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to sustain a continuous power supply for 
our daily life.[2] This is where recharge-
able batteries can play a vital role in elec-
trochemically storing and releasing the 
energy reversibly.[3] Additionally, as the 
majority of fossil fuel consumption is used 
for transportation, a shift from combustion 
engines to electric vehicles is essential in 
the 21st century. However, lithium-ion bat-
teries, which have dominated the portable 
electronics over the past three decades, are 
unable to satisfy the high-energy require-
ment for electrical vehicles and next-gen-
eration energy storage.[2a,4] This is because 
the conventional lithium-ion batteries rely 
on the intercalation-type electrode mate-
rials and the lithium ions can only be inter-
calated topologically into certain specific 
sites, which limits their charge-storage 
capacity and energy density.[5] Therefore, 
exploring new battery chemistries beyond 
the horizon of current lithium-ion batteries 
is crucial for a sustainable future.[6]

To realize a high energy density with 
new battery chemistries, seeking new types of electrode mate-
rials is a prerequisite.[7] Lithium metal, which has the highest 
theoretical specific capacity of 3860 mA h g−1 among the anode 
materials and the lowest electrochemical potential of −3.04 V  
versus the standard hydrogen electrode, is regarded as the 
“Holy Grail” anode material for next-generation batteries.[8] 
Sulfur, which is abundant, cheap, and environmentally benign, 
can offer a high theoretical specific capacity of 1675 mA h g−1 
when paired with lithium metal, which is among the highest 
in solid cathode materials.[9] This is because the sulfur cathode 
undergoes a conversion reaction mechanism rather than the 
intercalation chemistry. Together with an average cell voltage 
of 2.15 V, the coupled lithium–sulfur (Li–S) battery can attain 
a high theoretical energy density of 2500 W h kg−1, which is 
much higher than that of current lithium-ion batteries.[10]

The earliest Li–S battery can be traced back to 1962 when 
Herbert and Ulam first introduced the concept of sulfur 
cathode (Figure  1).[11] Despite decades of research, the Li–S 
batteries had been long plagued with low discharge capacity 
and fast capacity decay upon cycling. Additionally, with  
the commercialization of lithium-ion batteries by Sony Co. in 
the 1990s, which have much more stable cycling performance 
and better safety, the research into Li–S batteries had once 
ceased for a period.[43] After 2000, as the rapid development 
of emerging applications such as electric vehicles and grid 
energy storage placed higher demands on the specific energy 

Lithium-ion batteries, which have revolutionized portable electronics over 
the past three decades, were eventually recognized with the 2019 Nobel 
Prize in chemistry. As the energy density of current lithium-ion batteries is 
approaching its limit, developing new battery technologies beyond lithium-
ion chemistry is significant for next-generation high energy storage. Lithium–
sulfur (Li–S) batteries, which rely on the reversible redox reactions between 
lithium and sulfur, appears to be a promising energy storage system to take 
over from the conventional lithium-ion batteries for next-generation energy 
storage owing to their overwhelming energy density compared to the existing 
lithium-ion batteries today. Over the past 60 years, especially the past decade, 
significant academic and commercial progress has been made on Li–S bat-
teries. From the concept of the sulfur cathode first proposed in the 1960s to 
the current commercial Li–S batteries used in unmanned aircraft, the story 
of Li–S batteries is full of breakthroughs and back tracing steps. Herein, the 
development and advancement of Li–S batteries in terms of sulfur-based 
composite cathode design, separator modification, binder improvement, elec-
trolyte optimization, and lithium metal protection is summarized. An outlook 
on the future directions and prospects for Li–S batteries is also offered.

1. Introduction

With the ever-increasing world population and massive con-
sumption of fossil fuels, there is urgent need to adopt renewable 
and clean energy to satisfy the rising demand for energy in our 
modern lifestyle.[1] However, the renewable energy sources such 
as solar and wind power are intermittent in nature. Therefore, 
it is crucial to utilize advanced energy storage systems to effi-
ciently store the electricity produced by renewable sources, thus 
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of a battery and the energy densities of traditional lithium-ion  
batteries relying on intercalation chemistry have reached their 
limits,[44] the research into Li–S batteries has resurged. A major 
breakthrough was made in 2009 when Nazar and co-workers 
reported the use of CMK-3 (a kind of mesoporous carbon) as 
the nanoscale channels to host sulfur and high discharge 
capacity with stable cycling over 20 cycles was achieved, 

which directly triggered the entirely revival of Li–S batteries 
(Figure  1).[16] Since then, Li–S batteries have experienced an 
explosive increase in research interest and significant progress 
has been achieved in terms of specific capacity and cycling 
performance. Figure 2 reveals that research into Li–S batteries 
has drastically increased from 2010 after the pioneering work 
of using CMK-3 as the sulfur host material in 2009. In the 

Figure 1. A brief timeline and representative designing strategies for improving the performance of Li–S batteries, covering nanostructured sulfur 
based composite cathode design, separator modification, binder improvement, electrolyte optimization, and lithium metal protection. Inserted repre-
sented works: Concept of S cathode.[11] DOL-based electrolyte.[12] DOL–DME solvent.[9] The concept of SPAN cathode was first proposed by Wang et 
al.[13] in 2002 and a possible molecular structure was recently proposed by Liu et al.[14] LiNO3 additive.[15] Confining S in CMK-3. This work has led to 
the revival of Li–S batteries over the past decade. Li2S–Si full cell.[17] Hollow carbon nanofiber encapsulated sulfur.[18] Porous hollow carbon@sulfur.[19] 
Gr-wrapped S particles.[20] Confining S in MOF.[21] Inserting microporous carbon interlayer.[22] Confining small S in microporous carbon.[23] S–PANI.[24] 
S–TiO3 yolk–shell.[25] S–PANI yolk–shell.[26] Hollow sulfur sphere design.[27] Poly(S-r-DIB) copolymer.[28] Gr–pure-S sandwich.[29] Ti4O7 enhanced redox 
kinetics.[30] N,S-codoped Gr sponge.[31] MXene as S host.[32] MnO2-mediated LiPS redox.[33] Gel-polymer electrolyte.[34] Hosting Li in rGO layers.[35] 
MOF@GO separator.[36] Bilayer solid electrolyte.[37] Tuning electrolyte structure.[38] Single-atom catalysis of LiPS conversion.[39] Co9S8 grown in situ on 
Celgard.[40] MoS2 protected Li.[41] Intercalation–conversion hybrid cathode (Mo6S8/S8).[42] Image for “SPAN cathode”: Reproduced with permission.[14] 
Copyright 2019, Wiley-VCH. Image for “Confining S in CMK-3”: Reproduced with permission.[16] Copyright 2009, Springer Nature. Image for “Li2S–Si 
full cell”: Reproduced with permission.[17] Copyright 2010, American Chemical Society. Image for “Hollow carbon nanofiber encapsulated sulfur”: 
Reproduced with permission.[18] Copyright 2011 American Chemical Society. Image for “Porous hollow carbon@sulfur”: Reproduced with permission.[19] 
Copyright 2011, Wiley-VCH. Image for. “Gr-wrapped S particles”: Reproduced with permission.[20] Copyright 2011, American Chemical Society. Image 
for “Confining S in MOF”: Reproduced with permission.[21] Copyright 2011, American Chemical Society. Image for “Inserting microporous carbon 
interlayer”: Reproduced with permission.[22] Copyright 2012, Springer Nature. Image for “Confining small S in microporous carbon”: Reproduced with 
permission.[23] Copyright 2012, American Chemical Society. Image for “S–PANI”: Reproduced with permission.[24] Copyright 2012, Wiley-VCH. Image for 
“S–TiO2 yolk–shell”: Reproduced with permission.[25] Copyright 2013, Springer Nature. Image for “S–PANI yolk–shell”: Reproduced with permission.[26] 
Copyright 2013, American Chemical Society. Image for “Hollow sulfur sphere design”: Reproduced with permission.[27] Copyright 2013, The Authors, 
published by National Academy of Sciences. Image for “Poly(S-r-DIB) copolymer”: Reproduced with permission.[28] Copyright 2013, Springer Nature. 
Image for “Gr–pure-S sandwich”: Reproduced with permission.[29] Copyright 2014, Wiley-VCH. Image for “Ti4O7 enhanced redox kinetics”: Reproduced 
with permission.[30] Copyright 2014, Springer Nature. Image for “N,S-codoped Gr sponge”: Reproduced under the terms of the Creative Commons 
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[31] Copyright 2015, Springer Nature. Image for “MXene as S host”: 
Reproduced with permission.[32] Copyright 2015, Wiley-VCH. Image for “MnO2-mediated LiPS redox”: Reproduced with permission.[33] Copyright 2015, 
Springer Nature. Image for “Gel polymer electrolyte”: Reproduced with permission.[34] Copyright 2016, Elsevier. Image for “Hosting Li in rGO layers”: 
Reproduced with permission.[35] Copyright 2016, Springer Nature. Image for “MOF@GO separator”: Reproduced with permission.[36] Copyright 2016, 
Springer Nature. Image for “Bilayer solid electrolyte”: Reproduced with permission.[37] Copyright 2017, Royal Society of Chemistry. Image for “Tuning 
electrolyte structure”: Reproduced with permission.[38] Copyright 2018, The Authors, published by Springer Nature. Image for “Single-atom catalysis of 
LiPS conversion”: Reproduced with permission.[39] Copyright 2018, American Chemical Society. Image for “Co9S8 grown in situ on Celgard”: Reproduced 
with permission.[40] Copyright 2018, Royal Society of Chemistry. Image for “MoS2 protected Li”: Reproduced with permission.[41] Copyright 2018, The 
Authors, published by Springer Nature. Image for “Intercalation–conversion hybrid cathode (Mo6S8/S8)”: Reproduced with permission.[42] Copyright 
2019, The Authors, published by Springer Nature.

Adv. Mater. 2021, 2003666

https://creativecommons.org/licenses/by/4.0


© 2021 Wiley-VCH GmbH2003666 (3 of 67)

www.advmat.dewww.advancedsciencenews.com

span of a decade, researchers around the world have added 
at least 7448 publications on Li–S batteries from 2010 to 2020, 
accounting for about 96% of total literature volume based on 
the search query “lithium sulfur batteries” through the online 
Web of Science database.

Here, we aim to provide a comprehensive overview of the 
development and advancement of Li–S batteries over the past 
60  years, with emphasis on the achievements over the past 
decade. We start by stating the principles and challenges of 
Li–S batteries, followed by reviewing the designing strate-
gies to address these problems and improve the performance 
of Li–S batteries. Figure  1 illustrates a brief timeline for the 
development and representative designing strategies to improve 
the performance of Li–S batteries. The designing strategies can 
be classified into 5 parts: sulfur cathode host design, separator 
modification, binder improvement, electrolyte optimization, 
and lithium metal protection. Finally, we also summarize the 
current commercial application of Li–S batteries and provide 
the prospects and outlook on the future development for large-
scale practical applications.

2. Principles and Challenges of Li–S Batteries

Li–S batteries work relying on the reversible redox reactions 
between lithium and S8 (Figure  3a). During discharge, the 
lithium metal at the anode side is oxidized to release lithium 
ions and electrons, which pass through the electrolyte and 
external circuit respectively to the sulfur cathode side. At the 
cathode side, the sulfur is reduced to generate lithium sulfide 
by accepting the lithium ions and electrons. The backward reac-
tions occur during the charge process.

Discharge

Anode : Li Li e 1→ ++ −  (1)

Cathode :S 16Li 16e 8Li S8
1

2+ + →+ −  (2)

Charge

Cathode : 8Li S S 16Li 16e2 8
1→ + ++ −  (3)

Figure 2. Statistics of publications of Li–S batteries from 1985 to 2020 by putting the search query “lithium sulfur batteries” in the field of search “topic,” 
using the website Web of Science accessed through: https://webofknowledge.com/ on 6 May 2020.

Figure 3. a) Schematic of the electrochemistry for Li–S batteries. Repro-
duced with permission.[5b] Copyright 2016 Royal Society of Chemistry. b) A 
typical charge–discharge voltage profile of Li–S batteries in ether-based 
electrolyte. Reproduced with permission.[45] Copyright 2017, Wiley-VCH.
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Anode : Li e Li1+ →+ −  (4)

Although the described electrochemical reactions look so 
simple, the actual reactions are quite complex, which involve 
a two stage transformation process during the discharge. 
Figure  3b exhibits a typical charge–discharge voltage profile 
of Li–S batteries in ether-based electrolyte. During discharge, 
cyclo-S8 is first lithiated to form soluble Li2S8, and subsequently 
to Li2S6 and Li2S4 with an average potential of about 2.3 V, 
which contributes 25% of the theoretical capacity of sulfur 
(418 mA h g−1). Upon further lithiation, the soluble Li2S4 is 
transformed into solid short chain sulfides Li2S2 and Li2S that 
reprecipitate on the electrode, corresponding to an average 
voltage of about 2.1 V, which makes up 75% of the theoretical 
capacity of sulfur (1254 mA h g−1). During the subsequent 
charging process, Li2S released lithium ions into the electro-
lyte and was reconverted into intermediate lithium polysulfides 
(LiPSs), followed by forming the original product S8, resulting 
in a reversible cycle.

Despite the high energy advantage of Li–S batteries, the 
practical application of Li–S batteries is plagued with several 
intractable challenges. On the sulfur cathode side, the chal-
lenges include the following aspects.

i. The low conductivity of sulfur and lithium sulfide. Both sul-
fur and its discharged product lithium sulfide are insulating 
for electrons and lithium ions, which limits the redox kinet-
ics at the cathode side. This can lead to low sulfur utilization 
and eventually low specific capacity.

ii. The dissolution and shuttle effect of intermediate LiPSs.  
The intermediate LiPSs generated during the cycling  
process are readily to be dissolved into the electrolyte, fol-
lowed by shuttling from the cathode to the anode side. This 
can result in the low Coulombic efficiency and severely 
capacity fading.

iii. The volume expansion during the lithiation from sulfur 
to lithium sulfide. Given the different density of sulfur 
(2.07 g cm−3) and lithium sulfide (1.66 g cm−3), the sulfur un-
dergoes a huge volume expansion of about 80% upon full 
lithiation. This can lead to the pulverization of electrode after 
repeated volume change of the cathode upon cycling, which 
results in the poor cycling performance.

On the lithium anode side, there are also some intractable 
problems that need to be resolved before the large-scale practical 
application of Li–S batteries. These include the following issues.

i. The side reactions between lithium metal and polysulfides. 
As mentioned above, the intermediate polysulfides are read-
ily to shuttle from the cathode to the anode part, which leads 
to the following reaction with lithium metal. This side reac-
tion can result in the low Coulombic efficiency and inferior 
cycling performance.

ii. The growth of lithium dendrites. Due to the inhomogeneous 
distribution of current density on the surface of lithium met-
al, the lithium ions are easily to nucleate on the protuberance 
and form lithium dendrites. The growth of lithium dendrites 
leads to the continuous breaking and consuming of solid 
electrolyte interface (SEI) layer, which further consumes the 

lithium metal and electrolyte. Another concern is that the 
ever-growing lithium dendrites can potentially penetrate 
the separator and cause the internal short circuits, which 
leads to the safety problems.

iii. The large volume change of lithium metal during the strip-
ping and plating process. Due to the hostless nature of lithi-
um metal, lithium metal anodes suffer from severely volume 
change during repetitive lithium stripping and plating pro-
cess. Some of the lithium would be smashed and detached 
from the original lithium metal to become dead lithium. 
This can result in the unstable SEI layer and low Coulombic 
efficiency.

To overcome these intractable obstacles, various strategies 
including encapsulating sulfur within host materials, separator 
modification, binder improvement, electrolyte optimization, 
and lithium metal protection will be elaborated in detail in the 
following parts to improve the electrochemical performance of 
Li–S batteries.

3. Sulfur Cathode Host Design

One of the most efficient strategies to improve the perfor-
mance of Li–S batteries is to disperse insulating sulfur active 
material within other conductive matrixes that are capable of 
physically confining and/or chemically binding sulfur and its 
intermediate LiPSs, which has been extensively explored over 
the past decade.[46] Based on the composition and properties, 
the matrixes can be classified into carbon materials, organic 
materials, metal oxides, metal–organic frameworks (MOFs), 
metal hydroxides, metal sulfides, metal nitrides, metal carbides, 
metal phosphides, metal borides, other emerging metal com-
pounds, and metals, which will be discussed respectively in the 
following sections.

3.1. Carbon Materials as Host

Because of their large surface area, high electrical conductivity 
and diversity in nanostructures, carbon materials have been 
widely studied as sulfur host materials during the early stage of 
Li–S batteries.[10b] A major breakthrough was achieved in 2009 
when Nazar’s group pioneered the work of using CMK-3 as 
sulfur host for Li–S batteries.[16] The CMK-3 consists of an array 
of hollow carbon nanorods with a diameter of 6.5 nm, which are 
separated by 3 nm channel voids (Figure 4a). Sulfur was infused 
into the voids via a melt-diffusion strategy at 155  °C where 
sulfur has the lowest viscosity. Figure 4b shows the SEM image 
of the CMK-3 before and after the sulfur loading, indicating that 
sulfur has distributed uniformly in the channels and maintains 
an intimate contact with the carbon walls. Benefitting from this 
exquisite nanoarchitecture design, the CMK-3/S demonstrated 
a high specific capacity of 1005 mA h g−1 with a stable cycling 
over 20 cycles (Figure 4c), representing a great breakthrough at 
that time. Further modification of the CMK-3 with hydrophilic 
polyethylene glycol (PEG) molecule can increase the specific 
capacity to 1320 mA h g−1. In addition to the CMK-3, the Nazar 
group also further developed mesoporous carbon spheres with 

Adv. Mater. 2021, 2003666



© 2021 Wiley-VCH GmbH2003666 (5 of 67)

www.advmat.dewww.advancedsciencenews.com

ultrahigh pore volume of 2.32 cm3 g−1 and large specific surface 
area of 2445 m2 g−1.[47] The mesoporous carbon–sulfur composite 
exhibited a high initial discharge capacity of 1200 mA h g−1  
with a capacity retention of 61% after 100 cycles at 1C.

Instead of using elemental sulfur as cathode, the utiliza-
tion of its discharged product Li2S as the starting material has 

also represented a promising direction owing to its compat-
ibility with the much safer Li-free anodes such as graphite or Si 
based anodes.[48] Additionally, since metallic lithium has been 
preincorporated into the cathode structure, the large volume 
expansion of sulfur during discharge in the traditional cathode 
can be eliminated. To this end, Cui and co-workers designed a 

Figure 4. a) Schematic illustration of sulfur confined in CMK-3. b) TEM image of sulfur-loaded CMK-3. The inset indicates the pristine CMK-3 with 
same magnification. c) Cycling performances of CMK-3/S (red) and CMK-3/S-PEG (black) at current density of 168 mA g−1. a–c) Reproduced with 
permission.[16] Copyright 2009, Springer Nature. d) TEM image of porous hollow carbon@sulfur spheres. e) Cycling performance and Coulombic 
efficiency of porous hollow carbon@sulfur composite at 0.5C. d,e) Reproduced with permission.[19] Copyright 2011, Wiley-VCH. f,g) SEM images of 
graphene-wrapped sulfur particles at low (f) and high (g) magnifications. f,g) Reproduced with permission.[20] Copyright 2011, American Chemical 
Society. h) Schematic, i) SEM, and j) TEM images of hollow carbon nanofiber encapsulated sulfur. The green line in (j) represents counts of sulfur 
signal along the dashed orange line. h–j) Reproduced with permission.[18] Copyright 2011, American Chemical Society.
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novel lithium metal-free battery which consists of Li2S/CMK-3 
as cathode and Si nanowires as anode.[17] Benefiting from the 
unique structure advantage of CMK-3, the Li2S/CMK-3 cathode 
based battery demonstrated much better electrochemical per-
formance compared to the Li2S powder based battery. Fur-
thermore, the full cell achieved a high specific energy of about 
349 W h kg−1, which shows potential practical applications.

Hollow nanostructures have received extensive research 
interest in recent years due to their large void space, high spe-
cific surface area and low density.[49] They demonstrate great 
opportunity in a wide range of applications from biomedicine 
to energy related systems.[49a,50] In 2011, Archer’s group pio-
neered the work of using porous hollow carbon spheres as the 
host to encapsulate sulfur and trap LiPSs (Figure  4d).[19] They 
used silica spheres as the template and pitch as carbon source 
to synthesize the hollow carbon spheres. This hollow structure 
design can not only provide abundant void space to store sulfur, 
but also accommodate the volume expansion upon lithiation. 
As shown in Figure  4e, the hollow carbon@sulfur composite 
can demonstrated relative stable cycling performance over 
100  cycles. Afterward, Lou and co-workers fabricated double-
shelled hollow carbon nanospheres to encapsulate sulfur.[51] 
Such complex hollow spheres can maximize the benefits of 
hollow nanostructures for sulfur encapsulation and suppress 
the outward diffusion of LiPSs. When used as the cathode for 
Li–S batteries, this composite showed impressive electrochem-
ical performance.

Graphene is a 2D material with merits of large surface area, 
excellent conductivity, and superior flexibility, making it a 
promising substrate to anchor active materials for energy appli-
cations.[52] In 2011, Dai and Cui’s group pioneered the work of 
using graphene-wrapped sulfur particles as a novel cathode 
for Li–S batteries (Figure 4f,g).[20] They first functionalized the 
sulfur microspheres with poly(ethylene glycol) (PEG) molecules 
and then assembled them with mildly oxidized graphene oxide 
(GO) nanosheets to form the graphene-wrapped sulfur parti-
cles via the electrostatic interaction. The graphene coating layer 
can not only endow the electrical conductivity of the graphene–
sulfur composite, but also effectively entrap LiPSs. Additionally, 
the PEG layer can further trap the LiPSs and accommodate the 
volume change upon cycling. As a result, the graphene–sulfur 
composite demonstrated much improved cycling stability com-
pared to the sulfur cathode without graphene wrapping. Apart 
from using as sulfur host, the graphene was also used as the 
host material for Li2S based cathode. Li et  al. prepared a free-
standing Li2S/reduced GO (rGO) paper electrode by directly 
dropping Li2S/ethanol solution onto the porous rGO paper 
and then dried at 300  °C for 2 h, during which the Li2S pre-
cipitated into nanospheres.[53] The flexible rGO nanosheets 
prevented the agglomeration of Li2S particles and ensure their 
homogeneous distribution in the rGO paper. As a result, the 
Li2S/rGO paper electrode showed superior cycling performance 
with a discharge capacity of 816.1 mA h g−1 after 150 cycles at 
0.1C and excellent rate performance of 597 mA h g−1 at 7C. In 
2017, Amine’s group has developed a new approach to fabri-
cate Li2S–graphene composite by directly burning lithium foils 
in a CS2 vapor atmosphere.[54] By using this simple strategy, 
they obtained graphene-wrapped Li2S nanoparticles. Because 
the Li2S cores and graphene shells nucleated and formed 

simultaneously to generate the Li2S–graphene nanocapsules, 
the obtained composite had very high compactness, which 
was beneficial to achieve high Li2S loading. Moreover, as the 
lithium was already lithiated into the Li2S@graphene capsules, 
the volume expansion could be eliminated and the compact 
graphene shells could preserve the structural integrity of the 
composite. Accordingly, the conductivity of the composite was 
ensured and the LiPS shuttle was effectively suppressed. As 
a result, the composite exhibited a high reversible capacity of 
1160 mA h g−1 and high areal capacity of 8.1 mA h cm−2 at an 
ultrahigh Li2S loading of 10 mg cm−2. They also fabricated a full 
cell using Li2S@graphene as cathode and graphite as anode. 
Remarkably, the Li2S@graphene–graphite full cell displayed 
a high discharge capacity of 730 mA h g−1 with stable cycling 
performance, indicating their potential practical applications. 
Recently, graphyne, as a 2D porous carbon allotrope owing sp2- 
and sp-hybridized carbon atoms, has also been developed as an 
efficient sulfur host for Li–S batteries.[55]

Owing to their high aspect ratio, 1D nanomaterials such as 
carbon nanotubes (CNTs) are able to render long-range conduc-
tivity for the electrode, making them very intriguing for employ 
as sulfur host. However, as the diameter of CNTs is very small, 
it is hard to infiltrate sulfur into the inner voids of CNTs. In 
this case, the sulfur was generally coated on the outer surface 
of the CNTs and the intermediated LiPSs were easily dissolved 
into the electrolyte upon long cycling. Thus, it would be very 
beneficial to design hollow carbon nanofibers with much larger 
diameter to confine the active sulfur species inside the inner 
hollow space. To this end, Cui and co-workers prepared the 
hollow carbon nanofiber (HCNF)-encapsulated sulfur by first 
carbonizing the polystyrene on the anodic aluminum oxide 
(AAO) template and then infiltrating sulfur into the tubes via 
the melt-diffusion process (Figure 4h–j).[18] The AAO template 
was then etched away by immersing it into the acid solution. 
Benefiting from the hollow structure, the S@HCNF electrode 
demonstrated high discharge capacities of about 1400 and 
1300 mA h g−1 at 0.2 and 0.5C, respectively. Nevertheless, the 
cycling performance of hollow carbon nanofiber encapsulated 
sulfur composite was not satisfactory, perhaps due to the weak 
physical interaction between polar LiPSs and the nonpolar 
carbon walls, resulting in the detachment of sulfur species 
from the carbon walls.[56]

Apart from using mesoporous and macroporous carbon 
materials, microporous carbon spheres with a narrow pore size 
of about 0.7 nm were also used to confine the sulfur molecules 
by Gao’s group (Figure 5a,b).[57] The charge–discharge profiles 
of microporous carbon–sulfur composite showed only one dis-
charge platform at about 1.8 V in carbonate-based electrolyte 
(Figure  5c), instead of typical two-platform charge–discharge 
voltage profiles in conversional ether-based electrolyte. It was 
postulated that the sulfur molecules existed in the form of 
short-chain sulfur, which led to the one-stage conversion pro-
cess from S4 to S2/S without the formation of high-order poly-
sulfides during the discharge. As a result, the microporous 
carbon with 42% sulfur content exhibited very stable cycling 
performance with capacities over 800 mA h g−1 at the current 
density of 400 mA g−1 (Figure  5d). It was worth noting that 
when the sulfur content was higher than the theoretical loading 
content of 49.5% based on the total pore volume of the carbon 
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spheres, the obtained microporous carbon/sulfur composite 
exhibited very low discharge capacity (Figure 5d). This could be 
attributed to that the oversaturated sulfur existed in the form S8 
on the surface of microporous carbon spheres and its interme-
diate product long-chain LiPSs attacked the carbonate electro-
lyte, resulting the poor electrochemical performance.

To give more insight on the short-chain sulfur molecules, 
Guo’s group has performed theoretical calculations on the 
sulfur allotropes from S2 to S8.[23] They found that sulfur mole-
cules of S2–S4 have at least one dimension lower than 0.5 nm, 
while for cyclosulfur molecules (S5–S8), have at least two dimen-
sions larger than 0.5 nm. As a proof-of-concept, they prepared 
the microporous carbon matrix with pore size of about 0.5 nm 
(Figure 5e,f), in which only small sulfur molecules from S2–S4 
can be confined in the micropores. Raman spectra were per-
formed to confirm the disappearance of S8 in the microporous 
carbon–sulfur composite. Using this composite as cathode, it 
showed reversible electrochemical reactions in the carbonate-
based electrolyte and the charge–discharge voltage profiles 
showed one platform (Figure 5g), which was in good agreement 
with Gao’s work. High discharge capacity of 1142 mA h g−1 was 
delivered at 0.1C after 200 cycles, demonstrating remarkable 
cycling stability (Figure 5h).

Although carbon materials have embraced great progress 
in Li–S batteries, the cycling performance was not satisfactory 
giving that the nonpolar carbon can only provide weak physical 
adsorption for the polar LiPSs. Modification of carbon surface 
with heteroatoms or functional groups was believed to be an 
effective strategy to enhance the chemical affinity for polar 
LiPSs and restrain their shuttle effect.[46b] In 2011, Zhang’s 
group proposed that functional groups such as hydroxyl and 

epoxy groups on GO can enhance its affinity for LiPSs.[58] 
As a result, the GO–sulfur composite showed stable cycling 
performance at 0.1C over 50 cycles. In 2014, Lou et  al. func-
tionalized rGO with amino groups to enhance the trapping 
ability to LiPSs.[59] The ethylenediamine (EDA)-functionalized 
rGO exhibited a much higher binding energy with LiPSs 
(1.13–1.38 eV) compared to that of rGO (0.34 eV). With the 
merits of conductive graphene and polar amino groups, the 
EDA-S-rGO showed stable cycling performance with a capacity 
retention of 80% after 350 cycles. Although the abundant func-
tional groups on GO can chemically immobilize the interme-
diate LiPSs, the conductivity of GO is not good, which led to 
the poor rate performance.

