically.94 When used as a separator,
it can confine polysulfide anions to the sulfur cathode side
and prevent them from diffusing to the lithium anode side.
Recognizing this possibility, Jin and co-workers decided to
perform lithiation on a commercial Nafion ionomer film (using
lithium hydroxide at 80 1C) for use as a separator in lithium–
sulfur batteries.94 Using the steady state current method, the
group determined the transference number of lithium ions
through the Nafion film to be 0.986 (very close to 1), which
indicates that only lithium ions could pass through but not
polysulfide anions. To provide unequivocal proof, a diffusion
cell was also set up for cycling of a lithium–sulfur battery,
which showed 2 orders of magnitude lower electrolyte sulfur
content at the anode side using this Nafion separator, com-
pared to the case with normal polymer separator. As a result of
this polysulfide confinement effect at the cathode side, a high
specific capacity of 1185 mA h gS

�1 was achieved with 69%
capacity retention after 50 cycles.

To reduce the amount of expensive Nafion used, a thin layer
(1 mm, 0.7 mg cm�2) was coated onto a polymer separator
instead.95 This thickness of Nafion was found to be optimal
because a thinner layer does not coat the separator confor-
mally, while a thicker layer leads to severe voltage polarization.
Using a diffusion cell, the authors also provided visual evidence
showing the difficulty of polysulfide anions to pass through the
Nafion-coated separator under potentiostatic conditions,
demonstrating the ionic shield effect. Using the modified
separator in a lithium–sulfur battery, long-term cycling stability
was attained: 781 mA h gS

�1 with 60% capacity retention after
500 cycles at 1C.

Instead of using Nafion, it is more attractive to investigate
other cheaper polymeric materials such as polyelectrolytes with
similar negatively-charged groups to repel polysulfide anions.96

To this end, layer-by-layer assembly was used to construct a
5-bilayer, nanometer-thin coating of poly(acrylic acid) and
poly(allylamine hydrochloride) on polymer separators, which
showed significant inhibition in the movement of negatively-
charged anions, but not that of positively-charged cations.

Using the ion-permselective properties of the modified separa-
tors in lithium–sulfur batteries, much higher Coulombic effi-
ciency (98 to 104%) was achieved compared to the case without
modification (59 to 69%). Notable discharge capacities of 1350
to 1418 mA h gS

�1 were also demonstrated with good cycling
performance over 50 cycles at 0.05C.

9.3. Inorganic modification

Vajo and co-workers demonstrated the coating of inorganic
vanadium(V) oxide (V2O5) onto separators for use in lithium–
sulfur batteries.97 V2O5 is a well-known solid-state conductor that
allows facile diffusion of lithium ions, yet is able to physically isolate
lithium polysulfides at the sulfur cathode side. In addition, the
strong polysulfide binding effect of oxygen-rich V2O5 helps to further
retard the diffusion of polysulfides to the lithium anode side. By
coating a thin 1 mm layer of V2O5 onto polymer separators using a
sol–gel method, stable discharge capacities of B800 mA h gS

�1 were
demonstrated over 250 cycles at 0.07C using a 5 mA h lithium–sulfur
pouch cell, bringing us a step closer towards commercialization
of such high-performance batteries.

10. Lithium metal anodes

The high solubility of lithium polysulfides in ether-based
electrolytes makes lithium metal anodes particularly vulnerable
to attack by dissolved polysulfide species, often resulting in the
shuttle effect and low Coulombic efficiency.6 In this section, we
review the efforts to protect lithium metal anodes specifically
against dissolved polysulfides and hence alleviate the shuttle
effect in lithium–sulfur batteries. These protection strategies
can be classified into in situ and ex situ techniques.

10.1. In situ protection

One of the methods to protect the lithium metal surface against
dissolved polysulfide species is to use electrolyte additives to
form a passivating SEI in situ. A major breakthrough in this
area was the discovery of lithium nitrate (LiNO3) as a powerful
electrolyte additive. To understand the effect of LiNO3, Aurbach
and co-workers studied the SEI formed on the lithium metal
surface in the presence of this additive using X-ray photoelectron
spectroscopy and Fourier transform infrared spectroscopy.98 It
was found that LiNO3 performs 2 roles: (a) it becomes reduced to
form LixNOy species and (b) it oxidizes sulfides (in solution and
on surface) to form LixSOy species, both of which help to
passivate the lithium metal surface against dissolved lithium
polysulfides, leading to reduction of the shuttle effect and hence,
reasonably-high Coulombic efficiencies (typically 90 to 98%).
Because of its great efficacy, LiNO3 additive is now used in most
of the works on lithium–sulfur batteries today.99