Alternatively, chemical doping of carbon materials would 
be a promising choice to enhance their chemical binding 
capability while ensure their conductivity. In 2014, the Zhang 
group designed a kind of novel N-doped aligned CNT-graphene 
(N-ACNT/G) sandwiches as the scaffolds to host sulfur for high-
rate Li–S batteries (Figure 6a).[60] Parallel graphene nanosheets 
were penetrated with the aligned CNTs, leading to a sandwich-
like hierarchical architecture with 3D continuous conductive 
framework (Figure  6b,c). Moreover, the nitrogen doping has 
induced abundant defects and active sites for improving the 
chemical adsorption capability for LiPSs. When N-ACNT/G was 
used as the sulfur scaffold, a high initial discharge capacity of 
1152 mA h g−1 at 1C was attained and it retained a high dis-
charge capacity of 880 mA h g−1 after 80 cycles. Even at the 
ultrahigh current rate of 5C, a high reversible capacity of 
770 mA h g−1 was delivered. Such impressively high rate perfor-
mance can be attributed to the 3D conductive networks origi-
nating from this unique sandwich-like structure.

Figure 5. a,b) TEM images of microporous carbon spheres at different magnifications. c) Voltage profiles of sulfur-microporous carbon sphere com-
posite with 42% sulfur content at current density of 400 mA g−1 in carbonate-based electrolyte. d) Cycling performances of sulfur–carbon sphere compos-
ites at current density of 40 mA g−1 with 42 and 51 wt% sulfur contents, respectively. a–d) Reproduced with permission.[57] Copyright 2010, Royal Society 
of Chemistry. e) TEM image of a CNT@microporous carbon nanocable (CNT@MPC). f) HR-TEM image shows the carbon channels in the coating layer. 
g) Charge–discharge voltage curves of S/CNT@microporous carbon at 0.1C in carbonate-based electrolyte. h) Cycling performances and Coulombic 
efficiencies of S/CNT@microporous carbon and S/CB at 0.1C. e–h) Reproduced with permission.[23] Copyright 2012, American Chemical Society.
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In 2016, the Zheng group has synthesized a kind of novel 
N-doped hollow porous carbon bowls (N-HPCS) with ultrahigh 
surface area of 2161 m2 g−1 and large pore volume of 1.50 m3 g−1 

(Figure  6d).[61] After loaded with sulfur, the S/N-HPCS com-
posite showed higher discharge capacity and enhanced cycling 
performance compared to S/N-HPCS, S/N-HCS, and S/HCS 

Figure 6. a) Schematic of the synthetic process for N-ACNT/G hybrid. b) SEM and c) TEM images of N-ACNT/G. a–c) Reproduced with permission.[60] 
Copyright 2014, Wiley-VCH. d) SEM image of N-HPCB. e) Cycling performances of S/N-HPCB, S/N-HPCS, S/N-HCS and S/HCS at 0.2C. f) Schematic 
of the confinement effect of LiPSs by HCS and N-HPCB. d–f) Reproduced with permission.[61] Copyright 2016, Wiley-VCH. g) Photograph of a dan-
delion supporting a N,S-codoped graphene sponge. h) Schematic of the fabrication process for N,S-codoped graphene electrodes and Li-polysulfide 
batteries. i) SEM image of the N,S-codoped graphene sponge. j) Cycling performances and Coulombic efficiencies of N,S-codoped graphene, N-doped 
graphene, S-doped graphene and rGO. g–j) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).[31] Copyright 2015, Springer Nature.
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(Figure  6e). The significantly improved capacity and cycling 
performance of N-HPCS can be attributed to its unique archi-
tecture (Figure  6f). Because the nonpolar HCS can only gen-
erate weak physical adsorption to the polar LiPSs, the S/HCS 
cannot undertake long-term cycling. However, the N-doping 
can effectively tune its surface structure and chemically immo-
bilize sulfur and LiPSs through the strong bonding interface.

Instead of using solid sulfur as the starting active material, 
the dispersion of dissolved LiPS catholyte into the 3D free-
standing structure has received much attention recently. In 
2015, the Manthiram group has fabricated a lightweight 3D 
N/S-codoped graphene sponge as the current collector to load 
LiPS catholyte for Li-polysulfide batteries.[31] The N,S-codoped 
graphene sponge was prepared by the hydrothermal reac-
tion between GO and thiourea, followed by the freeze-drying 
process (Figure  6g). The N,S-codoped graphene shows highly 
interconnected porous structure. The 3D current collector was 
obtained by cutting and pressing the sponge into slices. After 
that the prepared Li2S6 catholyte was directly dropped into the 
3D slices to form the LiPS working electrode (Figure 6h). The 
Li-polysulfide batteries using N,S-codoped graphene as current 
collectors showed much improved electrochemical performance 
compared with that of N-doped graphene, S-doped graphene, 
and rGO (Figure  6j). The enhanced electrochemical perfor-
mance can be ascribed to the synergistic effect of N,S-codoping 
that leads to the stronger chemical binding with LiPSs com-
pared to the single N or S-doping cases and undoped one.

Additionally, many other types of heteroatom-modified 
carbon nanostructures, such as N,B-codoped graphene nano-
ribbons,[62] N,B-rich carbon,[63] N,P dual doped graphene,[64] 
N-doped hierarchical porous carbon spheres,[65] and oxygen-
rich dense carbon[66] have also been used to enhance the perfor-
mance of Li–S batteries. Although incorporation of functional 
groups or heteroatoms into carbon materials were effective 
strategies to improve the affinity for LiPSs, the contents of 
heteroatom doping or the functional groups were relatively 

low, which cannot provide abundant active sites to chemically 
anchor LiPSs and promote their conversion. In this regard, the 
pure carbon-based materials were not the optimal choice for 
using as sulfur host for Li–S batteries.

3.2. Organic Materials as Host

Organic materials represent an emerging family of materials 
for energy applications that can be precisely controlled at the 
molecule level.[67] The organic materials have a diversity of 
functional groups which are beneficial for LiPS trapping. In 
addition, the elastic and flexible nature of polymer can accom-
modate the volume variation upon cycling.

Conductive polymers such as polypyrrole and polythio-
phene were one of the earliest organic materials used as sulfur 
host.[68] These sulfur–polymer composites formed via the melt 
diffusion method at 155 °C usually do not have strong chemical 
binding and the cycling performances were not satisfied. To 
achieve longer cycle life and confine sulfur within the polymer 
backbone at the molecule level, Liu’s group heated sulfur with 
polyaniline (PANI) at 280 °C to trigger the vulcanization reac-
tion, which produced a 3D crosslinked sulfur–PANI (SPANI) 
polymer backbone with disulfide bonds (Figure 7a–d).[24] Owing 
to the strong confinement effect at the molecule level, the 
SPANI nanotubes displayed stable cycling performance with a 
discharge capacity of 432 mA h g−1 after 500 cycles at 1C, cor-
responding to a 76% capacity retention, which represented an 
impressive long-cycling performance.

To accommodate volume expansion of sulfur upon lithiation, 
yolk–shell nanostructures of PANI–sulfur spheres were fur-
ther designed by Abruña’s group (Figure 7e).[26] Colloidal sulfur 
nanospheres were first synthesized by the reaction between 
Na2S2O3 and H2SO4 with the addition of a small amount of  
poly(vinylpyrrolidone) (PVP). The PANI-coated sulfur nano-
spheres were then obtained by the oxidation of aniline with 

Figure 7. a) SEM and b) TEM images of PANI nanotubes. c) SEM and d) TEM images of SPANI composite. a–d) Reproduced with permission.[24] 
Copyright 2012, Wiley-VCH. e) Schematic illustration of the synthesis process for sulfur–PANI yolk–shell nanostructure. f) TEM image of sulfur–PANI 
core–shell spheres. g) TEM image of yolk–shell-structured sulfur–PANI spheres. e–g) Reproduced with permission.[26] Copyright 2013, American 
Chemical Society.
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ammonium persulfate in the diluted sulfuric acid solution 
(Figure  7f). After heating the core–shell PANI–sulfur nano-
spheres at 180 °C for 12 h under Ar atmosphere to volatilize par-
tial sulfur, yolk–shell PANI–sulfur nanospheres were achieved 
(Figure 7g). At the same time, sulfur reacted with PANI to pro-
duce the crosslinked disulfide network via the vulcanization. 
Benefitting from this unique structure design, the sulfur–PANI 
yolk–shell sphere cathodes displayed high initial specific capac-
ities of 1101 and 920 mA h g−1 at 0.2 and 0.5C, along with 70% 
and 68% capacity retention after 200 cycles, respectively. The 
superior cycling performance was ascribed to the dual confine-
ment of both physical and chemical entrapment.

Instead of using the yolk–shell structure, another strategy 
to accommodate the volume expansion of sulfur is to design 
intrinsic hollow sulfur spheres. To this end, the Cui group has 
prepared a kind of novel PVP-encapsulated hollow sulfur nano-
spheres via a one-step soft-template approach.[27] The hollow 
sulfur structure design can effectively accommodate volume 
expansion during discharge and the cycling performance has 

been improved a lot. However, the rate performance was rela-
tively poor giving the insulating nature of both sulfur and 
PVP shell. In order to further enhance the performance of the 
cathode, conductive polymers were further employed to encap-
sulate the hollow sulfur nanospheres (Figure 8a).[69] Figure 8b,c 
shows the SEM and TEM images of the monodisperse hollow 
sulfur spheres before the conductive polymer coating. The 
hollow sulfur nanospheres exhibit the uniform spherical 
morphology with a diameter of about 400 nm. After coating 
a thin layer of conductive polymers, the sulfur nanospheres 
maintained the spherical morphology and hollow structure 
(Figure 8d–g). The thickness of the conductive polymer shells 
is about 20 nm. Electrochemical measurements demonstrated 
that the conductive polymer coating can effectively improve the 
cycling performance and the poly(3,4-ethylenedioxythiophene) 
(PEDOT)-coated hollow sulfur nanospheres showed the best 
performance among these three kinds of different conduc-
tive polymers. It delivered an initial discharge capacity of 
1165 mA h g−1 and maintained a high discharge capacity of 

Figure 8. a) Schematic of the synthetic process for conductive-polymer-coated hollow sulfur nanospheres. b) SEM and c) TEM images of hollow sulfur 
nanospheres without polymer coating. d) SEM and e) TEM images of PPY-coated hollow sulfur nanospheres. f) PEDOT-coated and g) PANI-coated 
hollow sulfur nanospheres. a–g) Reproduced with permission.[69] Copyright 2013, American Chemical Society. h) Schematic illustration of the synthetic 
process for poly(S-r-DIB) copolymer. i) Photograph of molten sulfur at 185 °C. j) Photograph of poly(S-r-DIB) solid with 30 wt% DIB. h–j) Reproduced 
with permission.[28] Copyright 2013, Springer Nature. k) Schematic of the synthesis process for porphyrin organic framework hollow spheres. l) TEM 
image of porphyrin organic framework hollow spheres. k,l) Reproduced with permission.[71] Copyright 2018, Wiley-VCH.
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780 mA h g−1 at 0.5C after 500 cycles. Theoretical calculations 
were also performed to elucidate the interactions between these 
conductive polymers and lithium sulfides. It was found that all 
of these three conductive polymers can form strong chemical 
bindings with lithium sulfides. The PEDOT (1.08 eV) shows a 
stronger binding energy with Li2S than that of PANI (0.59 eV) 
and PPY (0.50 eV). The strong binding affinity for LiPSs can 
effectively suppress their shuttle effect, which led to the better 
cycling performance of PEDOT-coated hollow sulfur nano-
spheres. In particular, combining the carbon–sulfur composite 
with PEDOT coating can further entrap the LiPSs.[70]

In 2013, Pyun et  al. proposed a kind of sulfur–copolymer 
as a novel cathode for Li–S batteries.[28] To do so, they heated 
solid sulfur to 185 °C until it became molten phase (Figure 8i), 
during which the eight-membered ring S8 unlinked and poly-
merized into polymeric sulfur. After that a certain amount of 
1,3-diisopropenylbenzene (DIB) was added into the molten 
sulfur medium and stirred at 185  °C for 10 min (Figure  8i,j), 
during which the polymeric sulfur with diradical chain ends 
copolymerized with DIB molecule to form the poly(S-r-DIB) 
copolymer (Figure 8h). Using this copolymer as sulfur cathode, 
it showed very similar electrochemical behavior to that of S8, 
including the two typical discharge platforms. It exhibited an 
initial discharge capacity of 1100 mA h g−1 and maintained a 
capacity of 823 mA h g−1 after 100 cycles at 0.1C. Although high 
capacity with relatively stable cycling performance was achieved 
using this unique copolymer as active material, the rate perfor-
mance was relatively poor especially at a high rate of 2C. This 
is because the conductivity of poly(S-r-DIB) copolymer is very 
low. To this end, the Li group further infiltrated the sulfur–
DIB copolymer into the hollow carbon nanofibers (CNF) to 
form the S–DIB@CNF composite.[72] By combining the unique 
structure advantage of S–DIB copolymer and the long-range 
conductivity behavior of CNF, the S-DIB@CNF exhibited high 
discharge capacity, superior rate performance and good cycling 
stability with a capacity decay of only 0.05% over 450 cycles at 
1C. Besides CNF, graphene was also used to enhance the con-
ductivity of sulfur copolymer.[73]

As one of the emerging crystalline porous materials, covalent 
organic frameworks (COFs) have received extensive interest in 
recent years owing to their large surface area and ready func-
tionality.[74] Their structures and heteroatom components can 
be precisely designed in principle through selection of proper 
building blocks to optimize the designed functionality. This 
provides a promising way to design COFs with well-defined 
structures and compositions to encapsulate sulfur within their 
intrinsic pores. In 2016, Tang and co-workers designed N and B 
doped COFs to fill sulfur for Li–S batteries.[75] It was found that 
the N and B doping can enhance the affinity of COF for LiPSs, 
resulting in the improvement in electrochemical performance. 
Additionally, other types of COFs, such as 2D pyrene-based 
COFs[76] and COF nanosheets assembled microspheres[77], have 
also been developed as sulfur host for Li–S batteries.

Recently, Zhang’s group has prepared porphyrin organic 
framework (POF) hollow spheres as sulfur host (Figure 8k,l).[71] 
Polystyrene (PS) sphere templates were first prepared via the 
traditional emulsion polymerization method. POFs were then 
coated on the PS spheres. Finally, the hollow POF spheres 
were obtained by dissolving PS@POF spheres into toluene to 

remove the PS templates (Figure 8l). By virtue of the polar char-
acteristic and hollow structure, the sulfur-loaded POF spheres 
demonstrated impressive electrochemical performance.

Quinone-based organics have demonstrated great potential 
to propel the redox kinetics in Li–S batteries.[78] For example, 
Chen’s group reported that the keto groups in anthraquinone 
(AQ) can confine LiPSs by forming strong Lewis-acid-based 
chemical bonding.[79] After combining S-AQ with the conduc-
tive rGO, the S-AQ-G composite showed superior cycling per-
formance with a low capacity fading rate of 0.019% per cycle 
over 300 cycles.

Sulfurized polyacrylonitrile (SPAN) is a special kind of orga-
nosulfur that has drawn attention in recent years because it can 
be stably cycled in traditional carbonate-based electrolyte. It was 
first reported by Wang et  al. in 2002.[13] The SPAN was fabri-
cated by heating a mixture of sulfur and polyacrylonitrile (PAN) 
at 300 °C for 6 h to form unsaturated chains with conjugated 
electrons. The dehydrogenation resulted in the cyclization of 
PAN, contributing to the formation of framework. Using this 
SPAN as the cathode, an initial capacity of 850 mA h g−1 and 
a retained capacity of over 600 mA h g−1 after 50 cycles were 
delivered. It was worth noting that only one discharge plateau 
appeared at about 1.8 V, suggesting a different reaction mecha-
nism compared to the conventional sulfur cathode. However, 
the intrinsic reaction mechanism upon cycling was not totally 
understood. Very recently, based on their previous work, the 
Wang group further explored a SPAN based cathode com-
bined with a fluoroethylene carbonate (FEC)-based electrolyte 
for ultralong cycle life Li–S batteries.[80] A high capacity of over 
1200 mA h g−1 was attained and it could be stably cycled for 
4000 cycles at 6C, demonstrating promising direction for prac-
tical applications.

Recently, Liu and co-workers proposed that SPAN actu-
ally existed in the form of short S2 and S3 chains cova-
lently binding to the pyrolyzed PAN backbone (Figure 9e).[14] It 
was reported that the discharge process of SPAN was a single 
step solid reaction without the formation of soluble LiPSs 
(Figure 9e). After introducing conductive CNTs into the SPAN, 
a high discharge capacity of 1180 mA h g−1 without capacity 
fading over 1000 cycles was achieved at the current density of 
800 mA g−1. Although SPAN shows great advantage in terms 
of cycling performance compared to other sulfur based com-
posite cathodes, the sulfur content (normally below 40%) and 
voltage plateau (about 1.8 V) are not satisfactory for realizing a 
high energy density.

Generally, organic materials have much abundant polar 
functional groups compared to carbon materials, which is ben-
eficial for the efficient trapping of LiPSs. However, the conduc-
tivity of organic materials is not as good as most of the carbon 
materials. In addition, the thermal stability of most organic 
materials is not well and the structure may be destroyed during 
the sulfur melt-diffusion process.

3.3. Metal Oxides as Host

Metal oxides typically comprise metal cations and oxygen 
anions in the polar metaloxygen bonds, endowing abundant 
polar active sites to adsorb LiPSs.[46c,81] Additionally, owing to 
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the intrinsic high tap density of metal oxides compared with 
carbon and organic materials, the utilization of metal oxides 
as cathode host materials would potentially increase the volu-
metric energy density of a practical Li–S battery. In this section, 
some typical polar metal oxides, such as TiO2, MnO2, CeO2, 
Nb2O5, Ti4O7, TiO, and Fe3O4, will be discussed to demonstrate 
the potential of metal oxides for using as sulfur host for Li–S 
batteries.

TiO2 is one of the most studied polar metal oxide host mate-
rials for Li–S batteries. In 2013, Cui and co-workers pioneered 
the work of using sulfur–TiO2 yolk–shell nanostructures as 
novel cathodes for Li–S batteries (Figure  10a).[25] Sulfur–TiO2 
core–shell structures were first synthesized by the hydrolysis 
process. To create an internal void space for accommodating 
the volume expansion upon lithiation, toluene was employed 
to dissolve part of the sulfur to produce a yolk–shell structure 
(Figure  10b,c). In addition, the hydrophilic Ti–O groups and 
surface hydroxyl groups were believed to play a key role in 
chemically binding with polar LiPSs. As a result, the S–TiO2 
yolk–shell cathode exhibited an initial discharge capacity of 
1030 mA h g−1 at 0.5C and a capacity fading rate of only 0.033% 

per cycle over 1000 cycles (Figure  10d), representing the best 
cycling performance at that time. Because of the semicon-
ducting nature of TiO2, carbon materials were also combined 
with TiO2 to improve the overall conductivity of the electrode. 
To this end, many kinds of nanostructured TiO2–C composites, 
such as carbon coated TiO2-nanowire arrays,[82] C@TiO2@C 
hollow microspheres,[83] TiO2-nanowire–graphene hybrid 
film,[84] TiO2 nanosheets,[85] and hollow-TiO2 webbed CNTs,[86] 
have then been developed as efficient sulfur hosts to enhance 
the electrochemical performance of Li–S batteries.

Using MnO2 as sulfur host material was first reported by 
Nazar and co-workers in 2015.[33] Ultrathin MnO2 nanosheets 
were synthesized by reducing GO with KMnO4. After loading 
sulfur within MnO2 nanosheets with a content of 75%, the S/
MnO2 composite delivered an initial discharge capacity of  
1300 mA h g−1 at C/20 and a capacity fading rate of only  
0.036% per cycle over 2000 cycles at 2C, among the best 
cycling performance at that time. To elucidate the interactions 
between MnO2 and sulfur species, ex situ X-ray photoelectron 
spectroscopy (XPS) measurements were performed on the S/
MnO2 composite electrodes after discharged to specific states 

Figure 9. a) Schematic of the synthetic process for SPAN/CNT electrodes. b,c) SEM images of PAN/CNT film (b) and SPAN/CNT film (c). The insets 
show the corresponding enlarged images. d) Cross-sectional SEM image of SPAN/CNT electrode. e) The proposed electrochemical conversion mecha-
nism of SPAN cathode during discharge–charge process. Reproduced with permission.[14] Copyright 2019, Wiley-VCH.
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(Figure  10e). Two new peaks appeared at 167.2 and 168.2 eV 
during the discharge process, which could be attributed to 
the formation of thiosulfate and polythionate, respectively 

(Figure  10e). Unlike previous strategies to anchor LiPSs by 
physical barrier or simple chemical interaction, a new mecha-
nism based on transfer mediator was proposed to bind LiPSs and 

Figure 10. a) Schematic of the synthesis of sulfur–TiO2 yolk–shell nanostructure. b) SEM and c) TEM images of yolk–shell-structured sulfur–TiO2 
spheres. d) Cycling performance of sulfur–TiO2 yolk–shell sphere cathode at 0.5C for 1000 cycles. a–d) Reproduced with permission.[25] Copyright 2013, 
Springer Nature. e) Ex situ XPS of S/MnO2 nanosheet electrodes after discharge to certain status: from top to bottom: discharged to 2.15 V, discharged 
to 2.15 V and then remained in the cell for 20h, discharged to 800 mA h g−1, and discharged to 1.8 V. Reproduced with permission.[33] Copyright 2015, 
Springer Nature. f) Schematic of synthesis process for MnO2@HCF/S. g–i) TEM images of different nanostructures. j) Illustration of LiPS trapping by 
MnO2@HCF. k) Cycling performances of MnO2@HCF/S and HCF/S at 0.2C. f–k) Reproduced with permission.[87] Copyright 2015, Wiley-VCH.

Adv. Mater. 2021, 2003666



© 2021 Wiley-VCH GmbH2003666 (14 of 67)

www.advmat.dewww.advancedsciencenews.com

promote the redox activity. In particular, the initial formed LiPSs 
reacted with MnO2 to produce thiosulfate species, and then fur-
ther reacted with long-chain LiPSs to generate polythionate com-
plex and short-chain LiPSs. This process occurred progressively 
on discharge until full conversion to Li2S2/Li2S was achieved.

As the conductivity of both sulfur and MnO2 was very poor, 
the use of pure MnO2 as sulfur host would not be an optimal 
choice. To this end, Lou’s group pioneeringly designed hollow 
carbon nanofibers confined with MnO2 nanosheets (MnO2@
HCF) as sulfur host (Figure  10f–i).[87] This structural design 
not only enabled the electrode with long-range conductivity 
but also with both physical confinement and chemical absorp-
tion, restraining the dissolution and shuttle effect of LiPSs 
(Figure 10j). By virtue of these advantages, the MnO2@HCF/S 
electrodes exhibited high capacity with superior cycling stability 
even at a high sulfur loading of 3.5 mg cm−2 (Figure 10k). Sub-
sequently, carbon nanoboxes confined with MnO2 nanosheets 
were also designed to encapsulate sulfur to improve the electro-
chemical performance of Li–S batteries.[88] Apart from carbon 
materials, conductive polymer such as polypyrrole was also 
developed to combine with MnO2 to improve the overall con-
ductivity of the cathode.[89]

Recently, Nazar’s group further prepared the unique core–
shell structured hollow sulfur–MnO2 spheres by the in situ 
redox reaction between sulfur and KMnO4.[90] The bifunctional 
MnO2 shell can not only act as the physical barrier to restrain 
the out diffusion of LiPSs, but also chemically trap the LiPSs. 
In addition, the unique hollow structure can accommodate the 
volume change upon cycling. Using hollow sulfur–MnO2 core–
shell spheres as cathodes, the electrode showed an ultralow 
capacity fading rate of only 0.039% per cycle over 1700 cycles at 
a high sulfur content of 80%.

Implanting polar metal oxide nanocrystals into mesoporous 
carbon was also explored to combine the physical barrier 
with chemical entrapment to confine LiPSs. Jin’s group has 
embedded ultrafine CeO2 nanocrystals into micromesoporous 
nitrogen-rich carbon spheres for using as sulfur host.[91] The 
inserted polar CeO2 nanocrystals can trap and promote the 
LiPS conversion, while the micromesoporous carbon spheres 
provide abundant pore structures to encapsulate sulfur. Using 
CeO2/C as sulfur host, it exhibited high capacity of 721 mA h g−1 
at 2C after 1000 cycles with an ultralow capacity fading rate of 
only 0.024% per cycle. Long’s group integrated ultrafine Nb2O5 
nanocrystals into mesoporous carbon microspheres.[92] Apart 
from the enhanced anchoring ability for LiPSs via both the 
physical and chemical entrapment, the Nb2O5 nanocrystals 
can also act as an efficient electrocatalyst to accelerate the LiPS 
redox kinetics. As a result, the Nb2O5/C/S cathode showed an 
excellent rate performance of 887 mA h g−1 at 5C.

Although the overall conductivity of metal oxide based hosts 
can be improved to some extent by integrating with conductive 
carbon materials, the charge transfer at the interfaces between 
insulating oxides and sulfur species would not be efficient. To 
this end, polar metal oxides with metallic conductivity were 
further explored to use as sulfur hosts. In 2014, the Nazar 
group reported the use of Ti4O7 as a metallic and polar host for 
sulfur cathode (Figure 11a).[30] The visual adsorption tests sug-
gest that the Ti4O7 has stronger chemical adsorption capability 
for LiPSs compared to that of carbon materials (Figure  11b). 

The ST
−1 and SB

−1 XPS spectra of Li2S4 show obvious positive 
shift after the interaction with Ti4O7 (Figure  11c), indicating 
the strong binding between LiPSs and Ti4O7. Operando X-ray 
absorption near edge structure (XANES) measurements sug-
gested the more efficient redox kinetics of LiPS conversion 
on Ti4O7 than carbon (Figure 11d). Based on these results, the 
authors proposed that the polar and metallic Ti4O7 surface 
can not only chemically anchor LiPSs, but also promote their 
conversion (Figure  11e). As a result, the Ti4O7/S composite 
showed high capacity of 1069 mA h g−1 with superior cycling  
stability.

Almost at the same time, Cui’s group synthesized a series 
of Magnéli phase TinO2n−1 nanomaterials to use as sulfur host 
(Figure  11f–n).[93] By reducing TiO2 nanotubes (Figure  11f–h) 
respectively at 950 and 1050 °C for 4 h in pure hydrogen, Ti6O11 
nanowires (Figure 11i–k) and Ti4O7 (Figure 11l–n) nanoparticles 
were produced respectively. Compared to TiO2, Ti4O7 not only 
owns higher metallic conductivity (≈103 S cm−1),[5b] but also low 
coordinated Ti sites. Theoretical calculations suggested that the 
low coordinated Ti sites were the most favorable adsorption 
sites for sulfur species to form the strong TiS bonds, which 
was confirmed by the XPS analysis. As a result, the S/Ti4O7 
composite exhibited impressive cycling performance at 0.1C. 
Additionally, the cycling performances were in the order of  
S/Ti4O7 > S/Ti6O11 > S/TiO2, which was in accordance with the 
conductivities of these oxides.

Although the surface of Ti4O7 had strong chemical interac-
tions with the LiPSs, the irregular particle forms mentioned 
above can only provide limited interfaces to absorb LiPSs, 
which was not benefit to achieve high sulfur content as well 
as high sulfur loading. To this end, Ti4O7 microspheres with 
highly interconnected mesoporous structure were further 
designed by Caruso’s group (Figure  12a–c).[94] Mesoporous 
TiO2 microspheres were first prepared as template 
(Figure  12b), followed by infiltrating resol into the template. 
After the carbothermal reduction process, mesoporous Ti4O7 
microspheres were obtained (Figure  12c). The Ti4O7 micro-
spheres have a large surface area of 197.2 m2 g−1 and high 
pore volume of 0.39 cm3 g−1, which provide sufficient voids 
and interfaces to accommodate and adsorb LiPSs. By virtue of 
the high conductivity, physical and chemical confinement of 
this unique architecture, the mesoporous Ti4O7 spheres-sulfur 
composite exhibited specific capacity of 1317.6 mA h g−1 at 0.1C 
with stable performance.

Subsequently, Lu’s group also prepared the porous Ti4O7 
spheres with interconnected-pore structure as sulfur host 
(Figure 12d–g).[95] To do so, a selective swelling strategy was first 
used to produce the mesoporous poly(styrene-b-2-vinylpyridine) 
(PS-P2VP) spheres as template (Figure  12e). Then, TiO2@
PS-P2VP spheres were obtained by the hydrolysis of titanium 
isopropoxide adsorbed on the PS-P2VP template (Figure  12f). 
Finally, mesoporous Ti4O7 spheres were obtained by the thermal 
reduction process (Figure 12g). The obtained mesoporous Ti4O7 
spheres have a large surface area of 592 m−2 g−1, and most of 
the mesopores centered at 5 nm, which are beneficial for both 
the physical and chemical confinement of LiPSs. When used 
as the sulfur host, the mesoporous Ti4O7/S composite showed 
much improved electrochemical performance compared to 
that of TiO2/S composite. When combining a thin layer of 
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carbon coating on the mesoporous Ti4O7 spheres, the electro-
chemical performance could be further enhanced to a capacity 
of 1411 mA h g−1 at 0.1 C with a low capacity decay rate of 
0.099% per cycle over 300 cycles.

Apart from Ti4O7 and Ti6O11, Magnéli phase TiO was also 
developed as sulfur host for Li–S batteries because its conduc-
tivity is much higher than that of TinO2n−1 (n = 4–10).[96] In 2016, 
Lou and co-workers pioneeringly designed TiO@C hollow 
spheres as sulfur host (Figure  13a).[97] Uniform polystyrene 
(PS) spheres with a diameter of about 490 nm were first pre-
pared as template (Figure  13b), followed by coating with TiO2 
and polydopamine (PDA) to form the PS@TiO2@PDA spheres 
(Figure  13c). After heating the PS@TiO2@PDA spheres at 
1000 °C for 4 h under N2/H2 (95:5) atmosphere, TiO@C hollow 
spheres were obtained (Figure 13d). Sulfur was loaded into the 
TiO@C hollow spheres by a vapor phase infusion method at 
300  °C (Figure  13e). DFT calculations indicate that TiO has 
much stronger chemical adsorption capability toward LiPSs 
compared to TiO2. Owing to the unique surface chemical prop-
erties and hollow structure, the TiO@C/S cathode showed 

stable impressive cycling performance for 500 cycles at 0.2C 
with a low capacity fading rate of 0.08% per cycle.

To reduce the inactive part of the electrode and increase 
the specific energy, our group has developed a 3D hierarchi-
cally porous TiO–graphene (TiO–G) composite film both as the 
current collector and host for sulfur loading (Figure  13g–i).[98] 
Figure  13j shows the cross-sectional backscattered electron 
image of the freestanding TiO–G/S film and the white dots 
represent the signal of Ti element due to the different contrast 
between the metal and nonmetal elements. This indicates that 
ultrafine TiO nanoparticles distribute uniformly across the free-
standing film. Figure  13k illustrates the possible interactions 
between TiO and sulfur species. The conductive and polar TiO 
nanoparticles play a key role in binding with LiPSs, while the 
graphene provides continuous conductive networks for electron 
transport. As a result, the TiO–G/S composite film demon-
strated superior cycling stability even at a high sulfur loading 
of 5.2 mg cm−2.

Recently, the Fe3O4–C yolk–shell nanobox structure was 
also designed to host sulfur by Manthiram’s group.[99] Fe2O3 

Figure 11. a) Schematic of Li2S4 binding on Ti4O7. b) Photographs of Li2S4/THF solution before (top) and after (bottom) contact with: 1) nothing,  
2) graphite, 3) VC carbon, and 4) Ti4O7. c) S 2p XPS spectra of Li2S4, Li2S4/Ti4O7, and Li2S4/VC, respectively. d) Operando XANES study of sulfur 
species upon discharge. The solid and dashed lines represent Ti4O7/S-6 and VC/S-6, respectively. e) Illustration of surface-mediated reduction of S8 
on Ti4O7. a–e) Reproduced with permission.[30] Copyright 2014, Springer Nature. f,i,l) XRD patterns of rutile TiO2 (f), Magnéli phase Ti6O11 (i), and 
Ti4O7 (l), respectively. The insets are the corresponding stackings of the oxygen octahedral. g,j,m) TEM images of TiO2 (g), Ti6O11 (j), and Ti4O7 (m), 
respectively. The insets are the corresponding digital photos. h,k,l) HR-TEM images of TiO2 (h), Ti6O11 (k), and Ti4O7 (l), respectively. The insets show 
the corresponding fast Fourier transform (FFT) diffraction patterns. f–n) Reproduced with permission.[93] Copyright 2014, American Chemical Society.
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nanocubes were first prepared by a coprecipitation method, fol-
lowed by coating with polydopamine (PDA) to form the core–
shell PDA@Fe2O3 nanocubes. After annealing and etching 
process, C@Fe3O4 yolk–shell nanoboxes were obtained. Finally, 
sulfur was infiltrated into the voids of the C@Fe3O4 yolk–shell 
nanoboxes via a melt-diffusion strategy. The polar and conduc-
tive Fe3O4 (5 × 104 S m−1)[100] core can not only trap the LiPSs 
through the strong chemical interactions between them but 
also accelerate the electron transport upon cycling. In addition, 
the carbon nanoboxes acted as the nanoscale electrochemical 

reaction chamber to further suppress the out diffusion of LiPSs. 
As a result, the C@Fe3O4/S delivered high specific capacity of 
1104 mA h g−1 and long cycling performance even at a high 
sulfur content of 80 wt% and sulfur loading of 5.5 mg cm−2.

Besides the metal oxides mentioned above, many other 
metal oxides such as SiO2,[101] Co3O4,[102] MgO,[103] Fe2O3,[104] 
Al2O3,[103a,105] V2O5,[106] Ta2O5−x,[107] V2O3,[108] VO2,[109] 
ZnO,[110] WO3,[111] CaO,[103a] MoO2,[112] MoO3,[113] La2O3,[103a] 
SnO2,[114] Nb2O5,[115] ZnCo2O4,[116] NiFe2O4,[117] Nb18W16O93,[118] 
La0.8Sr0.2MnO3,[119] perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ,[120] and 

Figure 13. a) Schematic of synthetic process for TiO@C-HS/S spheres. b–e) TEM images of PS (b), PS@TiO2@PDA (c), TiO@C-HC (d), and  
TiO@C-HS/S spheres (e), respectively. f) Cycling performances of TiO@C-HS/S cathodes at 0.2 and 0.5C. a–f) Reproduced under the terms of 
the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[97] Copyright 2016, The Authors,  
published by Springer Nature. g) Schematic of synthesis for 3D hierarchically porous TiO–G/S film. h,i) Digital photos of PS–TiO2–GO sponge (h) and 
TiO–G film (i) electrodes. j) Cross-sectional backscattered electron image of sulfur-loaded TiO-graphene film. k) Illustration of the interactions between 
TiO and sulfur species. g–k) Reproduced with permission.[98] Copyright 2018, Elsevier.

Figure 12. a) Schematic of the synthetic process for mesoporous Ti4O7 microspheres. b,c) SEM images of mesoporous TiO2 microspheres (b) and 
mesoporous Ti4O7 microspheres (c). a–c) Reproduced with permission.[94] Copyright 2016, Wiley-VCH. d) Schematic of the synthesis for Ti4O7 nanopar-
ticles with interconnected-pore architecture. e–g) TEM images of porous PS-P2VP particles (e), TiO2@PS-P2VP particles (f), and porous Ti4O7 particles 
(g). d–g) Reproduced with permission.[95] Copyright 2017, Wiley-VCH.
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perovskite La0.6Sr0.4CoO3−δ,[121] have also been explored as sulfur 
host for Li–S batteries. It should be pointed out that most of the 
metal oxide nanostructures are coupled with conductive poly-
mers or carbon materials to increase the overall conductivity of 
the electrode rather than relying on their intrinsic conductivity 
to obtain the best performance for Li–S batteries.

3.4. Metal–Organic Frameworks as Host

MOFs are a kind of crystalline materials made of the periodic 
coordination of metal ions and organic linkers. Thus they 

can be rationally designed at the molecule level by selectively 
choosing the units of metal ions and organic linkers. MOFs 
have the highly porous framework which can provide sufficient 
channels for lithium-ion transport. In addition, the abundant 
functional groups and Lewis acid sites can supply efficient 
anchoring sites for sulfur species. In this section, typical MOF 
structures will be discussed as sulfur host in Li–S batteries.

In 2011, Tarascon’s group pioneered the use of MOFs as host 
material for sulfur impregnation (Figure  14a).[21] MIL-100 (Cr) 
was selected to encapsulate sulfur owing to its unique struc-
tural advantages which would potentially enhance the perfor-
mance of Li–S batteries. MIL-100 (Cr) consists of two types 

Figure 14. a) Cycling performances of different cathodes. The insets illustrate the corresponding microstructures. Reproduced with permission.[21] 
Copyright 2011, American Chemical Society. b) Crystal structure of Ni-MOF. c) Cycling performances of Ni-MOF/S. The inset illustrates the interactions 
between LiPS and paddle-wheel unit in Ni-MOF. b,c) Reproduced with permission.[122] Copyright 2014, American Chemical Society. d) Comparison of 
cycling performances of sulfur loaded in different MOFs at 0.5C. e) Schematic of the largest apertures of the four different MOFs. f) Cycling performances 
of S/ZIF-8 with different particle sizes. The inset shows the SEM images of ZIF-8 with particle sizes of 150 nm, 1 µm, and 3 µm (from left to right), 
respectively. d–f) Reproduced with permission.[123] Copyright 2014, Royal Society of Chemistry. g–i) Crystal structures of PCN-224 (g), MIL-53 (h), MIL-101 
(i), respectively, and illustrations of corresponding ion diffusion pathways in their pores. g–i) Reproduced with permission.[124] Copyright 2018, Wiley-VCH.
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of mesoporous cages (2.5–2.9 nm) connected through micro-
porous pentagonal window with a size of about 0.5 nm and 
hexagonal window with a size of about 0.9 nm (the inset in 
Figure 14a). The small entrance windows of MIL-100 (Cr) with 
a balanced weak binding with LiPSs were believed to reversibly 
capture and release LiPSs upon cycling, while the mesoporous 
cages with a large pore volume of 1 cm3 g−1 provided sufficient 
space for sulfur accommodation. Therefore, S@MIL-100 (Cr) 
showed improved cycling performance (Figure  14a). However, 
due to the insulating nature of MIL-100 (Cr), the sulfur utiliza-
tion efficiency was not very satisfactory. In addition, the sulfur 
content in S@MIL-100 (Cr) was also very low.

In 2014, Xiao’s group proposed that the Lewis acid–base inter-
actions between MOFs and LiPSs would play a vital role on the 
electrochemical performance of Li–S batteries (Figure 14b,c).[122] 
In their work, MOFs with different Lewis acidic metal centers 
were prepared to compare the electrochemical performances. 
The Ni-MOF/S showed better cycling performance compared 
to Co-MOF/S, although Co-MOF has higher conductivity than 
Ni-MOF. This can be attributed to the stronger coordination 
between Lewis acidic Ni (II) center and the polysulfide base, as 
confirmed by the DFT calculations showing that the binding 
energy between Ni-MOF and LiPSs is consistently higher than 
that between Co-MOF and LiPSs.

Besides the interactions between MOFs and LiPSs, Li and  
co-workers found that the particle and aperture size of MOFs 
were also very important to the performance of Li–S batteries.[123]  
The authors synthesized four kinds of MOFs, ZIF-8, HKUST-1, 
NH2-MIL-53(Al), MIL-53(Al), with different aperture sizes of 
0.34, 0.69, 0.75, and 0.85 nm, respectively (Figure  14e). Based 
on the cycling performances of these MOF based host mate-
rials (Figure 14d), the authors claimed that smaller window size, 
associated with functionalities in the open framework that had 
affinity with polysulfide anions, can help realize a more stable 
cycling. ZIF-8 with different particle sizes from 150 nm to 1 and 
3 µm were also compared in Figure 14f, indicating that smaller 
particle size was beneficial to realize a high sulfur utilization 
efficiency with high capacity. In another report, Lin and co-
workers proposed that MOFs with aperture size lower than the 
molecule size of S8 (0.68 nm) could not effectively confine sulfur 
into the cavities of MOFs (Figure 15c).[125] To prove this claim, 
EDX measurements were performed on S@HKUST-1/CNT, S@
MOF-5/CNT, and S@ZIF-8/CNT before and after CS2 washing 
process. The results showed that sulfur was well detected in 
the HKUST-1/CNT and MOF-5/CNT thin films, but less sulfur 
was retained in the ZIF-8/CNT film after CS2 washing pro-
cess. Accordingly, the S@HKUST-1/CNT and S@MOF-5/CNT 
films demonstrated much better cycling performance compared 
to the S@ZIF-8/CNT film. These results seems to be incon-
sistent with the above results reported by Li and co-workers 
(Figure  14d,e). It should be pointed out that so many factors 
such as particle size, window size, functional groups and Lewis 
acidic metal sites can all influence the overall electrochemical 
performance of MOF based host materials, thus more studies 
should be performed on the mechanism of its improvement in 
Li–S batteries. Soft-package Li–S cells based on S@HKUST-1/
CNT cathodes with ultrahigh sulfur loadings demonstrated high 
areal capacity with superior cycling performance, indicating its 
great potential for practical applications (Figure 15e).

Besides the pore window and pore size, Deng and co-workers 
also studied the effect of pore geometry of MOFs on the perfor-
mance of Li–S batteries.[124] PCN-224, MIL-53, and MIL-101 with 
respectively crosslinked pore and tunnel, discrete channels, 
and 3D hierarchical nanocages were prepared as illustrated in 
Figure  14g–i. As indicated, the crosslinked pore structure of 
PCN-224 can provide the most efficient ions diffusion path-
ways among the three MOFs. When used as cathodes for Li–S 
batteries, the PPY-coated S@PCN-224 showed the best perfor-
mance among these three MOFs with excellent rate perfor-
mance of 670 and 440 mA h g−1 at 10C after 200 and 1000 cycles.

Besides the typical MOFs discussed above, our group dem-
onstrated that Prussian blue Na2Fe[Fe(CN)6] can effectively con-
fine sulfur species within its cavities (Figure 16).[126] To further 
restrain the out-diffusion of LiPSs upon cycling and improve the 
conductivity of the electrode, a thin layer of conductive PEDOT 
was coated on the S@Na2Fe[Fe(CN)6] nanocrystals. Owing to 
the dual confinement effect by Na2Fe[Fe(CN)6] and PEDOT, the 
S@Na2Fe[Fe(CN)6]@PEDOT showed improved electrochemical 
performance compared to the S@Na2Fe[Fe(CN)6].

Although MOFs have the benefits of high surface area, large 
pore volume and strong Lewis acid–base interaction with LiPSs, 
most of them suffer from low electronic conductivity. This can 
lead to the low sulfur content and low sulfur utilization in Li–S 
batteries. From this perspective, future direction may focus on 
integrating 3D conductive networks such as CNTs throughout 
the MOF structures.

3.5. Metal Hydroxides as Host

Metal hydroxides are another type of polar materials with abun-
dant hydrophilic and hydroxyl groups on their surfaces, which 
can afford efficient chemical entrapment for LiPSs. Moreover, 
the electrocatalytic properties of metal hydroxides may also 
enhance the redox reaction kinetics in Li–S batteries.[127] In 
2015, Yu and co-workers reported the use of ultrathin layered 
Ni(OH)2 as the encapsulation material for sulfur cathode 
(Figure 17a–e).[128] Sulfur@carbon black (S@CB) hybrids were 
first synthesized by mixing and melting sulfur with CB. The 
SEM image of S@CB indicated that numerous sulfur aggrega-
tions appeared on the surfaces of CB particles (Figure 17c) due 
to the insufficient pore volume for sulfur accommodation. To 
avoid the sulfur loss during the electrochemical reaction, S@
CB was further uniformly packaged by the layered Co(OH)2 
thin film through the solution reaction between Ni salts with 
ammonium (Figure  17d). When evaluated as the cathode, the 
S@CB@Ni(OH)2 electrode showed much improved cycling 
performance compared to the S@CB electrode (Figure  17e). 
This suggested that the Ni(OH)2 encapsulation layer indeed 
played a vital role on suppressing the out-diffusion of LiPSs, 
thus ensuring the high sulfur utilization and long-cycling per-
formance. In addition, the Ni hydroxide thin film on S@CB 
can also irreversibly react with lithium ions to in situ produce 
robust and protective Li–Ni mixed hydroxide thin film with 
good lithium-ion accessibility and abundant functional groups 
to trap LiPSs. Almost at the same time, Niu et al. also reported 
the coating of S@CB with Ni(OH)2 to enhance the cycling per-
formance of Li–S batteries.[129] The difference is that Ni(OH)2 
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nanoparticles were used as the encapsulation layer instead of 
the thin-film structure. Due to the insufficient confinement 
effect of nanoparticles compared to nanosheets, the cycling per-
formance of Ni(OH)2 nanoparticles encapsulated S@CB was 
not as well as that of Ni(OH)2 thin film encapsulated S@CB. 
At the same time, this group also reported the use of Co(OH)2 

nanosheets to encapsulate S@CB to enhance the performance 
of Li–S batteries.[130]

Lou’s group designed a novel type of doubled shelled 
Co(OH)2/layered double hydroxides (LDH) nanocages as sulfur 
host for Li–S batteries (Figure  17f).[131] ZIF-67 polyhedrons 
were first prepared as the sacrificial template (Figure  17g). 

Figure 15. a,b) SEM images of MHNs/CNT (a) and MOFs/CNT (b). The inset in (b) shows the photograph of the self-standing MOFs/CNT thin 
film. c) Crystal structures of three different kinds of MOFs. d) Cycling performances and Coulombic efficiencies of different electrodes. e) Cycling 
performances of soft-package Li–S cells using S@HKUST-1/CNT cathodes at different sulfur loadings. a–e) Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[125] Copyright 2017, The Authors, published 
by Springer Nature.
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Figure 17. a) Schematic of the synthesis process for S@CB hybrids@thin Ni(OH)2 layers. b–d) SEM images of CB powder (b), and S8@CB (c) and 
S8@CB@Ni(OH)2 (d) hybrids. e) Cycling performances and Coulombic efficiencies of S8@CB and S8@CB@Ni(OH)2 at 0.2C for 500 cycles. The inset 
shows the sulfur utilization efficiency. a–e) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0).[128] Copyright 2015, Springer Nature. f) Schematic of the synthesis for Co(OH)2@LDH/S. g–j) TEM images 
of ZIF-67 (g), single-shelled ZIF-67@LDH (h), doubled-shelled Co(OH)2@LDH nanocages (i), and Co(OH)2@LDH/S (j). k) Cycling performance of 
Co(OH)2@LDH/S and C/S at 0.1C. f–k) Reproduced with permission.[131] Copyright 2016, Wiley-VCH.

Figure 16. a) Cycling performance of S@Na2Fe[Fe(CN)6]@PEDOT at 5C. b) The atomic model configurations of Li2Sx (x = 8, 6, 4, and 2) in Na2Fe[Fe(CN)6]. 
c) The optimized interaction of PEDOT with sulfur species. d) Illustration of the S@Na2Fe[Fe(CN)6]@PEDOT system in the early stage of the discharge 
process. a–d) Reproduced with permission.[126] Copyright 2017, Wiley-VCH.
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Then, yolk-shelled ZIF-67@LDH polyhedrons were prepared 
by reacting ZIF-67 with Ni(NO3)2 (Figure 17h), followed by the 
reaction with Na2MoO4 to produce double-shelled Co(OH)2@
LDH nanocages (Figure 17i). Finally, sulfur was loaded into the 
nanocages via a melt-diffusion method (Figure 17j). The double-
shelled hollow hydroxides can not only provide sufficient space 
to physically confine a high content of active sulfur, but also 
provide abundant interfaces with hydrophilic and polar groups 
to bind with LiPSs to further restrain the loss of active species. 
By virtue of this exquisite nanoarchitecture and unique surface 
chemical properties, the Co(OH)2@LDH/S composite showed 
much enhanced cycling performance compared to C/S at a 
high sulfur loading of 3 mg cm−2 (Figure 17k). Afterward, Lou’s 
group also developed a kind of Ni–Fe LDH hollow polyhedrons 
as sulfur host for Li–S batteries.[132]

Overall, metal hydroxides with functional hydrophilic groups 
can provide efficient chemical entrapment for LiPSs, com-
bining the facile preparation method making them a promising 
type of sulfur host material. However, the low conductivity of 
metal hydroxides limits the electron transport, thus it is better 
to combine them with carbon materials to increase the overall 
conductivity. In addition, the interaction mechanism between 
metal hydroxides and LiPSs is not very clear and needs to be 
further investigated.

3.6. Metal Sulfides as Host

Metal sulfides are another type of typical polar inorganics that 
have been extensively studied as sulfur host for Li–S batteries. 
Compared to metal oxides, MOFs and metal hydroxides, metal 
sulfides usually have higher electronic conductivity and some 
of the metal sulfides even have metallic or half-metallic phases. 
Moreover, the metal sulfides own strong sulfiphilic property to 
sulfur-containing species, affording robust chemical anchoring 
ability for LiPSs. In this section, some typical metal sulfides, 
such as TiS2, VS2, CoS2, Co3S4, Co9S8, MoS2, ZnS, and Mo6S8 
will be discussed as cathode host materials for Li–S batteries.

The layered transition metal disulfides have received great 
interests for a wide range of applications in recent years due 
to their unique 2D nanostructures.[133] In 2014, the Cui group 
pioneered the use of 2D titanium disulfide (TiS2) to encapsu-
late Li2S for high performance Li–S batteries.[134] The Li2S@
TiS2 core–shell nanostructures were prepared by the in situ 
reaction between TiCl4 and partial Li2S surface to form the TiS2 
coating, followed by the heating of this composite at 400  °C 
under Ar atmosphere to further increase its crystallization and 
conductivity (Figure  18a,b). This in situ reaction can ensure a 
conformal and uniform coating of TiS2 thin layer on the Li2S 
surface. Owing to the semimetal property of TiS2, the electronic 
conductivity of Li2S@TiS2 was much higher compared to that 
of bare Li2S. This unique 2D layered TiS2 can not only physi-
cally confine sulfur species within the shell during cycling, but 
also provide strong chemical interactions with Li2S. As a result, 
the Li2S@TiS2 core–shell nanostructures showed very high 
capacity with superior cycling stability compared to bare Li2S 
(Figure 18c). In addition, the synthesis process of TiS2-encapsu-
lated Li2S can be extended to other 2D layered materials such as 
ZrS2 and VS2. The Li2S@ZrS2 and Li2S@VS2 also demonstrated 

impressive electrochemical performances. Recently, Manthiram 
and co-workers prepared a TiS2–polysulfide hybrid cathode 
for high sulfur loading and lean electrolyte Li–S batteries.[135] 
Owing to the conductive and polar property of TiS2, the Li2S–
polysulfide cathode showed high areal capacity of 10 mA h cm−2 
with good stability at a high areal sulfur loading of 12 mg cm−2 
and a low electrolyte to sulfur (E/S) ratio of 5 µL mg−1, demon-
strating potential practical applications.

CoS2 is also a half-metallic crystal phase with a high conduc-
tivity of 6.7 × 103 S cm−1.[136] Zhang and co-workers reported 
that CoS2 can enhance the performance of Li–S batteries by 
propelling LiPS redox at the interfaces between CoS2 and elec-
trolyte.[137] The sulfiphilic CoS2 can not only chemically anchor 
the LiPSs but also accelerate the fast redox reaction, as illus-
trated in Figure  18d. To give more insight on the catalysis 
effect of CoS2 for LiPS conversion, CV tests were performed 
for symmetrical Li2S6 cells (Figure 18e). Compared to the negli-
gible current response of Li2S6-free symmetric cells, the Li2S6-
symmetric cells with CoS2/G as electrodes show significantly 
enlarged current density, indicating the superior catalytic effect 
of CoS2 for LiPS conversion. Using 15% CoS2/graphene as host 
material, the electrode showed a high initial discharge capacity 
of 1003 mA h g−1 at 2C and exhibited a very low capacity decay 
rate of only 0.034% per cycle over prolonged 2000 cycles 
(Figure 18f).

Co3S4 is a polar and metallic crystal phase with a high con-
ductivity of 3.3 × 105 S m−1.[140] In 2017, Jin and co-workers 
prepared interlaced CNTs threaded hollow Co3S4 nanoboxes 
as a novel sulfur host.[138] CNTs threaded ZIF-67 nanocubes 
were first prepared by the in situ nucleation and growth of 
ZIF-67 nanocubes on the interlaced CNTs (Figure  18g). 
After the following sulfuration and annealing process, CNTs 
threaded hollow Co3S4 nanoboxes were obtained (Figure 18i). 
Finally, sulfur was infiltrated into the CNTs/Co3S4 nano-
boxes (Figure  18j). Figure  18h illustrated the 3D continuous 
architecture of S@CNTs/Co3S4 nanoboxes. Benefitting from 
the unique 3D conductive networks, physical and chemical 
entrapment of Co3S4 nanoboxes for sulfur species, the S@
CNTs/Co3S4 nanoboxes demonstrated high specific capacity 
and better stability compared to the S@Co3S4 nanoboxes 
and S@CNTs (Figure  18k). Moreover, even at a high tem-
perature of 50  °C, the S@CNTs/Co3S4 cathode also showed 
high capacity with remarkable cycling stability. Recently, 
similar CNTs/Co3S4 nanoboxes were prepared as sulfur host 
by Cao and co-workers,[141] and superior rate performance of 
850 mA h g−1 at 5C was attained. Apart from chemical entrap-
ment by Co3S4, catalysis effect was also proposed to contribute 
to the enhanced electrochemical performance. Addition-
ally, Co3S4 nanotubes were also developed as sulfur host to 
improve the electrochemical performance of Li–S batteries.[142]

Co9S8 is another kind of polar metal sulfides with high 
metallic conductivity of 290 S cm−1 at room temperature.[81] 
Unique Co9S8 nanotubules assembled honeycomb-like spheres 
were prepared to encapsulate sulfur by Xu and co-workers 
(Figure 18m–p).[139] The 1D Co9S8 nanotubes can act as a conduit 
to accelerate the transport of electrons and ions. In addition, the 
hollow tubule structure possesses large internal void space to 
accommodate sulfur and buffer volume variation upon cycling. 
Moreover, the polar and conductive Co9S8 can effectively trap 
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LiPSs and promote their conversion. As a result, when used 
as sulfur host for Li–S batteries, the composite showed high 
capacity with stable cycling performance (Figure  18q). Besides 
this, Jin’s group has designed Co9S8/C hollow nano polyhedras 
using ZIF-67 as template.[143] After loading sulfur into the 
hollow structure, the S@Co9S8/C nanopolyhedras exhibited  
much better cycling performance compared to the S@C com-
posite, again suggesting Co9S8 played a vital role in improving 
the performance of Li–S batteries.

As a typical kind of layered transition metal disulfides, 
MoS2 has received extensive research interests in recent years, 
especially in hydrogen evolution reactions.[133a,b,144] MoS2 
was also swarmed into Li–S batteries recently. In 2017, MoS2-
wrapped hollow sulfur spheres were designed by Zheng and 
co-workers (Figure  19a).[145] To evaluate the volume change of 

MoS2-encapsulated hollow sulfur spheres during discharge 
and charge process, an in situ TEM measurement was per-
formed. As shown in Figure  19b–d, the hollow space inside 
sulfur spheres (indicated with arrows) was filled after the lithi-
ation process and recovered to its original morphology after the 
reverse delithiation. This suggested that the flexible MoS2 layer 
as well as the hollow space could effectively accommodate the 
volume expansion and maintain the structure integrity upon 
cycling. Owing to this unique structural advantage, the MoS2-
encapsulated spheres demonstrated remarkable electrochem-
ical performance with an initial capacity of 1660 mA h g−1 and 
prolonged cycle life of more than 1000 cycles.

To further improve the conductivity of MoS2 based hosts, 
sulfur-deficient MoS2 (MoS2−x)/rGO composite was prepared 
by annealing MoS2/GO composite in a reductive atmosphere 

Figure 18. a) Schematic of the synthesis for Li2S@TiS2 composite. b) SEM image of Li2S@TiS2 core–shell nanostructures. c) Cycling performances of 
Li2S@TiS2 and bare Li2S cathodes at 0.2C (1C = 1166 mA g−1

Li2S). a–c) Reproduced with permission.[134] Copyright 2014, Springer Nature. d) Illustration of 
CoS2 promoted LiPS redox reaction. e) CV curves of Li2S6 symmetrical cells. f) Cycling performance and Coulombic efficiency of CoS2 (15%) + G-based 
sulfur cathode at 2C for 2000 cycles, followed by 10 cycles at 0.2C. d–f) Reproduced with permission.[137] Copyright 2016, American Chemical Society.  
g) Schematic of the synthesis for S@CNTs/Co3S4 nanoboxes. h) Schematic diagram of the 3D interlaced CNTs threaded hollow Co3S4 nanoboxes. i) TEM 
image of CNTs/Co3S4 nanoboxes. j) TEM image of S@CNTs/Co3S4 nanoboxes. k,l) Cycling performances of different electrodes at 0.2C, under ambient 
conditions (k) and 50 °C (l). g–l) Reproduced with permission.[138] Copyright 2017, American Chemical Society. m) Schematic illustration of the fabri-
cation process for honeycomb-like S@Co9S8 nanostructures. n,o) SEM images of honeycomb-like Co9S8 nanostructures. p) TEM image of the Co9S8 
nanostructures. q) Cycling performance of S@Co9S8 cathode at 1C for 600 cycles. m–q) Reproduced with permission.[139] Copyright 2018, Wiley-VCH.
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of 10% H2/Ar mixture (Figure 19e,f).[146] It was found that the 
sulfur deficiencies played a vital role in catalyzing the LiPS 
conversion reaction and thus largely accelerated the redox 
kinetics upon cycling. By virtue of this unique surface property 
of MoS2−x, the MoS2−x/rGO/S composite exhibited much better 
cycling performance compared to the MoS2/rGO/S and rGO/S 
(Figure 19g).

Our group reported that ZnS spheres can act as an effi-
cient electrocatalyst to promote LiPS/sulfide redox kinetics 
for high performance Li–S batteries.[147] The morphology of 
the ZnS nanospheres is shown in Figure  19h,i and abundant 
mesopores are easily observed on the surface of the spheres. 
The mesoporous structure can provide sufficient interfaces to 
adsorb the LiPSs. The CV of Li2S6 symmetrical cells experi-
mentally confirmed the catalysis effect of ZnS nanospheres 

for promoting LiPS conversion (Figure  19j). Figure  19k illus-
trates the adsorption–diffusion–conversion process of LiPSs 
at the interface of ZnS. Using ZnS–carbon black/S as cathode, 
a high discharge capacity of 896 mA h g−1 was delivered after 
200 cycles at 0.2C. Recently, Wei and co-workers reported that 
ZnS quantum dots@graphene nanosheets can also act as cat-
alysts for Li–S batteries.[149] With the smaller size of ZnS, the 
interfacial electronic interaction was enhanced. As a result, the 
resultant Li–S cell showed stable cycling performance over 300 
cycles at a low E/S ratio of 8 µL/mg.