However, LiNO3, being a strong oxidizing agent, can be explosive
in nature under high concentrations and high temperatures, leading
to safety concerns.99 In fact, the earliest known chemical explosive,
gunpowder, is a mixture of sulfur, charcoal (carbon) and nitrates.
In the search for a safer additive, phosphorus pentasulfide (P2S5)
was reported to be effective in forming a protective SEI of Li3PS4,
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a superionic conductor, on the lithium metal surface.100 This
passivation layer not only allows fast lithium ion transport, but
also prevents polysulfides from reacting with the lithium metal
surface. P2S5 was also found to form complexes with lithium
polysulfide/sulfide species, which can help to convert insoluble
lithium sulfide into more soluble products, preventing their
precipitation and passivation of the cathode surface. Lithium–
sulfur batteries with this electrolyte additive showed high
Coulombic efficiencies of 98% in the first 20 cycles and
B90% in the subsequent 20 cycles. A high discharge capacity
of 1334 mA h gS

�1 was also demonstrated with 70% capacity
retention after 20 cycles at 0.1C.

In another approach, the use of highly-concentrated,
solvent-in-salt electrolytes was explored.101 It was found that a
7 M over-saturated solution of lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) in 1 : 1 v/v 1,2-dimethoxyethane/1,3-
dioxolane (DME/DOL) possesses minimal solubility for lithium
polysulfides, hence limiting the amount of dissolved polysulfide
species that can attack the lithium metal anode. In addition, a
highly-viscous electrolyte helps to retard the diffusion of dis-
solved polysulfides, if any, to the lithium anode. The authors
also reported the formation of a thicker SEI containing inorganic
reduction products of the electrolyte salt LiTFSI, including LiF,
Li3N, Li2S2O4, Li2SO3, LixC2Fy and SO2CFx species, which can
potentially protect the lithium metal surface as well. Exploiting
these beneficial effects, lithium–sulfur batteries cycled in this
7 M electrolyte exhibited Coulombic efficiency values nearing
100% (exact values not given), which is very promising. The
discharge capacity was also high at 1041 mA h gS

�1 with 74%
capacity retention after 100 cycles at 0.2C.

10.2. Ex situ protection

Instead of using electrolyte modifications to form a protective
SEI layer in situ, another approach is to protect the lithium
metal surface ex situ with a physical film. For example, a
graphite film that is placed between the lithium anode and
the separator can help to minimize direct contact between the
lithium metal and dissolved polysulfides.102 At the same time,
parallel connection of graphite and lithium ensures lithiation
of graphite at equilibrium to maintain a pseudo-equal potential
with lithium metal. As such, it plays the role of an ‘‘artificial SEI
layer’’ that supplies lithium ions to the underlying metal when
necessary. By using this hybrid anode design in lithium–sulfur
batteries, Coulombic efficiencies higher than 99.5% were main-
tained over 200 cycles, which is much better than in the control
sample (B92%). A stable discharge capacity of B850 mA h gS

�1

was also achieved after 200 cycles at 0.4C.
To avoid compromising the energy density of the batteries, it

is more promising to form a thin protective layer directly on the
lithium metal surface instead. To achieve this, a thin, porous
layer of aluminum oxide (Al2O3) nanoparticles (0.23, 0.58 and
0.73 mg cm�2) was coated onto a lithium metal surface using
spin-coating.103 It was found that a 0.23 mg cm�2 Al2O3 coating
could not protect the lithium metal against dissolved poly-
sulfides effectively, while a 0.73 mg cm�2 coating blocked
the diffusion of lithium ions. As a result, an optimal coating

of 0.58 mg cm�2 on the lithium anode exhibited the best
electrochemical performance in lithium–sulfur batteries, much
better than in the uncoated case. A high discharge capacity of
1215 mA h gS

�1 was demonstrated, with capacity retention of
70% after 50 cycles at 0.1C (Coulombic efficiency values were
not given).

In another approach, nitrogen gas was used to react directly
with lithium metal to form a uniform layer of lithium nitride
(Li3N), a fast ionic conductor.104 This in situ formed protective
layer (200 to 300 nm thick) not only shields lithium metal
effectively against dissolved polysulfides, but also allows fast
transport of lithium ions (ionic conductivity of Li3N B10�3 S cm�1).
When the protected lithium anode was applied in lithium–
sulfur batteries, Coulombic efficiencies as high as 91.4% were
achieved at 0.2C, which is much better than in the case of
unprotected anodes (80.7%). Upon prolonged cycling, the bat-
teries exhibited a high discharge capacity of 1087 mA h g�1

S,
with 71% capacity retention and 92.3% average Coulombic
efficiency over 500 cycles at 0.5C. Analysis of the lithium metal
surface after cycling also showed a much thinner layer of
reduced lithium sulfide species (B10 mm) in the protected
sample, compared to the 100 mm thick layer formed on an
unprotected lithium surface, which confirms the protective
effect of Li3N.

11. Prospects and outlook
11.1. Existing and emerging host materials

The results of theoretical ab initio calculations in Section 3 have
identified oxygen, nitrogen and sulfur as promising hetero-
atoms that possess strong affinity with lithium polysulfide
species. In the case of carbon host materials, the use of oxygen
and nitrogen heteroatoms is common in the existing literature,
while reports on the use of sulfur-doped carbon are few and far
between.105 In the case of inorganic encapsulation materials,
most reports to date focus on metal oxides as host materials,
while metal nitrides and sulfides remain relatively unexplored.
Besides titanium, vanadium and zirconium sulfides (TiS2, VS2

and ZrS2),85 the family of cobalt sulfides (CoS2 and Co9S8) has
attracted attention recently as promising host materials for
sulfur cathodes as well, owing to their dual sulfiphilic and
metallic nature.106,107 Extending our search towards these under-
explored host materials can open up new opportunities in the
development of high-performance lithium–sulfur batteries.

Besides using electronegative atoms to bind with lithium in
lithium polysulfides, it is also possible to use electropositive
atoms to bind with sulfur in lithium polysulfides. A study using
boron-doped carbon showed that it is possible for boron atoms
to adsorb lithium polysulfide species strongly, most likely
through a B–S interaction.108 Another publication employing
nickel-based metal organic frameworks as host materials also
reported the presence of strong Ni–S interaction with poly-
sulfide species, enabling stable cycling to be achieved.109 Most
recent studies using non-stoichiometric Ti4O7 and Ti2C have
demonstrated the possibility of utilizing strong Ti–S interaction
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to enhance the cycling performance of sulfur cathodes as
well.68–70 This leaves many other electropositive atoms to be
explored for use in emerging host materials, both theoretically
and experimentally.

In order to further advance the field of lithium–sulfur
batteries, there is an urgent need to fully understand the
interaction of lithium polysulfide species with both existing
and emerging host materials. For instance, though the use of
graphene oxide as host material has been studied extensively
for many years, it was only recently that researchers discovered
the formation of thiosulfate and polythionate species in the
interaction between lithium polysulfides and graphene oxide, which
act as effective redox mediators in lithium–sulfur batteries.71 Most
recent studies using surface spectroscopy and cyclic voltammetry
showed that only metal oxide host materials with redox potentials
between 2.4 and 3.05 V vs. Li+/Li (such as MnO2 and VO2–graphene),
react with lithium polysulfides to form active surface-bound thio-
sulfate and polythionate species, leading to superior performance in
lithium–sulfur batteries.110 On the other hand, metal oxides
with redox potentials below 1.5 V (such as Co3O4 and Ti4O7)
show no redox reaction with lithium polysulfides, while those
with redox potentials above 3.05 V (such as V2O5–graphene)
oxidize polysulfides to a mixture of sulfate and thiosulfate
groups, the former of which blocks the surface and inhibits
the redox mediator mechanism. This study provides a useful
guideline, the so-called ‘‘Goldilocks’’ principle, in the selection
of effective metal oxide host materials for sulfur cathodes.

To further accelerate the development of lithium–sulfur
batteries, closer collaboration between theoretical and experi-
mental scientists is needed. While theoretical calculations can
provide a high-throughput means of predicting important
material interactions, advanced electrochemical and character-
ization techniques can be used to verify them at the same time.

11.2. Advanced characterization and electrolyte development

To date, most studies have focused on materials synthesis, with
a relative scarcity of investigations on the fundamental electro-
chemistry of the lithium–sulfur system.111–122 Lithium–sulfur
batteries are notably very complicated in terms of reaction
mechanism and kinetics due to the formation of multiple
possible intermediates.13–18 Some important questions that
remain under debate include: (a) whether polysulfide radicals
(and what species) are formed during cycling, (b) whether sulfur
is re-formed at the end of the charge process, and (c) why
carbonate-based electrolytes work well in the presence of small
sulfur allotropes but not in polysulfide-rich environments.123–145

While theoretical computations and ex situ techniques can help
to shed some light on these questions, the results may differ
in an actual operating lithium–sulfur battery. More advanced
characterization techniques, especially in situ and in operando
ones, are needed to allow deep mechanistic understanding of
the electrochemistry involved, which can then be used as guide-
lines to design better lithium–sulfur batteries.