Cui’s group systematically investigated a series of metal 
sulfides as polar hosts for Li–S batteries (Figure  19m–s).[148] 
Based on the theoretical calculations, the binding energies 
between Li2S6 and Ni3S2, SnS2, FeS, CoS2, VS2, and TiS2 are 0.72, 
0.80, 0.87, 1.01, 1.04, and 1.02 eV, respectively (Figure  19n–s), 

Figure 19. a) Schematic of the synthesis of MoS2-encapsulated hollow sulfur spheres. b–d) In situ TEM images of MoS2-encapsulated hollow sulfur 
spheres upon continuous lithiation and delithiation process. a–d) Reproduced with permission.[145] Copyright 2017, American Chemical Society. e) Sche-
matic of the synthesis of MoS2−x/rGO and the conversion of sulfur species on its surface. f) HR-TEM image of MoS2−x/rGO composite. g) Comparison 
of the cycling performances of different cathodes at 0.5C. e–g) Reproduced with permission.[146] Copyright 2017, Royal Society of Chemistry. h) SEM 
and i) TEM images of ZnS nanospheres. j) CVs of Li2S6 and Li2S6-free symmetrical cells with ZnS-CB as working electrodes. k) Illustration of the 
promoted redox reaction of LiPS conversion by the catalyzing of ZnS nanospheres during discharge. l) Comparison of the cycling performances of 
ZnS-CB/S and CB/S cathodes at 0.2C. h–l) Reproduced with permission.[147] Copyright 2018, Elsevier. m) Digital images of Li2S6 solution after interac-
tion with carbon and different kinds of metal sulfides. n–s) Atomic geometries and binding energies of Li2S6 adsorption on different metal sulfides. 
m–s) Reproduced with permission.[148] Copyright 2017, The Authors, published by National Academy of Sciences.
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which are in good agreement with the Li2S6 adsorption tests 
(Figure  19m). This suggests that the stronger interaction can 
induce a better anchoring effect. It was also found that the 
metal sulfides can decrease the decomposition energy of Li2S 
during charging process. When these sulfide materials were 
evaluated as hosts in Li–S batteries, the electrochemical perfor-
mances accorded with the binding energies. This systematical 
and fundamental study provides a general guiding principle for 
the rational design of advanced sulfur host materials for Li–S 
batteries with high reversible capacity and long cycle life.

In order to increase the energy density of a practical Li–S 
battery, it is vital to reduce the inactive part in the cathode. An 
intriguing strategy is to employ novel host materials which are 
also electrochemically active in the voltage range of Li–S bat-
teries, so that they do not contribute dead weight. To this end, 
Li’s group proposed a kind of intercalation–conversion hybrid 
cathodes by coupling intercalation-type Mo6S8 with conversion-
type S8 to realize a Li–S full cell recently.[42] The in situ XRD 
measurement confirmed the intercalation process from Mo6S8 

to LiMo6S8 and then to Li3Mo6S8 and Li4Mo6S8 gradually during 
discharge (Figure  20a). During charge process, all the phase 
evolution is reversible. Based on the XRD analysis, an interca-
lation-conversion dual mechanism of Mo6S8/S8 cathode during 
discharge was illustrated in Figure 20b. Coin cells were assem-
bled to evaluate the electrochemical performance of Mo6S8/S8  
cathodes at 6.2 mg cm−2 S8 loading and 6.1 mg cm−2 Mo6S8 
loading. A high initial areal capacity of 7.8 mA h cm−2 with a 
good capacity retention of 83% after 100 cycles was achieved. 
Such good cycling performance at ultrahigh sulfur loading can 
be attributed to the strong chemical adsorption capability of 
LixMo6S8 to LiPSs. To evaluate the full cell energy density of the 
Li|Mo6S8/S8 cell for practical applications, a 1 Ah-level pouch-
cell with ≈2 × Li excess was assembled. A high gravimetric 
energy density of 366 W h kg−1 and a volumetric energy den-
sity of 581 W h L−1 were simultaneously achieved (Figure 20d), 
demonstrating its great potential for practical applications. This 
study overcomes main limitations of pure anion-redox mate-
rials and will open new avenues for developing advanced host 

Figure 20. a) In situ XRD measurements of a Li|Mo6S8/S8 cell. b) Illustration of discharge process of intercalation-conversion hybrid cathodes of Mo6S8/S8.  
c) Cycling performance of Mo6S8/S8. d) The pouch-cell configuration constructed by the Mo6S8/S8 cathode with an ultralow electrolyte/active mate-
rial ratio of ≈1.2 µL mg−1 and ≈2 × Li excess (100 µm for one side). a–d) Reproduced with permission.[42] Copyright 2019, The Authors, published by 
Springer Nature. e) XRD pattern of MoS3. The inset shows the structure of MoS3. f) TEM image of MoS3/CNT composite. g) Charge–discharge curves 
of MoS3 cathodes in carbonate-based electrolyte. h) Cycling performance of the MoS3 cathode. e–f) Reproduced with permission.[150] Copyright 2017, 
The Authors, published by National Academy of Sciences.
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materials that are electrochemically active in the voltage range 
of Li–S batteries.

Lu and co-workers reported the use of 1D chain-like MoS3 
as a kind of sulfur-equivalent cathode active material for Li–S 
batteries (Figure  20e,f).[150] Operando X-ray absorption spec-
troscopy (XAS) analysis suggested that no LiPSs were gener-
ated during the charge–discharge process. Figure 20g exhibits 
the charge–discharge voltage curves of the MoS3 cathode in the 
carbonate based electrolyte, showing one discharge plateau at 
about 1.8 V. The specific capacities delivered during the first 
cycle were 667 mA h g−1 when normalized to the total mass of 
MoS3, and 1482 mA h g−1 when normalized to the sulfur weight. 
Because of no LiPS intermediates generation upon cycling, the 
MoS3 based cathode demonstrated an impressive cycling per-
formance for over 1000 cycles (Figure 20h).

The use of metal sulfides as host materials for Li–S bat-
teries is of wide interests. Many other types of metal chalco-
genides, such as CoS3,[151] CoS,[152] NiS,[153] NiS2,[154] SnS2,[155] 
CuS,[156] FeS2,[157] WS2,[158] NbS2,[159] CdS,[160] VS2,[161] Ni3S2,[162] 
NiCo2S4,[163] VS4,[164] MoS3 nanoboxes,[165] Fe1−xS,[166] Co3Se4,[167] 
VSe2,[168] and WS2–WO3 heterostructures[169] were also explored 
as sulfur hosts for Li–S batteries. Although the conductivity of 
metal sulfides is normally higher than that of metal oxides, con-
ductive carbon materials were still often introduced, in order to 
further decrease the internal resistance and increase the sulfur 
utilization during cycling.

3.7. Metal Nitrides as Host

Compared to metal oxides and sulfides, metal nitrides are 
another kind of polar materials with higher conductivity. 
Although metal nitrides show more advantages compared to 
metal sulfides for improving the electrochemical performance 
of Li–S batteries, the development of metal nitrides for Li–S 
batteries is in the early stage because of its much complicated 
synthesis process. In this section, typical metal nitrides, such as 
TiN, Co4N, and VN, will be discussed as efficient sulfur host for 
Li–S batteries.

Titanium nitride (TiN) is the most common metal 
nitride for using in Li–S batteries and has a high electronic 
conductivity of 46 S cm−1.[48b] Goodenough and co-workers 
first reported the use of mesoporous TiN as sulfur host for 
Li–S batteries (Figure  21a).[170] The TiN has a specific surface 
area of 69.689 m2 g−1 and pore volume of 0.32 cm3 g−1 with a 
mesoporous pore size centering at about 3 nm. Such high pore 
volume and appropriate pore size were beneficial to disperse 
active sulfur mass. After loading sulfur into the mesoporous 
structure, the TiN/S composite showed better electrochemical 
performance compared to the mesoporous TiO2/S and C/S 
cathodes. The improved electrochemical performance can be 
attributed to the better conductivity of TiN compared to TiO2.

Lee and co-workers developed a hierarchically macro- and 
mesoporous TiN as a multifunctional sulfur host.[171] The coexist-
ence of macro- and mesopore enables the stable accommodation 
of a large amount of sulfur, the effective control of polysulfide 
shuttle, and fast lithium-ion transport. Additionally, the TiN sur-
face exhibited high affinity to LiPSs and catalytic activity for LiPS 
conversion. As a result, the macro- and mesoporous TiN based 

sulfur cathode demonstrated a reversible capacity of 557 mA h g−1  
even after 1000 cycles at 5C with an ultralow capacity decay rate 
of only 0.016% per cycle, which is much better compared to that 
of the mesoporous TiN based sulfur cathode.

TiN was also combined with carbon materials to improve the 
performance of Li–S batteries. Ding and co-workers designed 
C@TiN dual shell nanospheres as multifunctional host for 
Li–S batteries.[172] Sulfonated hollow PS spheres were first pre-
pared as the template, followed by coating a layer of TiO2 via 
the sol–gel method. After heat treatment in NH3 atmosphere at 
800 °C for 2h, the mesoporous C@TiN dual-shell nanospheres 
were obtained. Finally, C@TiN–S composite were obtained by 
infiltrating sulfur into the void space of the hollow spheres. The 
porous TiN layer can act as a conductive sulfiphilic and lithi-
ophilic host to accelerate the redox reaction of LiPSs, while the 
unique dual shell structure design can provide both physical 
and chemical entrapment to restrain the diffusion of LiPSs. 
Benefiting from these multiple advantages, the C@TiN–S 
cathode demonstrated impressive electrochemical performance 
compared to the C@TiO2–S composite.

Recently, our group reported the surface oxidized quantum-
dot-size TiN embedded in mesoporous carbon (TiO–O–OMC) 
as efficient sulfur host for Li–S batteries (Figure 21b–d).[173] The 
surface oxidized TiN can effectively entrap the LiPSs and boost 
their redox kinetics, while the carbon framework provides effi-
cient conductive networks and physical confinement for LiPSs. 
As a result, the TiO–O–OMC/S cathode exhibited a high dis-
charge capacity of 1264 mA h g−1 at 0.2C with a low capacity 
decay rate of 0.06% per cycle.

To achieve higher sulfur loading for Li–S batteries, Mai’s 
group has designed a 3D N-doped graphene/TiN nanowires 
composite as a self-standing host.[174] 3D graphene/H2Ti3O7 
composite were first prepared by the hydrothermal self-
assembly process between GO and H2Ti3O7 nanowires. After 
heat treatment at 800 °C in NH3 atmosphere, 3D N-doped gra-
phene/TiN composite were obtained. The porous graphene net-
works provide efficient conductive pathways for both lithium 
ions and electrons, while the TiN nanowires have a strong 
chemical anchoring effect for LiPSs. As a result, with an ultra-
high sulfur loading of 9.6 mg cm−2, the nitrogen-doped gra-
phene/TiN based cathode demonstrated a high areal capacity 
of 12 mA h cm−2, suggesting great potential for practical 
applications.

Co4N was also used as polar and conductive host for Li–S bat-
teries. Dong and co-workers reported a kind of Co4N nanosheet 
assembled mesoporous spheres as the host for ultrahigh sulfur 
content Li–S batteries (Figure 21e).[175] Mesoporous Co4N spheres 
were fabricated by heat treatment of mesoporous Co3O4 spheres 
at 400 °C for 4 h in an NH3 atmosphere. To evaluate the affinity 
of Co4N for LiPSs, equal amounts of Sup P, Co3O4, and Co4N 
were added into different vials with the same Li2S6 solution. 
After waiting for 3h, the vial with Co4N has completely turned 
colorless, and the vial with Co3O4 turned lighter but the yellow 
color was not completely disappeared, whereas that after adding 
Sup P still remained yellow (Figure 21f). This indicates that Co4N 
has much stronger chemical adsorption capability for LiPSs 
compared to Co3O4. In order to elucidate the chemical interac-
tions between Co4N and Li2S6, XPS measurements were per-
formed before and after Co4N interacted with Li2S6 (Figure 21g).  
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It was found that an additional peak at 778.9 eV appeared after 
Co4N interacted with Li2S6, indicative of a CoS bond forma-
tion, while the intensity of metallic Co has declined a lot. This 
suggests that cobalt with low valency in Co4N has a strong 
affinity for sulfur in LiPSs. With the mesoporous structure for 
sulfur accommodation and unique surface properties of Co4N 
to chemically anchor the LiPSs, the Co4N/S composite showed 
very stable cycling performance at 2C and 5C for 1000  cycles 

(Figure 21h). Moreover, even the sulfur content in Co4N/S com-
posite increased to 95%, it still showed superior cycling perfor-
mance with a high reversible capacity of above 540 mA h g−1 
after 800 cycles at 2C. Recently, Co4N nanoparticles/N-doped 
carbon composite were also developed to improve the LiPS 
adsorption and redox kinetics in Li–S batteries.[178]

Vanadium nitride (VN) with a metallic conductivity of  
1.17 × 106 S m−1 has also been used as a polar host for Li–S 

Figure 21. a) SEM image of mesoporous TiN. Reproduced with permission.[170] Copyright 2016, Wiley-VCH. b) Schematic of the mesoporous TiN-O-
OMC. c) TEM and d) HR-TEM images of mesoporous TiN-O-OMC. b–d) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0).[173] Copyright 2019, The Authors, published by Springer Nature. e) SEM image of 
Co4N nanosheets assembled mesoporous sphere. f) Optical images of Li2S6 solutions after adding equal amounts of super P, Co3O4 and Co4N, respec-
tively. g) Co 2p3/2 XPS spectra of CoN4 phase and Co4N/Li2S6, respectively. h) Cycling performances and Coulombic efficiencies of Co4N/S cathodes at 
2C and 5C, respectively. e–h) Reproduced with permission.[175] Copyright 2017, American Chemical Society. i) Optical image of VN/G composite foams. 
j) TEM image of VN/G composite. i,j) Reproduced with permission.[176] Copyright 2017, Springer Nature. k) Schematic of sulfur loaded-VN nanobubble. 
l) TEM image of a single VN nanobubble. k,l) Reproduced with permission.[177] Copyright 2017, American Chemical Society.
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batteries.[176,179] The Li group reported a freestanding and 
porous VN/graphene foam as current collector for Li–S batteries  
(Figure 21i).[176] VOx/G composite aerogel was prepared by the 
hydrothermal reaction between GO and NH4VO3, followed by 
the freeze-drying process. After heating the VOx/G composite 
aerogel at 550  °C for 3 h in an NH3 atmosphere, VN/G com-
posite aerogel was obtained. Finally, freestanding VN/G com-
posite electrodes (Figure  21i) were obtained by cutting and 
compressing the VN/G composite aerogel. The SEM image in 
Figure 21j showed that the VN nanoribbons penetrate through 
the continuous graphene networks. The 3D interconnected gra-
phene frameworks can facilitate the transport of lithium ions 
and electrons, while the polar and conductive VN nanoribbons 
can not only trap the LiPSs but also promote the redox reaction 
kinetics. After dropping an appropriate amount of Li2S6 solu-
tion into the freestanding VN/G composite electrodes, a high 
initial capacity of 1471 mA h g−1 was delivered and it retained a 
high capacity of 1252 mA h g−1 after 100 cycles at 0.2C.

In order to enable more efficient physical confinement 
of sulfur species by VN, Jin’s group has designed vanadium 
nitride nanobubbles to encapsulate sulfur (Figure  21k).[177] 
To obtain this novel structure, a two-step organometallic 
compound conversion and thermal nitridation process was 
developed. Uniform carbon nanospheres were first prepared 
as the template, followed by coating with a layer of vanadium-
based precursor. Then carbon nanospheres were removed by 
heating under air, and vanadium-based precursor was simul-
taneously converted into V2O5 nanobubbles. Finally, the VN 
nanobubbles were obtained by annealing V2O5 nanobubbles at 
600 °C in NH3/Ar atmosphere. The TEM image in Figure 21l 
shows that the as-prepared VN nanobubbles have a highly 
porous-shell structure with large internal void space. This 

unique nanoarchitecture can not only provide efficient physical 
confinement for sulfur species, but also provide strong chem-
ical affinity for LiPSs. Moreover, the high conductivity of VN 
also accelerated the redox kinetics of LiPSs. Benefiting from the 
above merits, the sulfur-filled VN nanobubbles demonstrated 
impressive high areal capacity of 5.81 mA h cm−2 with good sta-
bility at a high areal sulfur loading of 5.4 mg cm−2.

Overall, metal nitrides combine the advantages of high con-
ductivity, polar characteristic and superior catalytic activity. 
However, the preparation of metal nitrides usually requires the 
usage of NH3 under high temperature, which is not beneficial 
for the large-scale production. Therefore, developing low cost 
and facile nitrogen source will promote their further applica-
tions in Li–S batteries.

3.8. Metal Carbides as Host

Metal carbides are another kind of polar and conductive mate-
rials that have demonstrated potential applications for Li–S 
batteries. However, due to the rigorous conditions required 
to produce metal carbides, the use of metal carbides as sulfur 
substrate is just in its early stage. In this section, typical metal 
carbides, such as TiC, W2C, Mo2C, B4C, NbC, and MXene, will 
be discussed as efficient sulfur substrates to improve the per-
formance of Li–S batteries.

In 2016, Zhang’s group reported that the TiC substrate can 
effectively enhance the electrochemical kinetics of Li–S bat-
teries.[180] EIS spectra of the Li2S6 symmetric cells indicated 
that the charge transfer resistance at the interface between 
carbon-fiber paper supported TiC (CP-TiC) and LiPSs was much 
lower compared to that of CP-TiO2 and CP (Figure 22a). Such 

Figure 22. a) EIS and b) CV of Li2S6 symmetric cells with different electrodes. c) Potentiostatic discharge curves of a Li2S8/tetraglyme solution at 
2.05 V on different substrates. The lighter and darker colors represent the precipitation of Li2S and reduction of Li2S8/Li2S6, respectively. d–f) SEM 
images of the precipitated Li2S on different substrates as indicated in (c). g) Cycling performances of different cathodes at 0.2C. a–g) Reproduced 
with permission.[180] Copyright 2016, Wiley-VCH. h–j) TEM images of W2C NPs-CNFs (h), Mo2C NPs-CNFs (i), and TiC NPs-CNFs (j), respectively 
(scale bars = 200 nm). k) Photographs of the Li2S6 adsorption by different powders in DOL/DME (1:1, v/v) solution. l–n) Optimized geometries of Li2S6 
adsorbed on (001) planes of W2C (l), Mo2C (m), and TiC (n), respectively. o) CV curves of Li2S6 symmetric cells using W2C NPs-CNFs, Mo2C NPs-CNFs, 
TiC NPs-CNFs, and CNFs as electrodes. h–o) Reproduced with permission.[181] Copyright 2018, American Chemical Society.
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enhanced charge transfer kinetics can be attributed to the strong 
interfacial affinity of TiC for LiPSs. Besides the enhanced chem-
ical interaction, the TiC also promoted the dynamic LiPS con-
version, as evidenced by the increased redox current of CP-TiC 
in Li2S6 symmetric cells (Figure 22b). It was also observed that 
CP-TiC facilitated more precipitation of Li2S, which is a vital 
process in Li–S batteries (Figure 22c). Figure 22d–f shows mor-
phologies of the initial nucleation of Li2S on different substrates. 
The CP shows very clean surface with invisible Li2S nuclei 
(Figure 22d). This can be ascribed to the poor affinity between 
polar LiPSs and nonpolar carbon, which needs to overcome a 
substantial energy barrier for Li2S nucleation on CP. Although 
TiO2 increased the initial nucleation of Li2S (Figure  22e) 
because of its polar nature, the semiconducting TiO2 restrained 
the lateral growth of Li2S, leading to a low overall precipitated 
capacity. In contrary, TiC promoted the uniform formation of 
nucleation sites and full surface coverage of Li2S films owing to 
its both polar and conductive characteristics (Figure 22f). Ben-
efiting from the promoted electrochemical kinetics by TiC, the 
TiC@G/S electrode demonstrated better electrochemical perfor-
mance compared to TiO2@G/S (Figure 22g).

Yu’s group has developed a strategy to load different kinds 
of metal carbide nanoparticles on carbon nanofibers (CNFs) 
via facile metal oxide coating and a following carboniza-
tion process.[181] Figure  22h–j shows the TEM images of 
the as-synthesized W2C NPs-CNFs, Mo2C NPs-CNFs, and 
TiC NPs-CNFs, respectively, indicating ultrafine metal car-
bide nanoparticles have distributed uniformly on the CNFs. 
To probe the capability of these metal carbides for absorbing 
LiPSs, W2C, Mo2C, TiC, and acetylene black with the same total 
surface area were added into equal amounts of Li2S6 solution. 
As shown in Figure  22k, the color of Li2S6 solution after the 
addition of W2C and Mo2C is much lighter than that of TiC, 
indicating the strong chemical adsorption capability of W2C 
and Mo2C to LiPSs. DFT calculations were further performed 
to simulate the chemical interactions between Li2S6 and these 
metal carbides (Figure 22l–n). The calculated binding energies 
of Li2S6 on W2C, and Mo2C are higher than that for TiC, which 
is in accordance with the adsorption measurements. The cata-
lytic performances of these metal carbides for LiPS conversion 
were studied via the Li2S6 symmetric cells (Figure  22o) and 
W2C NPs-CNFs showed the best catalytic performance toward 
LiPS conversion. When evaluated as sulfur host for Li–S bat-
teries, the W2C NPs-CNFs/S electrode also demonstrated the 
best electrochemical performance compared to that of Mo2C 
NPs-CNFs/S and TiC NPs-CNFs/S. This suggests that the mod-
erate chemical adsorption ability for sulfur species is vital for 
the diffusion and conversion of LiPSs. It was believed that the 
competition between adsorption and diffusion of sulfur species 
on the surface of the electrode plays a vital role on the electro-
chemical performance of Li–S batteries.[103a] In particular, if the 
binding energy is too low, the electrode can only capture a little 
amount of sulfur species, leading to seriously shuttle effect 
of LiPSs and capacity fading. When the binding energy is too 
high, the diffusion of sulfur species on the electrode is difficult, 
thus the electrochemical reaction of sulfur species and the dep-
osition of solid Li2S or S would be limited. This study provides 
rational guidance for the future design of polar materials with 
moderate chemical binding with LiPSs.

Boron carbide (B4C), by virtue of its low density 
(≈2.5 g cm−3),[182] good conductivity (1.25–3.33 S cm−1),[183] 
and superior catalytic effect,[183–184] was also developed as a 
bifunctional sulfur substrate for Li–S batteries by Manthiram’s 
group.[185] B4C nanowires were prepared via a catalyst-assisted 
strategy in which excess CNF acted both as a template and 
carbon source to react with boron powder, and nickel func-
tioned as the catalyst to direct the tip-growth of B4C nanowires 
(Figure 23a). Figure 23b,c showed the SEM images of vertical-
aligned B4C nanowires grown on the self-standing CNF sub-
strate. The B4C nanowires can not only chemically anchor 
the LiPSs, but also catalysis their redox reaction. When B4C-
CNF was used as a current collector for Li–S batteries, a high 
capacity retention of 815 mA h g−1 was obtained after 500 cycles 
at 1C, which was much better than that of CNF (Figure  23d). 
Moreover, even at ultrahigh sulfur loadings of 6.1 and 
10.3 mg cm−2, the B4C-CNF still delivered high discharge capac-
ities of 1017 and 860 mA h g−1 at 0.2C with superior cycling sta-
bility (Figure 23e). Encouraged by the impressive performance 
of coin-cells, pouch cells were further assembled to evaluate 
the potential of B4C-CNF for practical batteries. EIS spectra of 
the pouch cells indicated that the B4C nanowires can effectively 
accelerate the charge transfer at the interface between the elec-
trode and electrolyte (Figure 23f). When 40 mg sulfur mass was 
loaded in a 12 cm−2 current collector, the pouch cell employing 
B4C-CNF still exhibited better cycling performance compared to 
that of CNF (Figure 23g). Moreover, even 200 mg sulfur mass 
was loaded to a larger substrate area of 40 cm−2, the pouch 
cell with B4C-CNF also displayed high discharge capacity of 
625 mA h g−1 after 50 cycles (Figure 23h), demonstrating prom-
ising application for practical Li–S batteries.

Recently, Xia’s group reported the implanting of highly con-
ductive niobium carbide (NbC) nanoparticles into trichoderma 
spore carbon (TSC) as an efficient sulfur host for Li–S batteries 
(Figure  23i).[186] The TSC/NbC hybrids show a highly porous 
structure with pore size of 30–50 nm (Figure  23j,k). It has a 
high specific surface area of 555 m2 g−1. TEM images indi-
cate that the NbC nanoparticles with diameters of 25–30 nm 
have distributed uniformly in the TSC substrate (Figure  23l). 
The porous TSC scaffold can provide sufficient space for sulfur 
accommodation and increase the utilization of active materials, 
while the polar and conductive NbC nanoparticles can not only 
enhance the overall conductivity of the electrode but also per-
form strong chemical interaction effect with LiPSs. As a result, 
the TSC/NbC–S composite showed long-cycling performance 
of 937.9 mA h g−1 after 500 cycles, which was much better than 
that of TSC–S cathode (Figure 23m).

As an emerging kind of 2D nanomaterials, MXene has 
attracted great research interests in energy storage and con-
version since its first discovery by Gogotsi and co-workers in 
2011.[187] MXene is a family of early-transition metal carbides 
or carbonitrides. Nazar’s group pioneered the use of MXene 
phase Ti2C as sulfur host (Figure 24a).[32] Owing to the carbon-
deficient characteristic of Ti2C, the under-coordinated tita-
nium atoms can form strong Lewis acid–base bonding with 
the sulfur atoms in sulfur species (Figure 24b). XPS measure-
ments confirmed the existence of Ti–S bonds between Ti2C 
and sulfur species (Figure 24c,d). By virtue of the high conduc-
tivity and strong chemical trapping ability of Ti2C for LiPSs, 
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the Ti2C/S composite exhibited a high discharge capacity of 
about 1200 mA h g−1 at 0.2C and a capacity retention of 80% 
was achieved after 400 cycles at 0.5C. In order to prevent the 
stacking of the MXene nanosheets, the Nazar group further 
integrated the CNTs into the layer of MXene nanosheets to 
form the interwoven MXene/CNTs composite host to improve 
the performance of Li–S batteries.[188]

Despite MXene nanosheets can generate strong chemical 
interaction with LiPSs and improve the overall conductivity of 
the electrode, the intrinsic 2D structure cannot provide suffi-
cient space to bind all of the sulfur species at the interfaces, 
especially when the sulfur content is higher than a certain level. 
To this end, our group developed a 3D hierarchical nitrogen-
doped Ti3C2Tx nanosheets as sulfur host.[189] MXene flakes were 
first mixed with melamine via the electrostatic interaction pro-
cess to form self-assembled MXene/melamine composite, fol-
lowed by annealing at 550  °C to produce the nitrogen-doped 
Ti3C2Tx (N–Ti3C2Tx) nanosheets with 3D hierarchical porous 
structure (Figure  24e). Finally, crumpled N–Ti3C2Tx/S was 
obtained by the melt-diffusion strategy. Figure  24f,g showed 
the SEM images of N–Ti3C2Tx, indicating that ultrathin MXene 
nanosheets were assembled into a highly porous structure, 
which would provide additional physical confinement for sulfur 
species. After loading sulfur, the N-Ti3C2Tx/S still maintained 
the highly porous architecture (Figure  24h,i). When used 
as cathodes for Li–S batteries, a high reversible capacity of 
1144 mA h g−1 was delivered at 0.2C and a retained capacity of 
610 mA h g−1 after 1000 cycles was achieved at 2C. Inspired by 
this work, a flower-like porous Ti3C2Tx matrix has been devel-
oped recently for high areal capacity Li–S batteries.[190]

Generally, metal carbides have high conductivity and good 
chemical stability. However, the synthesis method is usually 

rigorous and requires ultrahigh temperature treatment, which 
is not beneficial for scale up. In addition, most of the reported 
metal carbides have irregular particular form due to the inho-
mogeneous carburization process. Therefore, more work 
should be done on synthesizing metal carbides with tailored 
morphology to maximize the exposed active sites for boosting 
the LiPS conversion in Li–S batteries. As for the MXene phase 
metal carbides, more research should be done on synthesizing 
MXene with desired functional groups for trapping and cata-
lyzing LiPS conversion. Developing novel synthesis method 
without the use of corrosive hydrofluoric acid is also needed.

3.9. Metal Phosphides as Host

Transition metal phosphides are a kind of polar materials that 
have higher conductivity compared to their oxides and sulfides. 
Moreover, compared to conductive metal nitrides and car-
bides, the synthesis of metal phosphides is facile and gentle. 
Great progress has been made on metal phosphides for elec-
trocatalytic water splitting.[191] With the same demand for metal 
phosphides with high conductivity and superior catalytic prop-
erty, the metal phosphides have swarmed into Li–S batteries 
recently. In this section, typical metal phosphides will be dis-
cussed as sulfur host for Li–S batteries.