Ultimately, encapsulation of sulfur cathodes in host materials
only helps to alleviate the problem of polysulfide dissolution
but not tackle the root cause. As such, there is an urgent need

for a new class of electrolytes that do not dissolve lithium
polysulfide species appreciably. In this respect, there have been
some investigations on the use of solid-state and polymer
electrolytes, though their relatively low ionic conductivity
remains a challenge and requires further improvement.146–153

Ionic liquid electrolytes have also been explored and found to
enable more stable cycling performance, possibly due to their
weaker donor ability and lower solubility for polysulfides.154–158

Besides understanding the interactions of ionic liquids with
polysulfides more thoroughly, the viscosity and cost of ionic
liquids also need to be lowered to enable their potential wide-
spread use in lithium–sulfur batteries.

A recent study reported a new electrolyte combination for
lithium–sulfur batteries that is not based on ionic liquids.159 Instead,
it is based on a (acetonitrile)2–lithium bis(trifluoromethane-
sulfonyl)imide complex, further blended with 1,1,2,2-tetra-
fluoroethyl 2,2,3,3-tetrafluoropropyl ether to reduce its viscosity.
Interestingly, this electrolyte was found to possess minimal
solubility for lithium polysulfides and good stability against
lithium metal, which represents encouraging progress in the
arena of electrolyte development. More of such work is needed in
order to tackle the root cause of capacity decay and accelerate the
development of lithium–sulfur batteries.

11.3. Lithium metal and non-lithium metal anodes

From this review, we can see that, compared to the plethora of
work on improving sulfur cathodes, publications on improving
lithium metal anodes for use in lithium–sulfur batteries are
relatively few.6 The most significant finding that is widely
applied today is the use of lithium nitrate as an electrolyte
additive to protect lithium metal anodes against dissolved
polysulfides.98 Although lithium nitrate is an effective additive,
its strong oxidizing properties pose serious safety issues,
especially under conditions of high concentration and high
temperature.99 Moreover, there is a limit to the Coulombic
efficiency that can be achieved using this additive (typically 90
to 98%).98,99 For a lithium–sulfur battery to maintain excellent
stability and long cycle life, Coulombic efficiency values of
99.9% and above are needed, which warrants the need for
novel electrolyte additives that can outperform lithium nitrate.

There have been some recent promising work in improving
the plating–stripping reversibility of lithium metal anodes for
use in lithium metal batteries in general.160–173 Examples
include the use of electrolyte additives (such as lithium
fluoride168 and cesium hexafluorophosphate171,172) as well as
anode protective structures (such as interconnected hollow
carbon spheres165 and boron nitride films166). These works
aim to improve the reversibility of lithium metal anodes by
inhibiting dendrite growth and forming a stable SEI, either
in situ or ex situ. However, there is a problem unique to
lithium–sulfur batteries that lithium metal batteries in general
do not suffer from, which is the polysulfide shuttle effect.6 It
would be extremely promising and rewarding to investigate if
these electrolyte additives and anode protective structures
can help to protect lithium metal against dissolved lithium
polysulfides as well.
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Another approach to obviate the problems of lithium metal
anodes is to work on fully-lithiated lithium sulfide cathodes
instead, which can be paired with non-lithium metal anodes
(such as silicon or tin), as discussed in Section 7. However,
operating such a full cell is challenging due to the limited supply
of lithium ions, which can become irreversibly lost during
cycling.174–176 Moreover, silicon and tin anodes also face their
own set of issues, including large volumetric expansion and
unstable SEI.8 If the reversibility of either or both electrodes is
not optimized, there will be implications on the cycling perfor-
mance when they are paired together in a full cell configuration.

In the literature, there have only been a few demonstrations
of lithium sulfide-based full cells.7 In order to advance in this
arena, the issues of both the lithium sulfide cathode and the
silicon/tin anodes need to be addressed completely. On the
cathode side, it is important to encapsulate lithium sulfide in
the best way possible with highly-conductive materials. On the
anode side, alleviating the problems of volumetric expansion
and unstable SEI, as well as improving the first cycle Coulombic
efficiency to reduce irreversible lithium loss, will prove to be
essential.8 Finally, it is necessary to carry out appropriate
capacity matching when pairing the two electrodes together in
the full cell, so as to achieve the most optimal cycling performance.

11.4. Optimization and commercialization

With major advances in sulfur cathode development, there
have been many publications in recent years demonstrating
high specific capacities (some approaching the theoretical
value) as well as long cycle life (from hundreds to thousands of
cycles).13–18 In order to bring lithium–sulfur batteries a step
closer to commercialization, it is necessary to work on optimiz-
ing 3 main parameters:

(a) Content of active material in the electrode. In most
publications so far, specific capacity values are reported in
terms of the mass of the active material, sulfur.13–18 However,
this does not take into account the dead weight contributed by
other electrochemically inactive materials such as the host
material, carbon additives and binder, which typically occupy
40 to 60 wt% of the electrode.13–18 This is in sharp contrast to
the case in lithium-ion batteries today, where such inactive
materials usually take up B5 wt% of the electrode.9–12 In fact,
using free-standing carbon nanotube–sulfur electrodes (with a
sulfur content of 54 wt%) as a prototypical example, and varying
the amount of excess lithium in the anode from 0% to 100% in
terms of the capacity, the energy density of such lithium–sulfur
batteries ranges from 283 to 314 W h L�1, which is lower than
that of LiCoO2–graphite lithium-ion batteries today.177

Hence, moving forward, to be competitive with lithium-ion
batteries today, it is important to increase the percentage of
active material in sulfur electrodes.178–187 One way to achieve
this is to further improve the conductivity of the host material
so that less carbon additives need to be used. Another relatively
less-explored approach is to use host materials that are also
electrochemically active in the voltage range of lithium–sulfur
batteries, so that they do not contribute dead weight. Explora-
tion of such active host materials, including metal oxides,

nitrides and sulfides, will open up new possibilities in the
development of commercially-competitive lithium–sulfur
batteries.

(b) Areal mass loading of active material. The areal mass
loading of active material in sulfur cathodes today is typically 1
to 2 mgS cm�2, which gives areal capacities in the range of 1 to
3 mA h cm�2.13–18 As a benchmark, commercial lithium-ion
batteries today have an areal capacity of 3 to 5 mA h cm�2.9–12

Therefore, in order to move towards practical applications of
lithium–sulfur batteries, it is imperative to fabricate high-mass
sulfur electrodes, which is challenging because it puts high
demands on the conductivity of the electrode.188–195 A potential
solution is to further improve the conductivity of the host
material. Another way to alleviate this problem is to perform
calendaring (roll-pressing) on the electrodes to improve their
overall particle-to-particle contact, a step which is routine in
commercial battery manufacturing but relatively unexplored in
lithium–sulfur batteries.

Furthermore, using a high-mass sulfur cathode also implies
operating at high current densities, at which point the revers-
ibility of the lithium metal anode might be the limiting factor.6

This is because the typical problems of lithium metal anodes,
including dendrite growth and unstable SEI, are largely ampli-
fied at high current densities.6 Therefore, solving this issue
requires a two-pronged approach in terms of improving the
performance of both the sulfur cathode and the lithium anode,
because one cannot function well without the other.

(c) Simplicity and compatibility of the synthetic process. In
order to move towards commercialization of lithium–sulfur
batteries, the synthesis procedures need to be simple and
low-cost.196–217 However, many of the procedures demonstrated
in the literature are complex, expensive or multi-step in nature,
which is an area that needs to be worked on.13–18 Moreover,
there is a recent trend in using carbon-based materials (such
as carbon nanotube/carbon fiber paper) instead of conven-
tional aluminum foil as current collectors for lithium–sulfur
batteries.13–18 In these cases, it is important to consider the
mass, thickness and density of these current collectors to judge
if they are an improvement over aluminum. It is also noteworthy
that most battery manufacturing plants today have put in huge
amounts of capital on equipment that perform electrode slurry
coating on metal foil current collectors, hence the use of
aluminum would be more compatible. It might be possible that
battery manufacturers would invest in equipment that perform
coating of electrode slurries onto carbon-based current collectors
in the future, though that remains to be seen.

11.5. Room-temperature sodium–sulfur batteries

On a related note, room-temperature sodium–sulfur batteries
have also gained considerable attention recently due to the low
cost and wide availability of sodium, being one of the most
abundant elements in the Earth’s crust.218 Compared to existing
high-temperature sodium–sulfur batteries today (300 to 350 1C),
which only allow partial discharge to molten Na2S3, their room-
temperature counterparts enable complete discharge to solid
Na2S.19 Given the theoretical specific capacities of sodium
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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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