Wang’s group first reported the use of metal phosphides 
as efficient host materials for high performance Li–S bat-
teries.[192] By integrating MoP nanoparticles-decorated CNTs 
with S deposited on GO, a substantially improved cycling per-
formance with capacity decay rates as low as 0.017% per cycle 
over 1000 cycles was realized.[192] The authors also found that 
MoP can not only effectively adsorb the LiPSs but also promote 

Figure 23. a) Schematic structure of B4C@CNF. b,c) SEM images of B4C@CNF. d,e) Electrochemical performances of coin-cells: d) Cycling perfor-
mances of B4C@CNF/S and CNF/S cathodes at 1C over 500 cycles, e) cycling performances of B4C@CNF/S cathodes at 0.2C with higher sulfur loadings. 
f–h)  Electrochemical performances of pouch cells: f) EIS spectra of B4C@CNF/S and CNF/S cathodes before and after cycling, g) cycling performances 
of B4C@CNF/S and CNF/S electrodes with sulfur mass of 40 mg per cathode at 0.1C, h) discharge capacities of B4C@CNF/S with sulfur mass of 200 mg 
per cathode. a–h) Reproduced with permission.[185] Copyright 2018, Wiley-VCH. i) Schematic of the synthesis process for TSC/NbC composite. j,k) SEM 
and l) TEM images of TSC/NbC composite. The insets in (l) show the SAED pattern and enlarged TEM image. m) Cycling performances of TSC/NbC-S and 
TSC-S at 0.1C for 500 cycles. The inset demonstrates the LEDs powered by the battery. i–m) Reproduced with permission.[186] Copyright 2019, Wiley-VCH.
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their redox reaction. As the surface of metal phosphides was 
readily to be oxidized under ambient conditions, the actual 
binding mechanism between MoP and LiPSs was not com-
pletely clear. To elucidate the chemical interactions between 
metal phosphides and LiPSs, the Wang group further con-
ducted XPS measurements for both the CoP and CoP-R nano-
particles after they were soaked in a LiPS solution.[193] Here the 
CoP-R represents the CoP that has been reduced at 500 °C in 
an Ar/H2 atmosphere to eliminate the oxidation layer on metal 
phosphides. As shown in Figure 25a,c, both the Co 2p3/2 and P 
2p spectra of natural CoP nanoparticles show obvious oxidized 
Co and P species. After CoP interacted with LiPSs, the inten-
sity of the Co–O component greatly reduced, while the Co–P/S 
component increased markedly (Figure  25a). These spectra 
changes were attributed to the formation of Co–S bonding 
between Co atoms in the surface oxidation layer of CoP with S 
atoms in LiPSs. This was consistent with the observed growth 
of the component at 161.5 eV in the S 2p spectrum, which was 
ascribed to the terminal S–Co bonding (Figure  25e). In con-
trast, the Co and P species in CoP-R exhibited no observable 
spectra changes after interacted with LiPSs (Figure  25b,d), 
suggesting the CoP-R surface was unable to chemically bind 

with lithium polysulfides. This was also experimentally veri-
fied by the Li2S6 adsorption measurements. Based on the XPS 
analysis, a convincing binding scheme between CoP and LiPSs 
was proposed as shown in Figure  25f. The natural oxidation 
can generate a surface oxidation layer dominated by Co–O–P 
species. The highly electronegative O created high-valence Co 
sites which can react with LiPS species to form Co–S bonding 
and leave Li–O–P species on the surface (Figure 25f). By virtue 
of the surface oxidation layer capable of anchoring LiPSs 
and an inner core for conducting electrons, the CoP-CNT/S 
cathode demonstrated improved electrochemical performance 
compared to CoP-R-CNT/S and CNT/S cathode.

Tao’s group has studied a series of metal phosphides (Ni2P, 
Co2P, and Fe2P) as effective additives to enhance the perfor-
mance of Li–S batteries.[194] By using DFT calculations, it was 
found that metal phosphides can not only entrap LiPSs but also 
catalyze the decomposition of Li2S to accelerate the kinetics 
in Li–S batteries. As a result, the cathodes with the addition 
of Ni2P, Co2P, or Fe2P all delivered higher reversible capacity 
and much more stable cycling performance compared to the 
cathodes without metal phosphides. In particular, the Ni2P 
based cathode delivered a high reversible capacity of about 

Figure 24. a) SEM image of MXene phase Ti2C. b) Illustration of the interactions between MXene and sulfur species. c) Ti 2p XPS spectra of: i) Ti2C and 
ii) S/Ti2C, iii) Li2S4–Ti2C, and iv) S/Ti2C electrode after discharged to 1.8 V at C/20, respectively. d) S 2p XPS spectra of: i) S, ii) S/Ti2C, and iii) S/Ti2C 
electrode after discharged to 1.8 V at C/20, respectively. a–d) Reproduced with permission.[32] Copyright 2015, Wiley-VCH. e) Schematic of the synthesis 
process for N-Ti3C2Tx/S composite. f–i) SEM images of crumpled porous N-Ti3C2Tx nanosheets before (f,g) and after (h,i) sulfur loading. e–i) Repro-
duced with permission.[189] Copyright 2018, Wiley-VCH.
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1100 mA h g−1 after 300 cycles at 0.2C, corresponding to an 
average capacity decay rate of only 0.01% per cycle.

In order to increase the sulfur utilization during the electro-
chemical reaction in Li–S batteries, our group recently devel-
oped Co–Fe mixed metal phosphide (Co–Fe–P) nanocubes with 
hierarchically interconnected-pore architecture to encapsulate 
active sulfur (Figure  25g).[195] Crystalline Fe0.667Co(CN)4(H2O)4 
nanocubes (Figure  25h) were first synthesized via the self-
assembly strategy between Fe(CN)6

3− and Co2+, followed by 
the phosphorization process to create abundant interconnected 
pore structures (Figure  25i,j). The XRD pattern indicated that 
the as-synthesized Co–Fe–P composed of a mixture of CoP2 and 
FeP2 (Figure  25k). After sulfur loading, the S@Co–Fe–P still 
maintained its nanocube morphology and the sulfur was dis-
tributed uniformly into the pores of the nanocubes (Figure 25l). 
Benefiting from highly interconnected pore architecture, supe-
rior conductivity, and strong LiPS trapping as well as cata-
lytic effect for the redox reaction, the S@Co–Fe–P cathode 
demonstrated much stable cycling performance compared to 
the S@Co–Fe cathode (Figure 25m). Moreover, the S@Co–Fe–P 
displayed high areal capacities of 3.8 and 4.6 mA h cm−2 at high 
sulfur loadings of 3.7 and 5.5 mg cm−2, respectively. Subse-
quently, double-shelled Ni–Fe–P nanoboxes,[196] carbon cloth@
CoP/C,[197] and carbon cloth@FeP/C[198] were also developed as 
sulfur host materials and showed impressive electrochemical 
performance.

Although much progress has been made on the metal phos-
phide based host materials for Li–S batteries in the past three 
years, the research on them is still at its early stage. Because of 
the many intrinsic advantages of metal phosphides, more com-

plicated nanostructured metal phosphides are generally needed 
to enable abundant interfaces and tunable exposed active sites 
to bind and power LiPS conversion for further enhancing the 
performance of Li–S batteries.

3.10. Metal Borides as Host

Recently, metal borides with high metallic conductivity have 
also been used as host materials for Li–S batteries. Xu’s group 
first reported the use of titanium diboride (TiB2) as sulfur 
host.[199] TiB2 has an excellent theoretical conductivity of about 
106 S cm−1.[199] The schematic of the (001) surface of TiB2 is 
illustrated in Figure  26a and it shows a high density of coor-
dinatively unsaturated Ti atoms, which provides abundant 
active sites to anchor sulfur species. The TiB2 nanoparticles 
(Figure 26b,c) were synthesized via a metal hydrolysis-assisted 
strategy using TiO2 and B powder as precursor materials. 
When heated to 150 °C, the Mg hydrolysis reaction occurred 
and released a great deal of heat. With the presence of Mg and 
B, the TiO2 can be easily transformed into the TiB2. Sulfur was 
then incorporated onto the TiB2 substrate via a melt-diffusion 
process (Figure  26d). The EDX mapping of a single TiB2/S  
nanoparticle indicated that sulfur was distributed uniformly 
onto the TiB2 substrate. When used as the cathode for Li–S  
batteries, the TiB2/S electrode delivered a high initial dis-
charge capacity of 1232 mA h g−1 and retained a capacity of 
842.3 mA h g−1 after 150 cycles at 0.2C (Figure 26f). As the pore 
volume of the as-synthesized TiB2 nanoparticles was negligible 
(0.032 cm−3 g−1), the physical confinement played a negligible 

Figure 25. a,b) Co 2p3/2, c,d) P 2p, and e) S 2p XPS spectra of CoP (a,c) and CoP-R (b,d) nanoparticles before and after interacting with Li2S6.  
f) Proposed binding mechanism of LiPSs on CoP and CoP-R surfaces. a–f) Reproduced with permission.[193] Copyright 2018, American Chemical Society. 
g) Schematic of the synthesis for S@Co–Fe–P nanocubes. h) TEM image of Fe0.667Co(CN)4(H2O)4 nanocubes. i) SEM and j) TEM image of porous 
Co–Fe–P nanocubes. k) XRD pattern of Co–Fe–P nanocubes. l) STEM image and corresponding elemental mappings of a single S@Co-Fe-P nanocube. 
m) Cycling performances of S@Co–Fe–P and S@Co–Fe cathodes at 0.2C. n) Cycling performances of S@Co–Fe–P cathodes at 0.2C with higher sulfur 
loadings. g–n) Reproduced with permission.[195] Copyright 2019, American Chemical Society.
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role in trapping the LiPSs. In this regard, the superior perfor-
mance can be largely attributed to the excellent conductivity 
and effective chemical entrapment of TiB2 for LiPSs.

In order to increase the sulfur utilization and further 
improve the electrochemical performance of Li–S batteries, the 
Sun group integrated cobalt boride (Co2B) nanoparticles with 
porous graphene nanosheets to improve the performance of 
Li–S batteries.[200] The polar Co2B nanoparticles can provide 
strong chemical interaction with LiPSs, while the porous gra-
phene can not only act as the 3D conductive network to trans-
port electrons but also relive the volume change of sulfur upon 
cycling. As a result, the CoB2-G/S composite had a very high 
sulfur utilization efficiency with a high capacity of 1543 mA h g−1 
at 0.1C. Moreover, the CoB2-G/S electrode showed very stable 
cycling performance with a capacity of 758 mA h g−1 after 
450  cycles at 1C, corresponding to an ultralow capacity fading 
rate of only 0.029% per cycle.

Besides TiB2 and CoB2, metallic and polar MgB2 was 
also developed as sulfur host material by Nazar and co-
workers.[201] The MgB2 has a very similar band structure as 
graphite (Figure  26g), which makes it a metallic hole-type 
compound that exhibits high electronic conductivity as high 
as 104 S cm−1.[202] The MgB2 nanoparticles were synthesized 
by a vapor–solid reaction between vaporized Mg and boron 
powder (Figure 26g). The XRD and SAED patterns confirmed 
that MgB2 was the primary crystalline phase (Figure 26h). The 
particle size of the as-synthesized MgB2 was about 100 nm 

(Figure  26i). When evaluated as the sulfur host material, the 
MgB2/S composite demonstrated much improved cycling per-
formance compared to MgO/S and C/S composites. This can 
be attributed to the higher conductivity and stronger chemical 
bonding between MgB2 and LiPSs compared to that of MgO. 
It is well known that the chemical interaction between metal 
oxides/sulfides and LiPSs mainly relies on the O/S–Li bonding, 
which would potentially impede the direct electron transfer to 
the active Sx

2− anions and likely delay the Li+ diffusion, thus 
retarding the electrochemical reaction kinetics. Nevertheless, 
by using DFT calculations, the authors proposed that both B- 
and Mg-terminated surfaces in MgB2 bonded exclusively with 
Sx

2− anions and thus accelerated the redox kinetics. To further 
increase sulfur utilization at high sulfur loading, MgB2 nano-
particles were sandwiched between graphene layers to increase 
the surface area (Figure  26j). When the sulfur loading was 
increased to 9.3 mg cm−2, the MgB2-G/S electrode still exhib-
ited stable cycling performance with high capacity (Figure 26k).

Generally, metal borides have excellent electronic conduc-
tivity, which can afford fast electron transfer to the active sulfur 
species. Metal borides also exhibit superior catalytic activity 
for boosting the redox kinetics of Li–S batteries. Moreover, the 
synthesis of metal borides is facile and can be easily scaled-up. 
It should be pointed out that the use of metal borides in bat-
teries is still in its infancy. The future trends should be focused 
on synthesizing metal borides with controlled morphology to 
increase their specific surface area and pore volume.

Figure 26. a) Schematic of TiB2 (001) surface. b) TEM and c) HRTEM images of TiB2 nanoparticles. d) TEM image of TiB2/S composite. e) Scanning 
TEM image of a single TiB2/S nanoparticle and corresponding EDX mapping. f) Cycling performance and Coulombic efficiencies of TiB2/S cathode 
at 0.2C for 150 cycles. a–f) Reproduced with permission.[199] Copyright 2018, American Chemical Society. g) Schematic of the synthesis strategy for 
MgB2. h) XRD pattern of MgB2.The inset shows the SAED pattern. i) SEM image of MgB2 nanoparticles. j) SEM image of MgB2–graphene composite. 
k) Cycling performance and Coulombic efficiencies of MgB2–graphene/S cathode with a high sulfur loading of 9.3 mg cm−2 at 0.2C. The first cycle was 
at 0.05C. g–k) Reproduced with permission.[201] Copyright 2019, Cell Press.
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3.11. Other Emerging Metal Compounds as Host

Apart from the typical transition metal compounds summa-
rized above, some emerging metal compounds have also shown 
promise to improve the performance of Li–S batteries. This sec-
tion will discuss some emerging metal compound hosts for 
high performance Li–S batteries.

Gao’s group reported the use of cobalt oxyhydroxide 
(CoOOH) as sulfur immobilizer for Li–S batteries.[203] 
CoOOH shows a half-metallic behavior with high conductivity 
of 5 S cm−1.[204] The CoOOH nanosheets were prepared by the 
oxidation of Co(OH)2 sheets using NaClO as oxidant. The mor-
phology of the as-synthesized CoOOH nanosheets was shown 
in Figure 27a,b. The hexagon CoOOH nanosheets composed 
of small cubic nanocubes with diameter of about 100 nm, 
which can provide abundant adsorption and catalytic sites 
to trap and power the LiPS conversion. The specific surface 
area of the CoOOH sheets was as high as 214.4 m2 g−1. Sulfur 
nanoparticles were then mixed with the CoOOH sheets via an 
ultrasonic process to obtain S@CoOOH sheets (Figure  27c). 
Even at a high sulfur loading of 91.8%, the S@CoOOH still 
retained its original sheet morphology (Figure  27c). The 
EDX mapping indicated that sulfur nanoparticles were dis-
tributed uniformly in the nanosheets (Figure  27d–f). When 
used as cathodes for Li–S batteries, the S@CoOOH com-
posite showed high gravimetric and volumetric capacities of 
1199.4 mA h g−1

composite and 1511.3 mA h cm−3 at 0.1C. Mean-
while, satisfactory cycling performance over 500 cycles with a 

low capacity decay rate of 0.09% per cycle was achieved, which 
can be attributed to the strong Lewis acid–base interaction 
between CoOOH and LiPSs as well as the superior conduc-
tivity of CoOOH sheets.

Xu et al. reported the use of ultrathin niobic acid (HNb3O8) 
nanobelts to promote the LiPS adsorption and conversion pro-
cess.[205] The HNb3O8 nanobelts were synthesized by proton-
exchange from KNb3O8 nanobelts followed by the chemical 
exfoliation process as illustrated in Figure  27g. Figure  27h–l 
shows the morphology of the as-synthesized HNb3O8 nano-
belts, indicating its ultrathin nanostructure. Oxygen-deficient 
HNb3O8 (HNb3O8-v) nanobelts were also synthesized by 
annealing in reducing atmosphere. EDX mappings of the 
sulfur-loaded HNb3O8 nanosheets confirmed the homogeneous 
loading of sulfur on the HNb3O8@S nanobelts (Figure  27m). 
The ultrathin nanostructure was an excellent model to study 
the adsorption and conversion behavior of LiPSs due to its suf-
ficient electroactive sites. By using both experimental and theo-
retical methods, the authors found that the oxygen deficiency 
in HNb3O8 nanobelts can lead to inferior catalytic performance 
for LiPS conversion and the decrease in electrochemical per-
formance for Li–S batteries. The inferior performance can 
be mainly attributed to the decrease in conductivity as well 
as weakened LiPS adsorption on the catalyst surface. Unlike 
many previous reports that defect and vacancy engineering can 
enhance the catalytic performance for LiPS conversion; this 
study shows us that defect-engineering can impact many fac-
tors that play vital roles in LiPS conversion, which would be a 

Figure 27. a) SEM and b) TEM images of CoOOH sheets. c) TEM image and d–f) corresponding EDX mappings of S@CoOOH sheets. a–f) Repro-
duced with permission.[203] Copyright 2019, Wiley-VCH. g) Schematic of the synthesis for HNb3O8@S. h) SEM and i,j) TEM images of HNb3O8 nano-
belts. k) HRTEM image of HNb3O8 nanobelts. The inset shows the SAED pattern. l) AFM image of HNb3O8 nanobelts. m) Scanning TEM image of 
HNb3O8@S nanobelts and corresponding EDX mappings. g–m) Reproduced with permission.[205] Copyright 2019, Wiley-VCH.
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valuable reference for the future rational design of redox medi-
ators for Li–S batteries.

3.12. Using Metals to Mediate Polysulfide Redox

Besides metal compounds, pure metal materials have also 
been used as sulfur host to mediate the LiPS redox. Amine 
and co-workers first reported the employ of a pure metal-Mo 
as a sulfur host.[206] The authors found that the Mo surface 
can not only effectively entrap the LiPSs, but also catalytically 
decompose LiPSs and Li2S. Even with a 80% high sulfur con-
tent, the Mo/S composite displayed a high discharge capacity 
of 1003 mA h g−1 after 130 cycles at 0.1C and 786 mA h g−1  
after 100 cycles at 5C. Following this work, Peng and co-
workers reported that CoxSny alloy can also possess strong 
chemisorption and superior electrocatalytic activity for LiPS 
conversion.[207] By using the CoxSny alloys modified hollow 
N-doped carbon nanoboxes as sulfur host, a high reversible 
capacity of 1006 mA h g−1 after 100 cycles at 0.2C and long-
term cycling performance with a capacity retention of 81.2% 
after 500 cycles at 1C were realized.

Besides using micrometer and nanometer metal particles 
to mediate LiPS redox, single metal atoms have also swarmed 
into the area of Li–S batteries owing to their higher atomic uti-
lization efficiency for catalysis. Yang and co-workers pioneered 
the work of using single-atom catalyst to boost the LiPS con-
version in Li–S batteries.[39] They synthesized a kind of single 
iron atomic sites in porous N-doped carbon (Fe-PNC) to use as 
sulfur host. Asymmetric Li2S6 cells and EIS spectra suggested 
that the Fe-PNC electrode showed high electrocatalytic activity 
for LiPS conversion and lower charge transfer resistance com-
pared to that of PNC. Moreover, the authors also found that 
the Fe-PCN/S had a smaller phase nucleation overpotential for 
the formation of nanoscale Li2S as revealed by the ex situ SEM 
image of the discharged product, which can thus enhance the 
lithium-ion diffusion in Li2S. As a result, the Fe-PCN/S exhib-
ited improved electrochemical performance compared to that 
of PCN/S. Besides this work, the Zhang group also reported 
the use of single iron atoms supported on nitrogen-rich carbon 
matrix to accelerate the electrochemical conversion kinetics 
in Li–S batteries.[208] By using both experimental and theoret-
ical methods, the authors found that the atomically dispersed 
single iron atoms can effectively reduce the Li2S decomposition 
energy barrier and thus promote its delithiation process, which 
is a vital step during the electrochemical reactions in Li–S bat-
teries. By virtue of these benefits, an ultrahigh rate performance 
of 588 mA h g−1 at 12C and long-cycling performance over 1000 
cycles with a capacity decay rate of only 0.06% per cycle at 5C 
were realized.

Recently, Wan and co-workers reported that monodisperse 
cobalt atoms anchored on nitrogen-doped graphene (Co–N/G) 
can accelerate the electrochemical conversion reactions in Li–S 
batteries.[209] The TEM image of the as-synthesized Co–N/G 
indicated that no nanoparticles were detected on the nanosheets 
(Figure 28a). Atomic-resolution aberration-corrected high-angle 
annular dark-field  imaging (HAADF)-scanning transmission 
electron microscopy (STEM) image suggested that abundant 
individual Co atoms were randomly dispersed on the Co–N/G 

nanosheets (Figure  28b). The CV curve of Li2S6 symmetric 
cells using Co–N/G as working and counter electrodes showed 
four distinct peaks (Figure 28c), corresponding to the two-stage 
transformation process between S8 and Li2S2/Li2S. The much 
higher peak current densities of Co–N/G indicated the much 
favorable redox kinetics. Since both Co–N/G and N/G had very 
similar nitrogen content, the Co–N–C center should be the 
major active sites responsible for propelling the electrochem-
ical reaction kinetics. The improved electrochemical kinetics 
of Co–N/G was also confirmed by the lower overpotentials 
during both the discharge and charge process (Figure  28d,e). 
To understand the mechanism for the enhanced redox kinetics 
of S@Co–N/G cathode during discharge and charge process, 
first-principle calculations were further performed on the 
possible reactions of LiPSs on Co–N/G and N/G, respectively. 
Two models of N-doped graphene with and without Co atoms 
were employed for the simulation (Figure  28f). During dis-
charge, S8 undergoes several steps to successively form Li2S8, 
Li2S6, Li2S4, Li2S2, and finally Li2S. The optimized geometries 
of sulfur species and Gibbs free energy profiles were shown 
in Figure  28g. It is obvious that after the spontaneous exo-
thermic conversion from S8 to Li2S8, the subsequent forma-
tion of Li2S6, Li2S4, Li2S2, and Li2S are either endothermic or 
nearly thermoneutral. The transformation from Li2S2 to Li2S 
owns the largest positive Gibbs free energy, suggesting that 
this is the rate-determining step during the whole discharge 
process. This value is 0.71 eV on Co–N/G and 1.21 eV on N/G. 
The much lower Gibbs free energy on Co–N/G for the reduc-
tion of Li2S2 to Li2S indicates the more thermodynamically 
favorable on Co–N/G substrate. During the charge process, the 
calculated energy barriers for the decomposition of Li2S on N/G 
and Co–N/G were 2.29 and 1.43 eV, respectively (Figure 28h,i), 
which suggested that Co–N–C center can act as an efficient 
active site to propel the Li2S oxidation process. Based on the 
above analysis, the Co–N/G host can effectively boost the elec-
trochemical conversion reactions during both discharge and 
charge process, thus leading to the improved electrochemical 
performance. The S@Co–N/G cathode with a high sulfur con-
tent of 90% delivered a high capacity of 1210 mA h g−1 and a 
high areal capacity of 5.1 mA h cm−2 with a high sulfur loading  
of 6 mg cm−2.

Generally, metals are promising host materials for catalyzing 
LiPS conversion process. However, metals with high catalytic 
activity are usually heavy transition metals or precious metals, 
which can lower the energy density and increase the cost of a 
practical Li–S battery. Therefore, loading metal catalysts on suit-
able support materials is an efficient way to increase the spe-
cific surface area and decrease the cost. For the single-atom 
catalysts, developing large-scale production methods as well as 
increasing the loading amount is essential for their practical 
applications in Li–S batteries.

3.13. Existing Challenges and Optimization Strategies for Sulfur 
Cathode Host Design

Based on the previous reports, we have summarized typical 
sulfur cathode host materials employed in Li–S batteries and 
they are listed in Table 1. It should be noted that many works 
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discussed herein demonstrated high specific capacities and 
superior cycling performances. However, the majority of these 
works have low sulfur content than 70% (the whole cathode), 
low sulfur loading than 5 mg cm−2, and high E/S ratio above 
10 µL mg−1. These parameters can lead to the low energy 
density of a practical Li–S battery. Even though some works 
reported high sulfur loadings over the past 3 years, most of 
them are at the cost of limited sulfur utilization, low specific 
capacities and poor cycling performances.

To realize high-performance Li–S batteries with required 
parameters of sulfur content higher than 80%, sulfur loading 
above 7 mg cm−2, and E/S ratio below 5 µL mg−1, an ideal sulfur 
cathode host should satisfy the following prerequisites: i) High 
conductivity for fast electron and ion transport; ii) High specific 
surface area and large pore volume to accommodate sulfur and 
LiPSs; iii) Optimized affinity for LiPSs, as too weak anchoring 
ability would result in severe shuttling effect while too strong 
binding capability would lead to sluggish LiPS diffusion pro-
cess; iv) Rich catalytically active sites for accelerating the redox 

kinetics, as the Li2S formation and decomposition processes 
are rate dominating steps and usually require high activation 
energy.

4. Separator Modification and Interlayer 
Engineering
In 2012, the Manthiram group pioneered the work of inserting 
an interlayer between the separator and cathode for improving 
the cycling performance of Li–S batteries (Figure  29a,b).[22] 
They proposed that the carbon interlayer can serve two roles: 
i) helping confine LiPSs in the cathode side to suppress their 
shuttle effect and ii) acting as another current collector to 
increase sulfur utilization. With the inserted carbon interlayer, 
the charge transfer resistance largely decreased, indicating 
the enhanced reaction kinetics. By combining the carbon 
interlayer with just a pure sulfur cathode, a high capacity of 
over 1000 mA h g−1 after 100 cycles at 1C was achieved. This 

Figure 28. a) TEM and b) HAADF-STEM images of single Co atoms on nitrogen-doped graphene (Co–N/G). c) CVs of Li2S6 symmetric cells with 
different electrodes. d) Discharge and e) charge profiles showing the overpotentials of conversion between soluble LiPSs and insoluble Li2S2/Li2S. 
f) Atomic structures of N/G and Co–N/G used in the first-principle calculations. g) Gibbs free energy profiles of the reduction of LiPSs on different 
substrates. The insets show the optimized adsorption geometries of intermediate sulfur species on different substrates. h,i) Energy profiles of Li2S 
decomposition on N/G (h) and Co–N/G (i). The insets show the initial, transition, and final structures. The black, pink, dark blue, green, and yellow 
balls represent C, N, Co, Li, and S atoms, respectively. a–i) Reproduced with permission.[209] Copyright 2019, American Chemical Society.
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Table 1. Typical sulfur cathode host materials employed in Li–S batteries.

Host material Sulfur  
content  
[wt%]

Sulfur  
loading  

[mg cm−2]

E/S ratio  
[µL mg−1]

Voltage  
range  

[V]

Rate  
[C]

Cycle  
number

Initial  
capacity  

[mA h g−1]

Retained  
capacity  

[mA h g−1]

Ref.

CMK-3 58 N/A N/A 1.5–3.0 0.1 20 1320 1100 [16]

Hollow carbon spheres 65 N/A N/A 1.7–3.1 0.5 100 1071 974 [19]

GO 56 2.5 N/A 1.7–2.5 0.1 200 640 500 [20]

HCNF 75 1.0 N/A 1.7–2.6 0.2 150 ≈1400 730 [18]

CNT@MPC 32 1.0 N/A 1.0–3.0 0.1 200 1670 1142 [23]

N-ACNT/G 44.7 1.0 50 1.6–3.0 1.0 80 1152 880 [60]

N-HPCB 49 1.1–1.5 20 1.9–2.7 1.0 400 894 706 [61]

N,S-codoped G N/A 8.5 N/A 1.5–2.8 0.5 200 925 670 [31]

PANI 49.6 N/A N/A 1.0–3.0 1.0 500 ≈460 432 [24]

S–PANI yolk–shell 46.4 2.0 N/A 1.5–2.5 0.2 200 1101 765 [26]

PEDOT 54.6 1.5 N/A 1.5–2.6 0.5 500 1165 780 [69]

DIB 67.5 0.8 N/A 1.7–2.6 0.1 100 1100 823 [28]

Porphyrin spheres 52.2 1.1 15 1.8–2.8 0.5 200 955 773 [71]

PAN N/A N/A N/A 1.0–3.0 N/A 50 850 600 [13]

PAN/CNT 41 2.0 30 1.5–3.0 0.5 800 400 1180 [14]

S–TiO2–yolk–shell 53 0.4–0.6 N/A 1.7–2.6 0.5 1000 1030 690 [25]

MnO2 nanosheets 56.3 0.7–1.0 N/A 1.8–3.0 2.0 2000 ≈850 200 [33]

MnO2@HCF 49.7 3.5–3.9 N/A 1.7–2.8 0.5 300 ≈900 662 [87]

Ti4O7 48 1.5–1.8 N/A 1.7–3.0 2.0 500 850 595 [30]

Ti6O11 51.6 N/A N/A 1.5–3.0 0.1 100 713 634 [93]

Ti4O7 microspheres 56 0.4–0.6 N/A 1.8–2.8 0.2 400 1198 1000 [94]

TiO@C hollow spheres 56 1.5 20 1.9–2.6 0.2 500 1190 750 [97]

TiO-G 65.2 5.2 11.5 1.7–2.8 0.2 300 786 606 [98]

MIL-100(Cr) 26 N/A N/A 1.0–3.0 0.1 50 ≈1100 ≈410 [21]

Ni-MOF 48 N/A N/A 1.5–3.0 0.1 200 689 611 [122]

ZIF-8 30 N/A N/A 1.8–2.8 0.5 300 738 553 [123]

PPY/PCN-224 49 0.8–1.4 ≈32 1.8–2.7 10 1000 680 440 [124]

HKUST-1/CNT 70 11.33 N/A 1.7–2.8 0.2 50 657 ≈573 [125]

PBA@PEDOT ≈65 1.1 N/A 1.7–2.7 5.0 200 683 544 [126]

CB@Ni(OH)2 62.4 1.8–2.5 N/A 1.5–3.0 0.2 500 ≈950 ≈1200 [128]

Co(OH)2@LDH 52.5 2.8–3.2 N/A 1.7–2.8 0.1 100 1014 653 [131]

CoS2 56.25 0.4 N/A 1.7–2.8 2.0 2000 1003 321 [137]

CNTs/Co3S4 56 3.5 10 1.8–2.6 0.2 150 1012 820 [138]

Co9S8 tubules 52.5 N/A N/A 1.7–2.8 1.0 600 893.7 756.6 [139]

MoS2 flakes 45.5 N/A N/A 1.6–2.6 1.0 1000 ≈1000 585 [145]

MoS2−x/rGO 60 1.5 33 1.8–2.6 0.5 600 ≈1200 628.2 [146]

ZnS/CB 56 7.1 12 1.8–2.7 0.2 200 ≈850 589 [147]

Mo6S8 42.7 6.2 2.4 1.7–2.8 N/A 100 ≈1258 ≈1044 [42]

Mesoporous TiN 50 1.0 N/A 1.6–2.8 0.5 500 988 644 [170]

TiN/C 60 1.2–1.6 N/A 1.7–2.8 0.5 200 ≈1200 915 [173]

Co4N spheres 63 2.4–2.8 ≈16 1.7–2.7 2.0 800 ≈800 ≈700 [175]

VN/G N/A 3.0 N/A 1.7–2.8 1.0 200 1128 917 [176]

VN nanobubbles 62.5 6.8 N/A 1.7–2.8 0.5 200 798 563 [177]

TiC@G 55 3.5 N/A 1.7–2.8 0.2 100 1032 670 [180]

W2C-CNFs N/A 2.5 N/A 1.8–2.6 1.0 500 ≈864 605 [181]
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represents a very promising result because of its simple and 
commercially feasible means of fabrication process.

To gain more understanding on the role of carbon inter-
layer (Figure  29h,i), Huang and co-workers designed a series 

of battery configurations to further analyze the function mecha-
nism in Li–S batteries (Figure 29j).[210] Configuration A shows 
the routine Li–S battery without carbon interlayer. Configura-
tion B shows a carbon interlayer inserted between the cathode 

Figure 29. a) Schematic configuration of a Li–S cell with an additional carbon interlayer. b) SEM image of the microporous carbon paper. a,b) Repro-
duced with permission.[22] Copyright 2012, Springer Nature. c) Schematic of four different electrode configurations. d,e) Schematics of Li–S batteries 
with electrode configuration I (d) and electrode configuration IV (e). f,g) Photographs of large-area graphene current collector strip (f) and G-separator 
(g). c–g) Reproduced with permission.[29] Copyright 2014, Wiley-VCH. h,i) Schematic illustrations of two hypothetical functions of carbon interlayer in 
Li–S batteries. j) Schematic illustrations of four different battery configurations. k) Cycling performances and Coulombic efficiencies of Li–S cells with 
four different battery configurations. h–k) Reproduced with permission.[210] Copyright 2018, The Electrochemical Society.

Host material Sulfur  
content  
[wt%]

Sulfur  
loading  

[mg cm−2]

E/S ratio  
[µL mg−1]

Voltage  
range  

[V]

Rate  
[C]

Cycle  
number

Initial  
capacity  

[mA h g−1]

Retained  
capacity  

[mA h g−1]

Ref.

B4C@CNF 70 10.3 10 1.6–3.0 0.2 100 860 705 [185]

TSC/NbC 53 2.0 20 1.7–2.8 0.1 500 1283 1043 [186]

MXene Ti2C 56 1.0 ≈50 1.8–3.0 0.5 650 ≈1100 723 [32]

N-Ti3C2Tx 59 5.1 10.7 1.7–2.8 0.2 500 ≈763 588 [189]

CNT-MoP/GO 54.7 4.0 N/A 1.7–2.7 0.2 200 1231 708 [192]

CoP-CNT N/A 7.0 N/A 1.7–2.7 0.2 200 ≈800 790 [193]

Co−Fe−P nanocubes 56 5.5 10 1.7–2.8 0.2 100 836 636 [195]

TiB2 56 3.9 13 1.7–2.8 0.2 100 1000 837 [199]

G-MgB2 60 9.3 6.5 1.8–3.0 0.2 100 ≈850 665 [201]

Fe–N/C 56 1.3 N/A 1.5–2.7 0.1 300 ≈1200 427 [39]

Co−N/G 67.5 6.0 12 1.7–2.7 0.2 100 850 825 [209]

Table 1. Continued.
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and Celgard separator, in which the carbon interlayer has an 
electrical contact with the cathode. In comparison with configu-
ration B, an additional Celgard separator was inserted between 
carbon interlayer and cathode, which disconnects the electron 
transfer between the cathode and carbon interlayer, thus the 
function of carbon interlayer as an upper current collector is 
eliminated and the physical block effect for LiPSs is isolated 
during discharge–charge process. Configuration D is similar to 
configuration C except that a corner of the additional Celgard 
separator has been cut out, thus the electron transfer between 
the cathode and carbon interlayer is well maintained, which 
means the carbon interlayer can also act as an upper current 
collector. By comparing the electrochemical performances of 
these configurations, both configuration B and D exhibited 
much better cycling performances and higher capacities com-
pared to configuration A and C (Figure 29k). This suggests that 
the carbon interlayer as an upper current collector plays the key 
role on the improvement of Li–S battery performance, which 
further facilitates the redox reactions from dissolved LiPSs to 
Li2S/S8. This comprehensive study provides valuable insight on 
the rational design of interlayers to improve the performance of 
Li–S batteries.

To avoid sacrificing the energy density of a practical Li–S 
battery, it is more advisable to modify the separator with an 
ultralight and thin carbon layer instead. To this end, Cheng and 
co-workers coated a 10 µm thin layer of graphene film on one 
side of the Celgard separator (G-separator) via a filtration pro-
cess (Figure  29g).[29] The battery with the G-separator showed 
much improved electrochemical performance compared to 
the unmodified one. To further increase the energy density 
of the battery, a lightweight graphene film (1.3 mg cm−2) was 
used to replace the Al foil (5.4 mg cm−2) as current collector 
(Figure  29e,f). By coupling both the graphene current col-
lector and graphene-coated separator, a high specific capacity of 
about 1000 mA h g−1 was obtained with 70% capacity retention 
after 300 cycles at a current density of 1500 mA g−1. In order 
to further reduce the inactive part in the battery and simplify 
the fabrication process, this group further designed a sulfur–
graphene–PP separator integrated electrode as shown in 
Figure  30.[211] Instead of coating active sulfur on another gra-
phene current collector, the sulfur slurry was directly coated 
on the graphene-coated separator to fabricate an integrated 

electrode. After paired with lithium metal, the S–G@PP sep-
arator cell exhibited a high initial discharge capacity of about 
950 mA h g−1 and stable cycling performance over 500 cycles 
with a capacity decay rate of only 0.064% per cycle at the cur-
rent density of 1500 mA g−1.

In another report to reduce the thickness and weight of the 
interlayer, Wan and co-workers coated the PP separator with 
a two atomical layer CVD-graphene film (Figure  31a).[212] The 
bilayer graphene film has a thickness of only about 0.6 nm 
and areal density of about 0.15 µg cm−2, which is negligible to 
the pristine PP separator. The top-view of the bilayer graphene 
coated PP separator indicates that the macropores in the orig-
inal PP separator have been effectively covered by the atomic 
layer graphene (Figure 31b,c). The high resolution TEM image 
and Raman spectra confirmed the existence of two-layer gra-
phene (Figure 31d,e). The two-layer CVD-graphene on separator 
represents the thinnest and lightest interlayer up to date. The 
interlayer can effectively increase the sulfur utilization during 
the redox reaction and suppress the shuttle effect of LiPSs. As 
a result, the Li–S cell with the two-layer CVD-graphene coated 
PP separator demonstrated a very good cycling performance 
over 1500 cycles at 0.5C with a low capacity decay rate of only 
0.026% per cycle, compared to a decay rate of 0.05% per cycle 
with the bare PP separator.

Instead of employing nonpolar and compact carbon film as 
interlayer to physically block the shuttle effect of polysulfides, 
the utilization of polymetric materials with negatively charged 
functional groups as interlayer to allow the transport of positive 
lithium ions yet repel polysulfide anions electrostatically is 
another strategy. To this end, a thin layer of Nafion with neg-
atively-charged sulfonate groups was coated onto the Celgard 
separator as the ion selective membrane to allow the hopping 
of positive lithium ions and prevent the shuttle of negative  
polysulfides due to the Coulombic interactions 
(Figure  32b,c,e).[213] Using this Nafion-coated Celgard mem-
brane as separator, the Li–S battery showed much enhanced 
cycling performance compared to that of routine membrane 
(Figure  32f). Besides Nafion, other polymetric materials such 
as poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) 
(PAH) were also assembled on polyethylene (PE) separator 
via a layer-by-layer assembly.[214] The movement of polysulfide 
anions was significantly suppressed due to the Coulombic 
repulsion effect originated from the negatively charged groups 
on PAA, while the movement of Li cations was not affected. 
Using this ion-permselective membrane modified PE separa-
tors in Li–S batteries, improved Coulomic efficiency and cycling 
performance were achieved compared to that with the pristine 
PE separator. In another report, the Manthiram group modified 
the PP separator with negatively charged carboxyl functional 
groups.[215] The resulted carboxyl-functionalized PP separator 
not only promoted the transport of lithium ions but also inhib-
ited the migration of polysulfide anions from cathode to anode 
side. As a result, the Li–S cells with the carboxyl-functionalized 
PP separator demonstrated much enhanced electrochemical 
performance compared to the unmodified one.

Instead of utilizing externally functional groups to repel the 
polysulfides, Zhou’s group recently proposed a “self-defense” 
mechanism by constructing a “polysulfide-phobic” interface 
on the separator to suppress the shuttle effect of polysulfides 

Figure 30. Schematic of the fabrication process of sulfur–graphene–PP 
separator integrated electrode and the corresponding battery assembly. 
Reproduced with permission.[211] Copyright 2015, Wiley-VCH.
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(Figure  32g–m).[216] As illustrated in Figure  32h, with poly-
sulfides pretreatment on the polar VOPO4-coated separator, 
the surface of separator can act as a “polysulfide-phobic” inter-
face to suppress the shuttle effect of polysulfides. The time/
space-resolved operando Raman spectra was performed to 
confirm the adsorption-induced “self-defense” effect against 
polysulfides. The “polysulfide-phobic” separator was fabricated 
by coating a thin layer of VOPO4 nanosheets (about 2 µm) 
on PP separator, followed by immersing it into a Li2S6 DME/
DOL solution to anchor LiPSs to form a “polysulfide-phobic” 
surface (Figure  32i,j). Using S6

2−–VOPO4/PP as separator for 

Li–S batteries, it showed much enhanced cycling performance 
compared to the routine PP separator (Figure  32l). Moreover, 
the Li–S cell with the S6

2−-VOPO4/PP separator delivered a high 
capacity of 578 mA h g−1 even after 2000 cycles at a high rate 
of 3C, corresponding to a very low capacity fading rate of only 
0.012% per cycle (Figure 32m).

Besides using the polymetric Celgard separators, MOF-
based materials were also used to fabricate the separator for 
Li–S batteries. Zhou’s group first reported the use of MOF@
GO membrane as the separator for Li–S batteries.[36] The fab-
rication process was illustrated in Figure 33a. The initial MOF 

Figure 31. a) Schematic and photograph of PP separator covered with 2-layer CVD-graphene with an area of 5 × 60 cm2. b,c) SEM images of the  
surface of PP separator with (b) and without (c) 2-layer CVD-graphene. d) Cross-sectional TEM image of PP separator coated with 2-layer CVD-graphene.  
e) Raman spectra of bare-PP and 2G-PP. a–e) Reproduced with permission.[212] Copyright 2017, American Chemical Society.
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layer was grown in situ. Then a thin GO layer was covered on 
the MOF layer via the filtration process. The filtration process 
was repeated two or three times to give a better fabrication. As 
the pore window of HKUST-1 is about 0.9 nm, which is much 
smaller than that of polysulfides (Figure 33b), the HKUST-1@
GO film can be acted as an ionic sieve to mitigate the shuttle 
effect of polysulfides while the transportation of lithium 
ions was not affected. As a result, when a sulfur-containing 
mesoporous carbon was used as the cathode without intricate 
synthesis or surface modification, the Li–S cell with MOF@
GO separator showed long-term cycling performance over 
1500 cycles with an ultralow capacity decay rate of 0.019% per 
cycle.

Although MOF@GO membrane was a promising separator 
for Li–S batteries, the electronic conductivity of GO nanosheets 
may cause self-discharge of the battery or even the risk of short 
circuit. To this end, this group further replace the GO with 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 
binder to link the MOF particles to form the MOF@PVDF-
HFP membrane as separator (Figure 34a).[217] The photographs 
of the obtained MOF@PVDF-HFP membranes were shown in 
Figure 34b, indicating their great flexibility. The SEM image and 
corresponding elemental mappings of the membrane showed 
that MOF particles were distributed uniformly in the separator 

(Figure  34c). The cross-sectional SEM image showed that the 
membrane had a thickness of about 28 µm (Figure  34d). To 
study the effect of MOF@PVDF-HFP separator on suppressing 
the diffusion of LiPSs, visual H-type Li–S glass cell measure-
ments were performed (Figure  34e). After discharge for 0.5h, 
both of the left chambers in the glass cells turned into yellow 
color, indicating the formation of LiPSs. Upon the continuous 
discharging process, the right chamber of glass cell with PP 
separator also turned into yellow color, suggesting that the 
LiPSs diffused from the cathode to the anode side. However, 
the right chamber of the glass cell with the MOF@PVDF-
HFP separator remained its original color, indicating that the 
MOF@PVDF-HFP can efficiently inhibit the shuttle effect of 
LiPSs. Using the MOF@PVDF-HFP membrane as the sepa-
rator for a flexible Li–S pouch cell with a high sulfur loading of 
5.8 mg cm−2, a high initial discharge capacity of 1269 mA h g−1 
and a retained capacity of 936 mA h g−1 after 200 cycles were 
achieved at a high sulfur loading of 5.8 mg cm−2, demon-
strating its great potential for practical applications.

As most of the interlayers are fabricated by the vacuum filtra-
tion method, this can make the materials easily stack together 
and thus form a thick interlayer. Although the shuttle effect of 
LiPSs could be largely suppressed by the stacked thick inter-
layer, the transport of lithium ions would also be limited to some 

Figure 32. Schematic illustrations of Li–S battery configurations using routine membrane (a) and ion selective membrane (b). c) Enlarged microstruc-
ture of the ion selective membrane. d,e) SEM images of routine Celgard membrane (d) and ion-selective Nafion–Celgard membrane (e). f) Cycling 
performances of Li–S batteries with routine membrane and ion selective membrane at 1C, respectively. a–f) Reproduced with permission.[213] Copyright 
2014, Royal Society of Chemistry. g,h) Schematics of a hydrophobic interface (g) and a polysulfide-phobic interface (h). i) Top-view and j) side-view of 
VOPO4/PP membrane. The inset in (i) shows the photograph of VOPO4/PP membrane. k) Schematic illustration of suppressing polysulfide shuttle 
by using a S6

2−–VOPO4/PP separator. l) Cycling performances of Li–S cells with different separators. m) Long-cycling performance of the Li–S battery 
with S6

2−–VOPO4/PP separator at 3C for 2000 cycles. The inset shows the voltage profiles at selective cycles. g–m) Reproduced with permission.[216] 
Copyright 2019, Wiley-VCH.
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extent. In this regard, it is more desirable to design porous and 
lightweight interlayers, which can not only allow fast lithium-
ion transport, but also provide abundant polar interfaces and 
conductive interfaces to adsorb the intermediate LiPSs for high 
electrochemical utilization. To this end, the Manthiram group 
pioneeringly grew well aligned and hollow Co9S8 arrays in situ 
on the Celgard separator for suppressing LiPS shuttle in Li–S 
batteries (Figure 35).[40] MOF–Celgard was fabricated by fixing 
a piece of Celgard along the inner beaker wall and immersing 
in a mixture of aqueous solution containing 2-methylimida-
zole and Co(NO3)2 6H2O for 5 h. The morphology of the in 
situ grown MOF–Celgard was shown in Figure  35b, showing 
the well-aligned array structure. After that, a piece of the MOF-
Celgard was immersed into the thioacetamide (TAA) aqueous 
solution, followed by the hydrothermal reaction at 100  °C for 
6 h to produce the Co9S8–Celgard. The Co9S8 nanowalls were 
grown uniformly on the Celgard separator with an areal density 
of about 0.16 mg cm−2 (Figure 35c,d). Glass cells were further 
assembled to confirm that the Co9S8 nanowalls can effectively 
suppress the diffusion of LiPSs (Figure  35e). As a result, the 
Li–S battery with Co9S8–Celgard separator exhibited a high 
capacity of 1385 mA h g−1 with a retention of 1190 mA h g−1 
after 200 cycles.

Although modification of separators with a coating layer 
can effectively increase the specific capacity and cycling per-
formance, the majority of works have applied large amount of 
electrolyte to wetting the separators and electrodes, which is 
not beneficial for realizing a high energy density. To this end, 
Majumder and co-workers recently designed a separator that 
requires a minimal electrolyte amount of 4.5 µL mg−1.[218] By 

taking advantage of the self-assembly chemistry of polyelectro-
lyte complexation, they synthesized a polyelectrolyte  complex 
nanoparticle on the Celgard separator simply via the dip-
coating process due to the amphiphilicity of the nanoparticles. 
Owing to the tunable pore size of 1.5–2.0 nm, abundant func-
tional groups, the polyelectrolyte complex nanoparticle modi-
fied separator can efficiently adsorb LiPSs and suppress the 
shuttle effect. Moreover, the polyelectrolyte complex nanoparti-
cles can endow the separator with excellent ionic conductivity. 
As a result, the cell with this novel separator demonstrated high 
specific capacity of 1348 mA h g−1 at 0.2C even under lean elec-
trolyte condition of 4.5 µL mg−1.

Modification of separators is of wide interest in the area of 
Li–S batteries owing to its simplified fabrication procedure. 
Many other materials, such as InN nanowires,[219] MoS2,[220] 
GO@MoS2,[221] MoS2/graphene,[222] N,S-codoped graphene,[223] 
CNTs,[224] GO/CNTs,[225] Ni foam,[226] CNFs,[227] Fe3C/CNF,[228] 
V2O5/CNF,[229] MoS2/CNTs,[230] MXene,[231] VS4-CNFs,[232] red 
phosphorus,[233] Co/mSiO2-NCNTs,[234] MoS2/TiN,[235] MoS2/
PDDA/PAA,[236] Prussian blue,[237] MnO2,[238] MnO2/graphene,[239] 
MnO2/GO/CNT,[240] Laponite nanosheets (Laponite is a trademark 
of the company BYK Additives Ltd.),[241] MoP/rGO,[242] polypyr-
role,[243] CNT/N-doped carbon quantum dot,[244] BN,[245] silica 
nanoparticles,[246] Li4Ti5O12/graphene,[247] BaTiO3,[248] Nb2O5/
RGO,[249] Sb2Se3−x/rGO,[250] MoN/graphene,[251] black phos-
phorus,[252] BN/graphene,[253] TiO2,[254] TiO2/graphene,[255] TiO2@
CNFs,[256] CoB2@CNT,[257] carbonized cellulose,[258] hollow carbon 
spheres,[259] Co-embedded carbon nanosheets,[260] polymeric 
zwitterion,[261] Sb2Se3−x/rGO,[262] and single atom-coordinated 
N-doped carbon[263] have also been explored as interlayers for Li–S 

Figure 33. a) Schematic of the fabrication process for artificial MOF@GO separator. b) Schematic of MOF@GO separator acting as ionic sieve toward 
polysulfides. The enlarged image illustrates the pore size of the HKUST-1 (about 0.9 nm) is much smaller than that of polysulfides. c) Cross-sectional 
SEM image of the MOF@GO separator. The inset shows a photograph along the MOF side. a–c) Reproduced with permission.[36] Copyright 2016, 
Springer Nature.
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batteries. In order to realize a high-performance Li–S battery, a 
perfect interlayer should have the following merits: i) lightweight 
and thin architecture that would not compromise the energy den-
sity of the battery; ii) high conductivity to increase the active mate-
rial utilization; iii) abundant interfaces and polar active sites that 
can facilitate trapping and catalytic conversion of LiPSs. These 
principles should be taken into consideration for the rational 
design of interlayers for Li–S batteries in the future.

5. Binder Improvement

As an important component in rechargeable batteries, the basic 
functions of binders are to bind active materials and conductive 
additives onto current collectors, and to maintain the structural 
and mechanical integrity of the electrode upon cycling.[264] 
Owing to its strong adhesion, good thermal stability and wide 
electrochemical window, poly(vinylidene fluoride) (PVDF) 
binder has been widely used in the rechargeable batteries 
today.[264b] However, some intrinsic characteristics of PVDF, 
such as low mechanical ductility, weak affinity to polar active 
sulfur species and insulating property make it not a perfect 
binder for Li–S battery system. Accordingly, multifunctional 

binders have been developed to improve the performance of 
Li–S batteries in recent years. The principles of designing mul-
tifunctional binders for Li–S batteries should mainly consider: 
i) the high mechanical strength to withstand volume fluctua-
tion upon cycling, ii) the strong affinity to LiPSs for alleviating 
the shuttle effect, and iii) overcoming the insulating nature of 
sulfur and its discharged products.

5.1. Mechanical Strength

In Li–S batteries, the sulfur cathode undergoes huge volume 
expansion upon lithiation, which can lead to the structure insta-
bility and collapse of the electrode. In addition, to pursue a high 
specific energy of a practical Li–S battery, fabricating thick elec-
trode with high sulfur loading is a prerequisite.[265] However, 
the thick electrodes usually suffer from the cracking and pul-
verization issues that the active material can easily delaminate 
from the current collector.[266] Accordingly, developing multi-
functional binders with strong adhesion and high mechanical 
strength to afford long-term structure integrity of the electrode 
is vital for the practical application of Li–S batteries. Neverthe-
less, traditional linear polymer binders such as PVDF are not  

Figure 34. a) Schematic of the fabrication process for MOF@PVDF-HFP membrane. b) Digital photos of the flexible MOF@PVDF-HFPs sepa-
rator. c)  TOP-view SEM image of the MOF@PVDF-HFP separator and the corresponding elemental mappings of Cu and F. d) Side-view of the 
MOF@PVDF-HFP separator. e) Digital photos of visible H-type Li–S cells with different separators during a discharging process. a–e) Reproduced 
with permission.[217] Copyright 2018, Wiley-VCH.
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capable of affording high mechanical strength to accommo-
date the frequent volume change upon long-term cycling due 
to their facile swelling and dissolution into organic electrolyte 
as well as the weak interchain interactions. By contrast, the 
polymer binders with 3D network structure provide new oppor-
tunities for strengthening the mechanical properties and main-
taining the integrity of the electrode with high sulfur loading 
owing to their robust interchain interactions. For example, 
Nazar’s group synthesized the crosslinked carboxymethyl cellu-
lose-citric acid (CMC-CA) binder via the esterification reaction 
between the OH groups in CMC and the COOH groups in 
CA at 150 °C (Figure 36a).[267] When the crosslinked CMC-CA 
binder was used to fabricate the thick electrode with high sulfur 
loading of 5.2 mg cm−2, the obtained electrode showed very 
flat morphology without cracks (Figure  36c). In contrast, the 
electrode fabricated with PVDF binder showed obvious cracks 
(Figure  36b). This indicates that the crosslinked CMC-CA 
binder has great advantage in fabricating robust thick electrode 
compared to the linear PVDF binder.

Recently, the Nazar group further developed two highly 
crosslinked polymer binders through the radical copolymeriza-
tion between ethylene glycol diacrylate (EGDA) and [2-(acryl-

oyloxy)ethyl]-trimethylammonium chloride (AETMAC) or 
diallyldimethylammonium chloride (DADMAC).[268] Using 
the obtained crosslinked poly(AETMAC-co-EGDA) and 
poly(DADMAC-co-EGDA) polymer binders to fabricate thick 
electrodes with high sulfur loading of 6 mg cm−2, both of 
the electrodes kept intact after deep cycling for 100 cycles 
(Figure  36f,g). In contrast, the PVDF-based electrode showed 
large cracks upon deep cycling. This indicates that the 
crosslinked polymer can afford higher mechanical strength and 
toughness to the electrode.

5.2. Lithium Polysulfide Regulation

Despite prior tremendous efforts on the design of sulfur host 
and interlayer to alleviate the shuttle effect of LiPSs, the con-
tribution of binder on the immobilization of LiPSs cannot be 
ignored. In 2013, the Cui group used theoretical calculations to 
elucidate the interactions between common functional groups 
in binders with Li2S and LiPSs.[269] It was found that carbonyl 
functional groups had much stronger chemical binding energy 
toward sulfur species compared to other functional groups such 

Figure 35. a) Schematic of the in situ growth of Co9S8 arrays on Celgard separator. b,c) Surface SEM images of MOF–Celgard (b)and Co9S8–Celgard (c) 
separators. The insets show the corresponding digital photos. d) Cross-sectional SEM image of Co9S8–Celgard separator. e) Photographs of LiPS diffussion 
tests with different separators and illustration of Co9S8–Celgard for suppressing the LiPS shuttle. a–e) Reproduced with permission.[40] Copyright 2018, Royal 
Society of Chemistry.
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as CF group in PVDF routine binder. The group further 
screened PVP with carbonyl groups as a proof-of-concept binder 
for Li–S batteries. The theoretical calculations showed that PVP 
has higher binding energies with sulfur species compared to 
that of PVDF (Figure 37a,b). The electrode slurries were further 
prepared by using these two different binders. As shown in 
Figure 37c, the electrode slurry using PVP as binder exhibited 
homogeneous dispersion without aggregations. However, the 
electrode slurry using PVDF as binder showed large aggregates 
(Figure 37d). The two kinds of electrodes with different binders 
were further evaluated by electrochemical tests and the Li2S 
cathode with PVP binder showed much improved cycling per-
formance compared to that of PVDF binder. This work spurred 
numerous interests on the rational design of multifunctional 

binders with polar functional groups to trap the LiPSs. For 
example, Xiao and co-workers used polyamidoamine (PAMAM) 
dendrimers as multifunctional binders for sulfur cathodes.[270] 
The abundant functional groups in PAMAM can effectively 
adsorb the intermediate LiPSs. Guo and co-workers found 
that the copolymer poly(vinylidenedifluoride-trifluoroethylene) 
(P(VDF-TRFE)) has higher adhesion strength and stronger 
chemical interaction with LiPSs compared to PVDF.[271] As a 
result, the sulfur cathode with P(VDF-TRFE) binder showed 
much improved cycling performance compared to the cor-
responding cathode with PVDF binder. Yan and co-workers 
developed a kind of amino functional group (AFG) binder 
via the polymerization of hexamethylene diisocyanate (HDI) 
with polyethylenimine (PEI) polymer.[272] Owing to the strong 

Figure 37. a,b) The optimized binding geometries of Li2S and LiS species on PVP (a) and PVDF (b). c,d) Optical microscopy images of electrode slur-
ries of Li2S/carbon/PVP (c) and Li2S/carbon/PVDF (d) in NMP (60:35:5 by weight in both cases). The insets show the corresponding digital images. 
a–d) Reproduced with permission.[269] Copyright 2013, Royal Society of Chemistry. e,f) Schematic of electrode construction using traditional PVDF 
binder (e) and polar polymer with abundant amino and amide groups (f). g) The reducible molecular structure PPA binder. e–g) Reproduced with 
permission.[274] Copyright 2018, Wiley-VCH.

Figure 36. a) Schematic of the crosslinking of CMC binder with CA as linker. b,c) SEM images of the surface of thick sulfur cathodes with high sulfur 
loading of 5.2 mg cm−2 using PVDF binder (b) and crosslinked CMC-CA binder (c). a–c) Reproduced with permission.[267] Copyright 2016, Wiley-VCH. 
d) Cycling performance of the sulfur cathode using poly(AETMAC-co-EGDA) as binder. The insets show the SEM image of sulfur@porous hollow carbon 
sphere cathode, the illustration of S@carbon spheres linked by the poly(AETMAC-co-EGDA) binder and the structure of the binder. e–g) SEM images of 
the surface of sulfur cathodes after 100 cycles fabricated with PVDF binder (e), poly(DADMAC-co-EGDA) binder (f), and poly(AETMAC-co-EGDA) binder 
(g). d–g) Reproduced with permission.[268] Copyright 2019, American Chemical Society.
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affinity of amino groups to LiPSs, the sulfur cathode with 
AFG binder exhibited impressive cycling performance with a 
capacity retention of 91.3% over 600 cycles at 2C. Cui’s group 
utilized ammonium polyphosphate (APP) as a multifunctional 
binder for sulfur cathode.[273] APP can effectively trap the 
LiPSs through the strong chemical interaction. The coupling 
of APP with lithium ions facilitates the ion transfer and pro-
pels the redox reaction kinetics. Moreover, the APP can act as a 
flame retardant to ensure the safety of the cathode. The sulfur 
cathode with APP binder exhibited superior rate performance 
of 520 mA h g−1 at 4C and impressive cycling performance for 
400 cycles with a capacity decay rate of 0.038% per cycle.

Xiong and co-workers developed a kind of hydrophilic and 
hyperbranched binder (denoted as PPA binder) via the cross-
link between poly(ethylene glycol) diglycidyl ether and poly-
ethylenimine (Figure  37g).[274] As illustrated in Figure  37e, the 
LiPS dissolution process occurred after several cycles due to 
the poor affinity of PVDF to LiPSs. In contrast, the abundant 
polar functional groups in PPA can effectively anchor the LiPSs 
(Figure  37f). XPS analysis and DFT calculations were also fur-
ther performed to confirm the multidimensional Li–O, Li–N, and 
S–O interactions between LiPSs and PPA binder. As a result, the 
sulfur cathode with PPA binder demonstrated much improved 
cycling performance compared to the cathode with routine PVDF 
binder. Yan and co-workers reported that the water-soluble poly-
vinyl alcohol (PVA) can be used as a functional binder for high 
sulfur loading Li–S batteries.[275] PVA shows much stronger LiPS 
entrapping capability compared to the widely used PVDF binder. 
The strong bonding strength of PVA enables the fabrication of 
thick electrode with high sulfur loading of 10.5 mg cm−2, which 
shows stable cycling stability. However the stability was achieved 
at a cost of limited specific capacity.

5.3. Conductivity

Besides mechanical strength and polar characteristic, the con-
ductivity of the binder is also important for a Li–S battery. By 
using conductive binders, the amount of conductive additives 
can be reduced, which is vital to improve the specific energy of a 
practical Li–S battery. To this end, Liu and co-workers used four 
kinds of binders with different functionalities and conductivity 

to study how the interface properties affect the battery per-
formance (Figure  38).[276] It was found that the binders with 
carbonyl functional groups, like poly(9,9-dioctylfluorene-co-
fluorenone-co-methylbenzoic ester) (PFM) and PVP, can facili-
tate solid Li2S precipitation. Additionally, the introducing of 
conductive binders can also promote the reaction kinetics. As 
a result, the sulfur cathode with the PFM binder showed the 
best electrochemical performance among these four different 
binders (Figure 38b).

Manthiram’s group adopted the conductive and elastic nano-
composite of polypyrrole and polyurethane (PPyPU) as the 
binder for sulfur cathode.[277] The conjugated polypyrrole can 
improve the overall conductivity of the electrode, while the  
polyurethane acts as an elastic matrix for flexible electrodes. When 
this binder was used with a simple carbon/sulfur composite, the 
resulted flexible Li–S batteries demonstrated impressive electro-
chemical performance even at high areal sulfur loading.

5.4. Rheological Requirement for Scale-Up

Although much improvement has been achieved by selecting 
appropriate binders, the electrochemical performance of Li–S 
batteries usually fades rapidly when the sulfur loading is 
increased to a required level of 5–10 mg cm−2. This is because 
the substantial volume change and resultant stresses upon 
cycling. In addition, when a binder is used in a traditional 
way (i.e., add as a solution), it tends to form a dense contin-
uous network across the bulk of the electrode, which limits 
electrochemically available reaction sites. To this end, inspired 
by the classical mechanism of particle agglomeration theory, 
Majumder and co-workers revolutionized the electrode fabrica-
tion approach to make thick sulfur cathodes via the bridging 
mechanism instead of the conventional networking mecha-
nism, where the binder links the neighboring particles without 
covering them.[278] The electrode was made by dry mixing of 
all ingredients together for 48 h, followed by the addition of 
water, instead of wet mixing of S/C mixture in a predissolved 
CMC solution. This bridging mechanism enabled the thick 
electrode with increased space for material expansion and ion 
diffussion. As a result, even at an ultrahigh sulfur loading of 
15 mg cm−2 and lean electrolyte condition, the Li–S cell with 

Figure 38. a) Molecule structures of four different binders. b) Cycling performances at 0.1C and self-discharge tests of cathodes with different binders. 
a,b) Reproduced with permission.[276] Copyright 2015, Elsevier.
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expansion-tolerant cathode exhibited high specific capacity 
over 1200 mA h g−1 and high areal capacity of 19 mA h cm−2. 
Moreover, the cell can be stably cycled over 200 cycles with such 
thick cathode, making it promising for large-scale practical 
applications.

6. Electrolyte Optimization

As an important component in the battery system, electrolytes 
function as the ion transport pathway between the anode and 
cathode. The electrolytes used in Li–S batteries can be classified 
into liquid electrolytes and solid electrolytes. The liquid electro-
lytes with relatively high solubility and mobility of LiPSs can 
definitely afford faster redox kinetics.[46b,279] However, the LiPS 
shuttle is inescapable in liquid electrolytes. In this regard, the 
solvent-free solid-state electrolytes are promising to physically 
block the shuttle of LiPSs.[280] Additionally, solid-state electro-
lytes can also protect lithium metal anodes against corrosion 
by LiPSs and minimize the dendrite formation, improving the 
safety of Li–S batteries.[281] However, the solid-state electrolytes 
usually suffer from the low ionic conductivity due to the large 
interfacial resistance between the electrode and electrolyte as 
well as the slow lithium-ion transport through the solid-state 
electrolyte.[282]

6.1. Liquid Electrolytes

6.1.1. Ether-Based Electrolytes

Ether solvents have been widely used in Li–S battery electro-
lytes due to their high mobility for LiPSs as well as good chem-
ical stability against LiPSs.[279a,283] Among various ether-based 
solvent systems, the electrolytes containing 1,3-dioxolane (DOL) 
and 1,2-dimethoxyethane (DME) with a volume ratio of 1:1 pro-
vide a balance between the solubility, ionic conductivity and 
mobility for LiPSs, as well as the formation of a SEI layer on 
the lithium anode. DME has higher LiPS solubility and better 
kinetics for its redox reaction, while DOL owns lower LiPS solu-
bility but promotes the formation of a more stable SEI layer on 
the lithium metal anode surface.[279a,b]

Except for solvent, lithium salt, which plays roles in con-
ducting lithium ions, is another important component in 
Li–S electrolytes. Among various lithium salts, lithium 
bis(trifluoromethane sulfone) imide (LiTFSI) is most widely 
used in Li–S electrolytes owing to its balanced properties in elec-
trochemical stability, ionic conductivity and compatibility with 
the intermediate LiPSs.[279a] The concentration of lithium salt 
in electrolytes also affects the performance of Li–S batteries.[284] 
A higher lithium salt concentration was believed to restrain the 
dissolution of LiPSs owing to the dissolution equilibrium mech-
anism. However, it decreases the speed of lithium-ion trans-
port and induces large polarization of the batteries due to the 
increased viscosity of electrolytes. The cost of the batteries can 
also increase with the raised lithium salt concentration. Accord-
ingly, a medium concentration of 1 m lithium salt is commonly 
used in most of the Li–S electrolytes because it can balance 
the ionic conductivity, viscosity and salt solubility. However,  

Wu et  al. recently challenged this conventional wisdom and 
showed unexpected capabilities of a dilute electrolyte (0.1 mol L−1 
of LiTFSI in DME/DOL with 1 wt% LiNO3) to enable better 
electrode wetting, improved rate and cycling performance at 
high sulfur loading and low E/S ratio.[285] By using the combi-
nation of post-mortem analyses and molecular dynamics simu-
lations, they found that the low salt concentration can prevent 
short-chain LiPS dissolution and suppress shuttle of long-chain 
LiPSs. Recently, Manthiram and co-workers found that LiPSs 
tend to aggregate at low temperature, resulting in the poor 
electrochemical performance of Li–S batteries at low tempera-
ture, especially under lean electrolyte condition.[286] In order to 
overcome the LiPS clustering at low temperature, they replace 
the conventional LiTFSI salt with a strongly bound lithium 
salt such as lithium trifluoroacetate (LiTFA) to tune the inter-
dependent electrostatic interactions within the electrolyte, thus 
discouraging the onset of LiPS clustering. This significantly 
boosted the kinetics of LiPS conversion, leading to the improve-
ment of electrochemical performance at low temperature.

The electrolyte amount also influences the electrochemical 
performance of Li–S batteries. A lower electrolyte amount 
leads to the decreased dissolution of LiPSs. However, the lower 
electrolyte amount can also result in the sluggish lithium-ion 
transport and low sulfur utilization efficiency due to the poor 
wettability of the electrode by electrolyte. A higher electrolyte 
amount leads to the increased dissolution of LiPSs and also the 
decreased energy density of a practical Li–S battery. Therefore, 
an optimized electrolyte amount is vital to the performance of 
Li–S batteries. Xiao and co-workers studied the effect of E/S 
ratio on the performance of Li–S batteries and they found that 
an optimized E/S ratio of 20 µL mg−1 (corresponding to 50 g L−1 
in Figure 39) showed a good balance between the electrode wet-
tability and LiPS dissolution.[287] Nevertheless, this value is rela-
tively high and not beneficial to realize a high specific energy. 
Accordingly, more research needs to be performed to improve 
the electrochemical performance of Li–S batteries under lean 
electrolyte conditions.

The introduction of additives with small amounts to ether-
based electrolytes was found to be an effective way to enhance 
the performance of Li–S batteries.[283a] A major breakthrough 
was achieved in 2008 when Mikhaylik found that lithium 
nitrate (LiNO3) can effectively protect the lithium metal anode 
by forming a stable SEI layer on the surface.[15] To understand 
the chemical composition of the SEI layer, Aurbach and col-
leagues systematically studied the surface component of the 
lithium metal anode in the presence of LiNO3 using Fourier 
transform infrared (FTIR) spectra and XPS.[288] It was found 
that LiNO3 can be reduced by lithium to form LixNOy species, 
and it can also oxidize sulfides to produce LixSOy species, both 
of which can passivate the lithium metal surface and thus alle-
viate the undesirable side reactions between lithium and poly-
sulfides. Owing to its great benefit, LiNO3 additive is adopted in 
most of the Li–S electrolytes today.

Besides forming protective layer on lithium anode, the addi-
tion of suitable additives into electrolytes can also assist to create 
a protective layer on the cathode surface to retard the out diffu-
sion of LiPSs into electrolytes. For example, Yang et  al. found 
that the addition of pyrrole into the electrolyte can lead to the 
formation of a barrier layer of polypyrrole on the sulfur cathode 
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via the in situ polymerization process, which can effectively trap 
the LiPSs and block the out diffusion of LiPSs.[289] As a result, 
the Li–S cells with 5 wt% pyrrole in the electrolyte exhibited a 
high specific capacity of 607 mA h g−1 after 300 cycles at 1C.

Chen and colleagues reported that the addition of triph-
enylphosphine (TPP) into the DOL/DME based electrolyte 
can react with the sulfur intermediates to produce a protec-
tive triphenylphosphine sulfide (TPS) layer on the preassembly 
wrapping surface (Figure 40).[290] This compact and tight TPS 
coating layer can allow the transport of lithium ions into the 
wrapped C/S composite cathode while block the out diffusion 
of LiPSs. The sealed glass cell with CMK-3/S@PANS@TPS 
cathode showed colorless feature even after 20 cycles at 0.1C 
(Figure 40g), suggesting LiPSs were effectively confined in the 
C/S cathode by the TPS layer. By virtue of this unique structural 
advantage, the Li–S cell with CMK-3/S@PANS@TPS cathode 
demonstrated greatly improved cycle life with an ultralow 
capacity fading rate of 0.03% per cycle over 1000 cycles at 1C.

Nazar and colleagues found that by decreasing the solvent/
salt molar ratio in a diethylene glycol dimethyl ether system 
(G2:LiTFSI), the sulfur reaction pathway transitioned from a 
dissolution–precipitation route to a quasi-solid state conver-
sion process.[38] Ab initio calculations suggested that the chain 
length of G2 was the right dimension to fully wrap around the 
TFSI− anions to form an extended 3D network structure at a low 
solvent/salt molar ratio of 0.8:1 (Figure 41a). In Figure 41b, the 
first discharge plateau decreased upon decreasing G2:LiTFSI 
and increased in the second stage. The lower first plateau 
voltage indicates an earlier conversion into low-order LiPSs. 
Thus the authors deem this a quasi-solid conversion process 
when decreasing G2:LiTFSI to a molar ratio of 0.8:1. Owing to 
the effect of sparing solubility, the Li–S cells using G2:LiTFSI 
with lower molar ratio demonstrated higher capacity retention 
(Figure 41c). Moreover, the electrolyte enabled dendrite-free Li 
plating and showed a 20-fold reduction in parasitic reactions 
with metallic Li, which largely decreased electrolyte usage and 
increased the capacity retention at an ultralow E/S ratio of 
5 µL mg−1 (Figure  41d). This work provides a new avenue to 
improve the performance of Li–S batteries by tuning the elec-
trolyte network structure.

Recently, Zhang and co-workers reported a Li2S4-rich elec-
trolyte (0.5 m Li2S4–1 m LiTFSI–0.3 m LiNO3 in G2) to enable 
the stable cycling of Li–S batteries over 100 cycles at high sulfur 
loading of 6.2 mg cm−2 and low E/S ratio of 3 µL mg−1.[291] It 
was found that Li2S was formed via a chemical disproportiona-
tion reaction instead of conventional electrochemical routes. 
Such a solution-mediated sulfur reduction process acceler-
ated the redox kinetics of Li–S batteries, thus leading to the 
improved electrochemical performance.

6.1.2. Carbonate-Based Electrolytes

Carbonate solvents such as propylene carbonate (PC), eth-
ylene carbonate (EC), diethyl carbonate (DEC), and dime-
thyl carbonate (DMC) have been widely used in commercial  
lithium-ion battery electrolytes for nearly 30 years due to their 
high ionic conductivity as well as wide operation voltage and 
temperature window.[292] However, they are incompatible with 
most of the sulfur cathodes due to the strong nucleophilic reac-
tivity between LiPSs and carbonate solvents,[293] which leads to 
sudden capacity fading during the initial several cycles.[294] Nev-
ertheless, carbonate-based electrolytes can occasionally work 
if the sulfur is covalently immobilized on a polymeric com-
posite,[80,295] or strongly confined in a microporous host mate-
rial[23,57,296] or fully encapsulated by a molecular layer deposited 
coating[292d,297]. The discharge voltage profiles of these cath-
odes in carbonate electrolytes usually display a continuously 
decreasing profile instead of two typical discharge plateaus as in 
the cases of ether electrolytes, indicating the direct reduction of 
sulfur to insoluble Li2S2 or Li2S without the formation of high-
order LiPSs or the LiPS life is too short to deliver a discharge 
voltage plateau. This eliminates the undesirable nucleophilic 
reactions between polysulfide anions with carbonate solvents 
and the intractable LiPS shuttle problem in ether based elec-
trolytes can also be excluded. As a result, these cathodes cou-
pled with carbonate electrolytes usually demonstrate much 
stable cycling performance compared to the conventional sulfur 
cathodes in ether electrolytes. However, due to the rigorous 
structure requirements of these cathodes, the sulfur contents 

Figure 39. a) Voltage profiles and b) cycling performances of Li–S batteries at different sulfur/electrolyte ratios. a,b) Reproduced with permission.[287] 
Copyright 2013, The Electrochemical Society.
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(mostly <40% in the whole electrode) are usually very low. In 
addition, the discharge voltage of these cathodes (normally 
<2.0 V) is not as high as that in the cases of ether electrolytes. 
These factors can decrease the energy density of a practical Li–S 
battery in carbonate electrolytes. Therefore, much effort should 
be done to improve the sulfur active material content in these 
cathodes and the mechanism during the discharge process in 
carbonate-based electrolytes needs further investigated.

6.2. Solid-State Electrolytes

Instead of using liquid electrolytes, the use of solid electro-
lytes was believed to be a promising approach to physically 
block the LiPS shuttle and lithium dendrite growth in Li–S bat-
teries.[281,298] However, the solid-state electrolytes usually suffer 
from low ionic conductivity and large interfacial resistance, lim-
iting their practical applications. The solid electrolytes can be 
generally sorted into solid polymer electrolytes (SPE) and inor-
ganic solid electrolytes. In the following, we will discuss some 
approaches to improve the properties of solid electrolytes for 
all-solid-state Li–S batteries.

6.2.1. Solid Polymer Electrolytes

SPE are normally prepared by dissolving a lithium 
salt into high-molecular-weight polymer host, such as 
poly(ethylene oxide) (PEO), polyacrylonitrile (PAN), 
poly(methyl methacrylate) (PMMA), and poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVDF-HFP).[279a,299] SPE 
have the benefits of good flexibility and high mechanical 
strength.[299a,c,300] Among various SPE, polyethylene oxide 
(PEO) is most widely used in Li–S batteries.[10b,301] Neverthe-
less, the ionic conductivities of PEO-based SPE are relatively 
low (below 10−5 S cm−1) at room temperature, which is dif-
ficult to satisfy the practical requirement. Therefore, many 
efforts have been devoted to increase the ionic conductivity 
of SPE. For example, Hicham et al. found that crosslinking of 
PEO-based solid electrolytes can effectively increase the ionic 
conductivity.[302] Zhang et al. found that the lithium salt in the 
SPE plays a key role in the ionic conductivity and PEO–LiFSI 
complex shows higher ionic conductivity compared to that 
of PEO–LiTFSI.[303] Some researchers found that the ionic 
conductivities of PEO-based solid electrolytes can also be 
improved by incorporating inorganic fillers, which includes 

Figure 40. a) Schematic for in situ wrapping a TPS layer on the cathode. b–d) TEM images of CMK-3/S (b), CMK-3/S@PANS (c), and CMK-3/S@
PANS@TPS (d). The scale bars are all 10 nm. e–g) Digital photos of glass cells with different cathodes after 20 cycles at 0.1C. a–g) Reproduced under 
the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[290] Copyright 2017, 
The Authors, published by Springer Nature.

Adv. Mater. 2021, 2003666

https://creativecommons.org/licenses/by/4.0


© 2021 Wiley-VCH GmbH2003666 (49 of 67)

www.advmat.dewww.advancedsciencenews.com

both inactive inorganic particles such as TiO2
[304] and lithium-

ion-conducting materials such as Li7La3Zr2O12
[305]. Although 

the ionic conductivity of the PEO-based solid electrolytes can 
be improved to some extent through the above methods, the 
large interfacial resistance between the electrolyte and elec-
trode also limits the electrochemical performance of Li–S 
batteries. The ball-milling method was found to be an effec-
tive strategy to decrease the interfacial resistance between the 
electrolyte and lithium anode.[306]

6.2.2. Inorganic Solid Electrolytes

Inorganic solid electrolytes that can permselectively allow the 
transport of lithium ions while physically block the dissolu-
tion and diffusion of LiPSs are also used in Li–S batteries.[283a] 
Because of the high mechanical strength of inorganic solid 
electrolytes, they can also effectively inhibit the formation of 
lithium dendrites, improving the safety of Li–S batteries. Var-
ious inorganic lithium-ion conductors such as Li2S–P2S5,[307] 
Li2S–SiS2,[308] Li3PS4,[309] Li1.5PS3.3,[310] Li7P2.9S10.85Mo0.01,[311] 
Li7P2.9Mn0.1S10.7I0.3,[312] Li10GeP2S12,[309b,313] Li3.25Ge0.25P0.75S4,[309d] 
Li1.5Al0.5Ge1.5(PO4)3,[314] Li1.3Al0.3Ti1.7(PO4)3,[315] thio-LISICONs,[316] 
and LiBH4

[317] have been explored as solid electrolytes for all-
solid-state Li–S batteries. To improve the ionic conductivity 
and decrease the interfacial resistance of the solid electrolytes, 
Hu and co-workers designed an integrated bilayer solid-state 

framework with controllable thickness and smaller interface 
resistance (Figure 42).[37] In this bilayer architecture, the porous 
layer provides continuous and efficient pathways for lithium ions 
and electrons transport while integrating high sulfur loading, 
and the thin dense garnet layer with high mechanical strength 
blocked the diffusion of LiPSs and formation of lithium den-
drites. This integrated cathode can achieve a high sulfur loading 
of 7 mg cm−2 and demonstrated superior cycling stability.

6.3. Gel Polymer Electrolytes

Gel polymer electrolytes (GPE) consist of SPE and plasti-
cizers which combine the advantages of both solid and liquid 
electrolytes.[295d,318] In GPE, a suitable amount of liquid electro-
lytes are immobilized by the polymer matrix, thus they show 
higher ionic conductivity compared to SPE as well as afford 
mechanical strength to block the diffusion of LiPSs and forma-
tion of lithium dendrites.[279a,283a,319] The polymer matrix are typ-
ically based on PEO,[279c,318c,f,h,i] PVDF,[318e,j] PVDF-HFP,[318g,320] 
PMMA,[318d,321] PVDF-HFP/PMMA,[322] PAN/PMMA,[323] and 
PVDF/PEO[324], while the commonly used plasticizers are 
based on ether solvents. To overcome the solubility of ether 
solvents for LiPSs as well as safety risks caused by the flam-
mable solvent, ionic liquids have also been employed as attrac-
tive plasticizer in GPE.[320e,323,325] However, increased interfacial 
resistance between ionic liquid based GPE and lithium metal 

Figure 41. a) Ab initio calculations of the two electrolyte systems with different electrolyte/lithium salt ratios. The purple, cyan, gray, gold, and blue color 
represent Li+ cations, free diethylene glycol dimethyl ether (G2) molecules, coordinated G2 molecules, contact-ion-pair of TFSI− anions and aggregates 
of TFSI− anions, respectively. The cubic box represents the supercell for the calculated system. b) Discharge profiles and c) cycling performance of Li–S 
cells using G2:LiTFSI electrolytes with different molar ratios. d) Cycling performances and Coulombic efficiencies of Li–S cells in different G2:LiTFSI 
electrolytes with a low E/S ratio of 5 µL mg−1 at 0.2C. a–d) Reproduced with permission.[38] Copyright 2018, The Authors, published by Springer Nature.
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anode was also induced at the same time, which led to the large 
polarization and fast capacity decay.[279a,325b]

Recently, Kang’s group reported a pentaerythritol tetraacrylate 
(PETEA)-based GPE with impressive electrochemical perfor-
mance for Li–S batteries (Figure  43a).[34] It was believed that 
a stable passivation layer was formed at the interface between 
the GPE and the sulfur electrode (Figure 43b), which decreased 
the interfacial resistance. Even coupled with a bare sulfur 
cathode, the Li–S cell with the PETEA-based GPE showed a 
capacity retention of 81.9% after 400 cycles at 0.5C, which was 
much higher than that of the liquid electrolyte based Li–S cell 

(Figure 43c). This group also combined the PETEA-based GPE 
with a SnO2 anode to make a lithium-ion–sulfur cell.[326] The 
visual cells showed that the LiPSs can be easily dissolved into the 
liquid electrolyte but hardly dissolved into the GPE (Figure 43d). 
A lithium-ion–sulfur cell with the PETEA-based GPE and the 
SnO2 anode demonstrated impressive electrochemical perfor-
mance with 82.1% capacity retention after 500 cycles at 1C.

7. Lithium Metal Anode Protection in 
Li–S Batteries
Owing to the high solubility and reactivity of LiPSs, the lithium 
metal anode is vulnerable to be attacked by the polysulfide spe-
cies.[327] Recently, Jiao and co-workers reported that lithium 
metal can easily react with LiPSs to produce an uneven Li2S 
passivation layer on its surface.[328] Due to the low ionic conduc-
tivity of Li2S, the lithium stripping preferentially occurs at areas 
without Li2S deposition, resulting in the formation of pits. In 
addition, the formation of lithium dendrites can cause safety 
issues of lithium metal-based rechargeable batteries. In this 
section, we will highlight the strategies to protect lithium metal 
anode against polysulfide corrosion as well as suppress the 
lithium dendrite growth in Li–S batteries. The strategies can 
be classified into two aspects: passivation of the lithium metal 
surface by a protective layer or hosting metallic Li in a prepared 
matrix, which will be discussed in the following parts.

7.1. Lithium Metal Interface Design

One common strategy to stabilize lithium anode is to create a 
bifunctional protective layer on lithium metal surface to block 
LiPSs as well as regulate homogenous lithium-ion flux.[8d,327b,c] 
The construction of protective layers can be classified into in 
situ method via additives and ex situ strategy via building artifi-
cial anode/electrolyte interface.

Figure 43. a) SEM image of the PETEA-based GPE. The inset shows the photographs of the gel electrolyte and its precursor solution. b) Illustration of 
the formation of a passivation layer on the sulfur cathode surface. c) Cycling performances of Li–S cells with PETEA-based GPE and liquid electrolyte. 
a–c) Reproduced with permission.[34] Copyright 2016, Elsevier. d) Visual glass cells of SnO2/LE/S and SnO2/GPE/S. Reproduced with permission.[326] 
Copyright 2016, Elsevier.

Figure 42. Schematic of the garnet bilayer solid-state electrolyte. Repro-
duced with permission.[37] Copyright 2017, Royal Society of Chemistry.
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7.1.1. Forming Intrinsic Passivation SEI Layer via Additives

Because of the highly negative electrochemical potential of  
Li+/Li, virtually any electrolyte component can be reduced at the 
Li surface.[8b,292a] Accordingly, selecting appropriate electrolyte 
additives that can decompose, polymerize or adsorb on the Li 
surface, and thus modifying the physic-chemical properties of 
the SEI layer against LiPSs is a promising strategy to protect 
lithium metal anode. A major breakthrough in this area was 
the discovery of LiNO3 as a powerful electrolyte additive by 
Mikhaylik in 2008.[15] It was found that the addition of LiNO3 
can effectively alleviate the shuttle effect of LiPSs and improve 
the performance of Li–S batteries by promoting the formation 
of a stable SEI layer on the lithium metal surface.

Besides LiNO3, some other additives were also developed 
to improve the performance of Li–S batteries. Xiong and co-
workers reported that the addition of (lithium bis(oxalate) 
borate) LiBOB in the liquid electrolyte can passivate the lithium 
surface to inhibit its side reaction with LiPSs, thus a higher 
discharge capacity and better cycling performance were real-
ized.[329] Liang and co-workers reported the use of phosphorus 
pentasulfide (P2S5) as an additive in electrolyte can not only 
passivate the lithium metal surface against LiPSs, but also act 
as a redox mediator to promote the dissolution of Li2S and 
thus alleviate the capacity loss caused by the precipitation of 
Li2S.[330] Yushin and co-workers reported that the lithium iodide 
(LiI) additive in electrolyte induced a protective layer on both 
the Li2S based cathode and lithium anode, which inhibited 
the dissolution of LiPSs in the cathode side and reduction of  
polysulfides on the anode side.[331] In addition, the overpotential 
of the first charge was reduced and improved cycling perfor-
mance was achieved with the LiI additive. This indicates that 
the LiI additive can also act as a redox mediator to propel Li2S 
oxidation. Besides LiI, Zhao and co-workers found that indium 
triiodide (InI3) additive can also function as a redox mediator 
to reduce the activation barrier of Li2S cathode as well as passi-
vate the lithium metal surface against polysulfide corrosion.[332] 
Armand and co-workers reported the use of lithium azide 
(LiN3) as an electrolyte additive to improve the performance of 
all solid state Li–S batteries.[333] LiN3 can promote the forma-
tion of a uniform and highly ionic conductive passivation layer 
on lithium metal to inhibit polysulfide corrosion and lithium 
dendrite growth. It significantly improved the cycling per-
formance and Coulombic efficiency of the all solid state Li–S 
batteries, even outperforming the state-of-the-art LiNO3 addi-
tive. Recently, Manthiram and co-workers reported that the 
introduction of tellurium (Te) as a cathode additive can greatly 
improve the reversibility of Li plating and stripping.[334] It was 
found that the addition of Te can promote the generation of in-
situ lithiumthiotellurate-based SEI layer. This stable SEI layer 
can also largely reduce the electrolyte decomposition on lithium 
metal surface, which improved the cycling performance of Li–S 
cells under lean electrolyte condition.

7.1.2. Building Artificial Anode/Electrolyte Interface

Besides constructing an intrinsic SEI passivation layer on 
lithium metal anode through additives, another strategy is to 

build a protective layer on the lithium metal anode before bat-
tery assembly, which provides more options to manipulate the 
components of the protective layer and control the reaction 
conditions.[327c,335] Since this protective layer built outside the 
battery owns similar properties compared to the intrinsic SEI 
layer, they are also described as “artificial SEI.”[336] The fabrica-
tion methods of these artificial SEI mainly involve two strate-
gies: direct surface coating or chemically reacting with lithium 
foil.[336] In this section, some typical “artificial SEI” fabricated 
through these two strategies will be discussed.

In 2014, Wen and co-workers reported that ex situ formed 
conductive polymers on lithium metal anodes such as 
PEDOT-co-PEG can effectively inhibit the corrosion of lithium 
metal by polysulfides as well as restrain the growth of lithium 
dendrites.[337] The lithium metal was directly immersed into the 
polymer solution for several times to obtain a polymer coated 
layer on the metal surface with a thickness of about 10 µm. 
The Li–S battery with the polymer-coated lithium metal anode 
exhibited much improved cycling performance and higher 
Coulombic efficiency compared to that of the unmodified one, 
suggesting the LiPS shuttle effect was effectively restricted. In 
addition, the SEM image of the lithium anode without polymer-
coated layer showed serious dendrite growth and corrosion 
after 100 cycles, while the lithium anode with polymer-coated 
layer showed very smooth morphology. This indicates that the 
polymer-coated layer on lithium anode can effectively inhibit 
the reaction between lithium metal and polysulfides as well as 
suppress the growth of lithium dendrites, which can be attrib-
uted to the physical protection and high mechanical properties 
of the robust polymer layer on the lithium metal surface.

Yan and co-workers reported that the tween polymer can be 
grafted on the lithium metal surface to protect the lithium metal 
(Figure  44).[338] It was found that the sequential oxyethylene 
groups improved the lithium-ion conductivity and the compat-
ibility of the lithium metal/electrolyte interface, while the alkyl 
chains refused polysulfides from going near the lithium metal 
surface. The tween polymer layer can also effectively inhibit 
the lithium dendrite growth during charge–discharge process. 
When tween-grafted Li was used in an all solid state Li–S bat-
tery, a high reversible capacity of 1051.2 mA h g−1 was attained 
at 0.2C and stable cycling performance over 500 cycles at 2C 
with a low capacity fading rate of 0.058% per cycle was realized.

Besides polymer layer, inorganics have also been coated on 
the lithium metal surface against dissolved polysulfides. For 
example, a porous Al2O3 layer was coated on the lithium metal 
surface through a spin-coating strategy for Li–S batteries by 
Gao and colleagues.[339] The Al2O3 coated lithium metal can 
effectively improve the performance of Li–S batteries compared 
to the uncoated one. Additionally, the SEM images of the cycled 
cells indicated that the Al2O3 coating layer can facilitate the 
homogeneous Li deposition on the anode due to the homog-
enous distribution of lithium-ion flux via the Al2O3 coating 
layer. Moreover, the authors also found that the thickness of 
Al2O3 layer was vital to the electrochemical performance of 
Li–S batteries and a moderate coating of 0.58 mg cm−2 showed 
the best performance. When the coating amount was too low 
(0.23 mg cm−2), the Al2O3 layer cannot effectively restrain the 
direct contact between polysulfides and lithium metal. If the 
coating amount was too high (0.73 mg cm−2), the thick Al2O3 
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layer can block the penetration of electrolyte and diffusion of 
lithium ions.

To avoid compromising the energy density of the battery, 
the protective layer on lithium metal should be as thin as pos-
sible. To this end, an ultrathin layer of MoS2 with a thickness 
of only 10 nm was coated on the lithium foil via the sput-
tering and subsequent lithiation process (Figure  45).[41] The 
MoS2 layer showed superior adhesion on the lithium metal 
surface and facilitated homogenous lithium plating and strip-
ping process. Thus, the symmetric MoS2-coated lithium metal 
cell exhibited much lower voltage hysteresis compared to 
that of bare lithium metal. When MoS2-coated lithium metal 
anode was coupled with CNT-sulfur cathode, a high spe-
cific capacity of 940 mA h g1 after 1200 cycles was achieved at 
0.5C, corresponding to an average capacity decay rate of only 
0.013% per cycle.

Besides, some in situ formed protective layers on lithium 
metal show more homogeneous and compatible interfaces. 
Wen and co-workers fabricated a layer of Li3N on the surface of 
lithium metal via the in situ reaction between Li and N2.[340] The 
in situ formed Li3N protective layer had a conformal coating on 
the lithium metal, thus can act as an effective shield against 
polysulfides. In addition, the superior ionic conductivity of Li3N 
can allow fast lithium-ion transport. When the Li3N protected 
lithium metal was used in the Li–S batteries, a high average 
Coulombic efficiency of 92.3% over 500 cycles was obtained 
even without the addition of LiNO3 in the electrolyte, which 
was much higher than the case of unprotected one (about 80%). 
SEM images of the cycled batteries also showed a much thinner 
Li2S2/Li2S layer of about 10 µm in the Li3N protected lithium 
metal surface compared to a thicker surface of Li2S2/Li2S layer 
of 100 µm in the pristine lithium metal, which indicated the 

corrosive reaction between lithium metal and polysulfides was 
effectively suppressed.

7.2. Lithium Metal Host Design

Due to the “hostless” nature of pristine 2D Li foil, lithium metal 
anodes suffer from intrinsic volume change upon cycling, 
which leads to the poor mechanical stability of the SEI layer 
and low utilization of active materials.[341] Accordingly, it is nec-
essary to design a 3D matrix with lithiophilic property to host 
metallic Li. The fabrication methods of infiltrating Li into a 3D 
host can be classified into melt infusion strategy and electro-
deposition approach using sacrificing cells.

7.2.1. Hosts with Prestored Lithium via Molten Infusion

In 2016, Cui’s group pioneered the work of using 3D layered 
rGO with nanoscale gaps to host metallic Li via the molten infu-
sion strategy (Figure  46a–d).[35] GO films were first  prepared 
via the filtration method. Then the sparked rGO film with 
nanoscale gaps was obtained by partially putting GO film into 
contact with molten Li. Finally, the layered Li–rGO film was 
fabricated by putting the edge of the rGO film into contact with 
molten Li, during which the molten Li was infused into the 
nanogaps of the layered rGO via capillary force. This layered 
Li–rGO has several benefits: first, the layered rGO host can 
minimize the volume change by dividing dense Li into smaller 
domains; second, the increased accessible Li active sites can 
reduce the effective current density, thus homogenizing the 
lithium-ion flux and further inhibiting the dendrite growth.

Figure 44. a) Schematic of tween polymer-grafted lithium metal. b) Schematic of lithium plating and stripping process on bare lithium metal and tween 
polymer-grafted lithium metal. a,b) Reproduced with permission.[338] Copyright 2018, American Chemical Society.
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To eliminate the corrosion of Li by polysulfides, the Cui 
group further coated a thin LiF layer on the 3D Li–rGO foil 
through the in situ reaction between lithium and commercial 
Freon R134a (Figure 46e).[342] The solid–gas interfacial reaction 
showed well-controlled reactivity and excellent permeability 
that enabled a uniform and conformal coating of LiF layer 
on the lithium surface. When LiF-protected Li–rGO was used  
in the Li–S battery, improved cycling performance was achieved 
compared to the unprotected one (Figure 46f).

Recently, Cui and co-workers also used the rGO foil to encap-
sulate sulfur cathode.[343] Owing to the abundant oxygen func-
tional groups on rGO foil, it can effectively mitigate the out 
 diffusion of LiPSs. The high tortuosity of the rGO foil can also 
buffer the large volume change of sulfur cathode upon cycling. 
For the lithium metal anode, this architecture design can effi-
ciently suppress the lithium dendrite growth. When the rGO 
foil was used as a dual host for both the sulfur cathode and 
lithium anode, impressive electrochemical performance was 
achieved at a high sulfur loading of 10 mg cm−2 and low E/S 
ratio of 7 µL mg−1.

In order to realize the large-scale application of lithium 
metal based anodes, Cui’s group further developed an air-
stable and self-standing lithium alloy/graphene foil as anode 
for Li–S batteries (Figure  47a).[344] The fabrication process of 

LixM/graphene foil (M = Si, Sn, Al) is illustrated in Figure 47b. 
Thin graphene layers were coated on both sides of the LixM/
graphene film to insure that the LixM nanoparticles on the 
surface were also protected by the graphene layers. Owing to 
the conformal coating of LixSi by graphene layers, the large 
LixSi/graphene foil can be stable in air conditions, which is 
beneficial for large-scale production. When LixSi/graphene foil 
was used as anodes for Li–S batteries, much improved cycling 
performance was achieved compared to that with the pristine Li 
foil. XPS analysis was further performed on the cycled anodes. 
It was found that much lower Li2S2/Li2S peaks were detected 
on the cycled LixSi/graphene foil compared to that of pristine Li 
foil. This suggests that graphene sheets can effectively alleviate 
the LiPS shuttle and Li2S2/Li2S deposition on the anodes.

Recently, Hu’s group designed an all-in-one Li–S battery 
enabled by a porous-dense-porous trilayer garnet electrolyte 
(Figure  48).[345] Both lithium metal anode and sulfur cathode 
were melt-diffusion into the solid and porous garnet frame-
work, while the thin dense ceramic electrolyte acted as a sep-
arator. Owing to the unique all solid-state frameworks, the 
LiPS shuttle and lithium dendrite growth can be effectively 
eliminated. As a result, the all-in-one solid-state Li–S battery 
achieved a high reversible capacity of over 1200 mA h g−1 with a 
Coulombic efficiency of nearly 100%.

Figure 45. a) Schematic of the fabrication process of MoS2-coated Li-metal anode. b) Side and c) top view SEM images of as-deposited MoS2 on 
lithium metal. The inset in (c) shows the enlarged image. d) Top-view SEM image of lithiated MoS2 on lithium metal surface. e) Cycling performance 
of a Li–S cell with MoS2-coated Li metal as anode and CNT–sulfur as cathode for 1200 cycles at 0.5C. The inset illustrates the configurations of the 
as-assembled battery. a–e) Reproduced with permission.[41] Copyright 2018, The Authors, published by Springer Nature.
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Figure 47. a) Schematic of the microstructure of LixM/graphene film. b) Schematic of the fabrication process for LixM/graphene film. a,b) Reproduced 
with permission.[344] Copyright 2017, Springer Nature.

Figure 46. a) Schematic of the fabrication process for layered Li-rGO film. b–d) Digital photos of GO film (b), sparked rGO film (c), and layered Li–rGO  
film (d). a–d) Reproduced with permission.[35] Copyright 2016, Springer Nature. e) Schematic of the lithium metal coated by a thin layer of LiF. f) Cycling 
performances of Li–S prototype cells with different anodes. e,f) Reproduced with permission.[342] Copyright 2017, American Chemical Society.

Adv. Mater. 2021, 2003666



© 2021 Wiley-VCH GmbH2003666 (55 of 67)

www.advmat.dewww.advancedsciencenews.com

7.2.2. Hosts Without Prestored Lithium

This type of host structures can also be regarded as 3D current 
collectors. In this case, lithium metal is deposited into a well-
designed 3D high surface area scaffold instead of planar Li or 
Cu foils. For example, Wu’s group reported the use of cobalt-
embedded N-doped porous carbon nanosheets (Co/N-PCNSs) 
as a dual host for both the sulfur cathode and lithium metal 
anode for Li–S batteries.[346] Li@Co/N-PCNSs anodes were 
prepared by preplating a certain amount of metallic Li onto 
the Co/N-PCNSs coated Cu foil and S@Co/N-PCNSs cathodes 
were prepared via the melt-diffusion strategy. After coupling 
the Li@Co/N-PCNSs anode with the S@Co/N-PCNSs cathode, 
the full Li–S battery exhibited superior cycling performance 
and stable Coulombic efficiency.

Hu and colleagues reported the use of 3D hierarchically and 
continuously porous nickel photonic crystal (NPC) as a dual 
host for both sulfur cathode and lithium anode (Figure 49a).[347] 
PS opal template was first synthesized by the self-assembly of 
PS spheres on a tungsten foil. Metallic nickel was then elec-
trodeposited into the void space of PS opal template. After 
removing the opal template by immersing PS@Ni into the 
toluene, the 3D hierarchical porous NPC was obtained. Finally, 
sulfur and metallic Li were respectively loaded into the nano-
pores of NPC to fabricate the 3D NPC@S cathode and 3D 
NPC@Li anode. The conductive 3D NPC network can not only 
provide efficient electron and lithium-ion transport to facilitate 
the redox kinetics in the cathode, but also inhibit the lithium 
dendrite growth and volume change in the anode. As a result, 
3D NPC@Li/3D NPC@S full cell exhibited improved rate 
performance and cycling performance compared to the 3D 
NPC@S/Li half-cell. The use of two-in-one host in Li–S batteries  
is of wide interests and there are some other reports. Tao’s 
group used the rice husk derived porous carbon as host for 
both lithium anode and sulfur cathode.[348] Zhu and co-workers 
developed nitrogen-doped mesoporous honeycomb-like carbon 

spheres to simultaneously boost the performance of sulfur 
cathode and Li anode.[349]

Recently, Zheng and co-workers designed a 3D lithiophilic 
current collector by modifying 3D Cu foam with yolk–shell-
structured N-doped porous carbon nanosheets (NPCN) 
(Figure  49b).[350] The Li/Cu@NPCN anode was prepared by 
preplating a certain amount of metallic Li onto the NPCN@
Cu foam. After pairing the Li/Cu@NPCN anode with a C/S 
cathode, the resulted Li–S full cell demonstrated remarkable 
cycling stability (Figure 49c,d). Zhu’s group designed a kind of 
bifunctional and tunable mesoporous carbon spheres (MCS) 
that simultaneously improve the performance of sulfur cathode 
and lithium anode (Figure 49e–i).[349] Owing to its honeycomb 
structure with high surface area and abundance of nitrogen 
sites, the MCS homogenize the lithium-ion flux and inhibit 
the lithium dendrite growth. Upon covering one layer of amor-
phous carbon on the MCS (CMCS), the obtained carbon cages 
can encapsulate sulfur inside and reduce the LiPS shuttle 
(Figure 49e,g), which can enhance the cycling performance of 
Li–S cells. As a result, the full Li–S battery assembled with S@
CMCS as cathode and Li@MCS/Cu as anode exhibited much 
higher capacity compared to the cell with Li@Cu as anode and 
S@CMCS as cathode (Figure 49j).

Zheng’s group reported the use of Cu-coated and Ni-coated 
carbon fabrics as freestanding hosts for lithium and sulfur, 
respectively (Figure 50a).[351] To achieve this, a certain amount 
of lithium metal was electrochemically deposited on the Cu-
coated carbon fabric (CuCF) to form the Li/CuCF anode. On 
the other hand, a slurry mixture containing S8, nitrogen and 
sulfur co-doped graphene (NSHG), super P was coated on 
the NiCF to yield the NSHG/S8/NiCF cathode. Finally, the 
two pieces of fabric electrodes were assembled with a Celgard 
membrane to produce a soft-package Li–S full cell (Figure 50b). 
The carbon fabrics can not only endow mechanical flexibility of 
the electrodes but also effectively reduce the local current den-
sity of the electrodes. The Cu coating on the anode side ren-
ders uniform lithium plating and stripping without dendrite 
formation, while the Ni coating on the cathode side efficiently 
catalyze the LiPS conversion. As a result, the soft Li–S fabric 
full cell showed stable cycling performance over 600 cycles with 
high areal sulfur loading (Figure  50c), indicating potential for 
practical applications. Manthiram and co-workers reported that 
vanadium nitride (VN) nanowire array can be used as a dual 
host for both sulfur cathodes and lithium anodes.[352] Ben-
efiting from the high conductivity and large surface area, VN 
nanowires showed efficient entrapment for LiPSs and facili-
tated the uniform lithium plating and stripping process. As a 
result, the VN–Li||VN–S full cells demonstrated stable cycling 
performance over 800 cycles at 4C.

7.3. Existing Challenges and Optimization Strategies for Lithium 
Metal Anodes

As discussed above, interface engineering is an effective way 
to protect lithium metal anodes from the corrosion by poly-
sulfides. However, this method cannot accommodate the 
volume change and thickness fluctuation of lithium metal upon 
long-term cycling, which can induce aggravated SEI cracking 

Figure 48. Schematic of an all-in-one solid-state Li–S battery based on 
trilayer garnet electrolyte. Reproduced with permission.[345] Copyright 
2018, Elsevier.
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issues. Host design provides an efficient strategy to eliminate 
the volume fluctuation problem, while it cannot protect the 
lithium metal surface from the corrosion by polysulfides due 
to the open structure of the majority of host materials. From 
this perspective, the synergy of robust interface coating on a 3D 
structured host material appears to be a promising strategy to 
ultimately solve the issue. In addition, the introduction of solid-
state electrolytes also seems to be a fundamental tool to protect 
lithium metal anodes in Li–S batteries.

8. Prototypes of Li–S Batteries for 
Commercialization
Besides fundamental research by academic scientists on the 
basis of coin-cells, some researchers and leading companies 
have also openly released several prototypes of Li–S batteries 
for commercialization. In 2008, the Sion Corporation devel-
oped a Li–S battery that can power an unmanned aircraft with 
world-record continuous flight for more than three days.[353] 
This represents the first practical application of Li–S batteries 

in the world. After two years in 2010, the same company has 
broken its previous record by utilizing a Li–S battery powered 
unmanned aircraft for continuous flight with 14 days.[354] Since 
then, more and more prototypes of Li–S batteries with high 
practical energy density were reported. In 2017, Chen’s group 
from Beijing Institute of Technology scaled up the electrode 
preparation process with the oval-like carbon/S as cathode 
(Figure 51a).[355] The cathode slurry can be uniformly coated on 
the Al foil with high a sulfur loading of 14 mg cm−2. As shown 
in Figure  51b, the assembled soft-package Li–S battery has a 
capacity of 18.6 Ah and average voltage of 2.05 V. Moreover, the 
batteries can work reversibly with an ultralow E/S ratio of only 
2.7 µL mg−1, which is beneficial for achieving a high energy 
density of 460.08 W h kg−1. This value is much higher than that 
of traditional lithium-ion batteries with energy density of about 
150–200 W h kg−1.

Jian Chen’s group at Dalian Institute of Chemical Physics 
of Chinese Academy Sciences has done a lot of work for the 
commercialization of Li–S batteries in recent years. In 2015, 
they developed a Li–S battery with a high capacity of 30 Ah 
and energy density of 520 W h kg−1 (Figure 51c),[356] which was 

Figure 49. a) Schematic of the fabrication process for 3D NPC@S/3D NPC@Li full cell. Reproduced with permission.[347] Copyright 2018, Wiley-
VCH. b) Schematic for the fabrication of dendrite-free lithium anode by designing NPCN-wrapped 3D metal foam as the current collector. c) Cycling 
performances of Li/Cu foil|C/S, Li/Cu foam|C/S, and Li/Cu@NPCN|C/S full cells at 1C. d) Cycling performance of Li/Cu@NPCN|C/S full cell at 2C. 
b–d) Reproduced with permission.[350] Copyright 2019, American Chemical Society. e) Schematic of the synthesis process MCS and CMCS. f,g) SEM 
images of MCS (f) and CMCS (g). h) Schematic of lithium plating on Cu foil directly and through MCS. i) Schematic of the Li–S full cell with S@
CMCS as cathode and Li@MCS as anode. j) Cycling performances of S@CMCS cathodes coupled with Li@MCS and Li@Cu anodes respectively at 1C.  
e–j) Reproduced with permission.[349] Copyright 2019, Wiley-VCH.
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among the highest value worldwide at that time. Meanwhile, 
significant progress has also been made on Li–S battery pack 
technology (Figure  51d).[356] The developed 1 kWh Li–S bat-
tery pack has an energy density of 330 W h kg−1 and voltage of 
22 V.[356] The achievements in Jian Chen’s group demonstrate 
the promising perspective of Li–S batteries for next-generation 
energy storage. However, the challenges in cycle life, power 
density and safety issue need to be fully addressed before the 
large-scale practical application of Li–S batteries.

In 2016, Zhongke Paisi Energy Technology Co., Ltd was 
founded in Dalian, which is the first company in China spe-
cializing the commercialization of Li–S batteries, and is also 
the industrial base of Strategic Priority Research Program of 
the Chinese Academy of Sciences for Li–S batteries. This com-
pany combines the technological advantages of Li–S batteries 
in Jian Chen’s group at Chinese Academy Sciences and its own 
benefits on the capital, engineering and marketing to jointly 
promote the commercialization of Li–S batteries. Figure  51e,f 
show the photographs of the soft-package Li–S battery and Li–S 
battery pack developed by this company.[357] Figure 52 shows the 
timeline in the commercialization of Li–S batteries proposed 
by Zhongke Paisi Energy Technology Co., Ltd and Jian Chen’s 
group in Chinese Academy of Sciences.[357] In 2017, they have 
achieved a high energy density of 609 W h kg−1 and completed 
solar drone ground integration test, which represents a signifi-
cant breakthrough on the energy density of practical Li–S bat-
teries. The developed prototype Li–S battery has excellent tol-
erance against extreme environment, and its discharge specific 
energy can reach as high as 400 W h kg−1 even at the ultralow 
temperature of −20  °C. It can also reversibly work at the 
ultralow temperature of −60 °C. The power density of the proto-

type Li–S battery has also increased a lot with its discharge rate 
as high as 4C and the pulse is up to 10C. In 2018, high-altitude 
solar drone test was successfully completed by using Li–S bat-
teries developed by this company. They planned to apply Li–S 
batteries to electric vehicles during the year of 2020 to 2022 and 
reproduce the Li–S batteries on expanded scale for practical 
applications in 2023 to 2025.

Founded in 2015, OXIS Energy Ltd is one of the earliest 
companies aiming to commercialize the Li–S technology to 
revolutionize the rechargeable battery market. It has more than 
15 years’ experience on the research and development of Li–S bat-
teries. Its target market is for aviation, defense, electric vehicles 
and marine. Figure 51g–i exhibits the photographs of Li–S pouch 
cell and Li–S battery packs developed by OXIS Energy Ltd.[358–360] 
Currently it can achieve an energy density around 450 W h kg−1 
and its aim is to reach 500 W h kg−1 after further optimization of 
the cell design and materials by the early of 2020.[361]

Although there have been great achievements in recent 
years, as mentioned above, from some leading companies, the 
practical application of Li–S batteries is limited to specific areas 
such as unmanned aircrafts, and there are still no large-scale 
commercial products currently on the market because of some 
unsolved problems such as cycle life and safety issues.

9. Prospects and Outlook

After about 60 years’ development, especially over the past 
decade, Li–S batteries have embraced great advances in terms 
of fundamental research. In the current stage, much more 
attention should be transferred to making a commercially  

Figure 50. a) Schematic of the fabrication process of Cu-coated and Ni-coated carbon fabrics as hosts for lithium and sulfur, respectively. b) Photograph 
of the inner configuration of a Li–S full cell. c) Cycling performance of Li–S fabric full cells under nonbending and bending conditions. a–c) Reproduced 
under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[351] Copyright 
2018, The Authors, published by Springer Nature.
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competitive Li–S full cell system a reality, and academic and 
industrial organizations need keep close communication. In 
this section, we will give some insight on the future develop-
ment of Li–S batteries to bring it a step closer for large-scale 
practical applications.

9.1. Sulfur Content in the Cathode

Given the insulating nature of sulfur and Li2S, the cathode 
electrode often contains a certain amount of inactive material, 
which usually occupies 40–60 wt% of the electrode. During 

Figure 52. The timeline for the commercialization of Li–S batteries proposed by Zhongke Paisi Energy Storage Technology Co., Ltd. Reproduced with 
permission.[357] Copyright 2019, Zhongke Paisi Energy Storage Technology Co., Ltd.

Figure 51. a) Large-scale oval-like carbon/sulfur cathode coating process. The upper right and bottom left insets show the slurry preparation and bare 
Li–S pouch cells assembled. b) The photograph of Li–S pouch cell with a capacity of 18.6 Ah and energy density of 460 W h kg−1 assembled using 
oval-like carbon/sulfur cathode. a,b) Reproduced with permission.[355] Copyright 2017, Wiley-VCH. c) The photograph of 30 Ah Li–S pouch cells with an 
energy density of 520 W h kg−1. d) The photograph of 1 kWh Li–S battery pack with an energy density of 330 W h kg−1. c,d) Reproduced with permis-
sion.[356] Copyright 2020, Jian Chen’s group. e,f) Photographs of a 25 Ah soft-package Li–S battery (e) and a 50 Ah Li–S battery pack (f) designed by 
Zhongke Paisi Energy Storage Technology Co., Ltd. e,f) Reproduced with permission.[357] Copyright 2019, Zhongke Paisi Energy Storage Technology 
Co., Ltd. g) Photograph of an ultralight Li–S pouch cell designed by OXIS Energy. Reproduced with permission.[358] Copyright 2020, OXIS Energy Ltd. 
h) Photograph of a 16-cell Li–S pack designed by OXIS Energy. Reproduced with permission.[359] Copyright 2019, OXIS Energy Ltd. i) The photograph 
of an oblong Li–S battery pack designed by OXIS Energy. Reproduced with permission.[360] Copyright 2020, OXIS Energy Ltd.
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the initial stage of academic research, the sulfur content is not 
that important. However, in the current stage, more attention 
should be paid into the sulfur content value when making a 
cathode electrode in order to achieve a commercially competi-
tive energy density. In order to reduce the content of inactive 
part in the cathode, novel host materials with high conductivity 
and catalytic activity should be developed. Another promising 
way is to develop novel sulfur host materials that are also elec-
trochemically active in the voltage of Li–S batteries, so they do 
not contribute dead weight.

9.2. Areal Sulfur Loading

Over the past 3 years, although increasing attention has been 
paid to fabricate high sulfur loading electrodes, it compromised 
the sulfur utilization and cycling performance. In addition, 
the long-term cycling tests were normally evaluated with low 
areal sulfur loadings. Therefore, more work should be done to 
increase the electrochemical utilization with long-term cycling 
stability at high areal sulfur loading more than 7 mg cm−2.

9.3. Lean Electrolyte Condition

The electrolyte amount is also an important parameter in a Li–S 
battery. In most of the literatures, the E/S ratio is over 15 µL mg−1, 
which cannot achieve a satisfied practical energy density. More 
work should be done with sulfur content higher than 80%, areal 
sulfur loading above 7 mg cm−2 and E/S ratio below 5 µL mg−1.

9.4. All Solid-State Li–S Batteries

Solid electrolytes with high mechanical modulus have the 
advantages of eliminating LiPS dissolution and shuttle as well 
as inhibiting lithium dendrite growth basically, which repre-
sent a promising direction in the next-stage of research. As the 
study of all solid-state Li–S batteries is just in its infancy, some 
intractable obstacles such as low ionic conductivity and large 
interfacial resistance need to be resolved. The employ of theory-
guided strategy such as DFT and machine learning can provide 
new opportunities in accelerating the screening of novel solid 
electrolytes with high lithium-ion mobility and low interfacial 
resistance.[362]

9.5. Prototype Li–S Pouch Cells

Over the past decade, the specific capacity and cycling perfor-
mance of Li–S batteries based on coin-cells have improved a lot. 
Due to the different assemble process for coin cells and pouch 
cells, the good electrochemical performance in coin cells does 
not definitely mean superior performance in pouch cells. There-
fore, more work should be done to evaluate the electrochemical 
performance in pouch cells with high sulfur content, high areal 
sulfur loading and low E/S ratio. In addition, the lithium metal 
anode is always excessively used in coin cells, which is not ben-
eficial for realizing a high energy density. Thus, the matching 

between lithium anode and sulfur cathode should be taken into 
consideration when assembling a pouch cell to avoid the use of 
a large amount of excess lithium.

9.6. Safety

The use of lithium metal anodes can endow the Li–S batteries 
with high energy densities. However, the lithium dendrite 
growth can also bring about the safety issues, which needs to 
be absolutely resolved before the large-scale practical applica-
tions of Li–S batteries. There are two aspects of protecting 
the lithium metal anode: lithium metal interface design and 
hosting metallic lithium in a prepared matrix. Among these 
methods, the use of solid electrolytes which can physically 
inhibit the lithium dendrite growth seems to be a promising 
approach that needs to be further studied.

9.7. Cost

In order to realize the large-scale practical application of Li–S 
batteries, the fabrication procedure needs to be simple and low 
cost. At present, most research studies are completed in labo-
ratories which usually require complex synthetic process and 
harsh experimental conditions. In this case, attention needs to 
be paid to the materials synthesis and cell engineering with the 
capability to be large-scale produced.

10. Conclusions

We have provided a comprehensive overview of the develop-
ment and advancement of Li–S batteries over the past 60 years.  
We comprehensively reviewed the strategies to improve the 
performance of Li–S batteries. The strategies can be catego-
rized into five types: 1) designing unique structured sulfur host 
materials to entrap LiPSs by physical adsorption and/or chem-
ical binding; 2) modification of the separator with a functional 
interlayer to suppress the LiPS shuttle; 3) applying functional 
binders in the electrodes to trap the LiPS; 4) developing novel 
electrolyte systems to inhibit the LiPS dissolution; 5) creating 
a protective layer on the Li-metal surface or hosting metallic 
Li in a prepared matrix to restrain the polysulfide corrosion 
and lithium dendrite growth. We also summarized the major 
commercial achievements on practical Li–S batteries in recent 
years. The current practical application of Li–S batteries is just 
restricted to some specific areas and there are still some prob-
lems waiting to be resolved before their large-scale commer-
cial applications. Through the cooperation between academic 
researchers and leading companies in the next stage, we believe 
Li–S batteries will hold great promise for the next generation 
energy storage.
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