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1. Introduction

In this new century, human beings are faced with unprece-
dented challenges related to energy and environmental issues,
which are attributed to the increasing growth of global population
and the increasing demand for energy [1-3]. As we know, non-
renewable fossil fuels will be depleted one day. However, they
are still the main source of the energy that human beings rely on
to live a life with high standards. More seriously, the burning of
these carbon-containing energy resources in a large scale will con-
tribute to the emission of greenhouse gas-carbon dioxide, which
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will exacerbate the progressive adverse effect of global warming.
This environmental phenomenon can cause serious climate
changes, such as precipitation changes and acidation, temperature
rise of oceans, and sea-level rise, which will threaten the sustain-
able developments of human beings. Through sustainable and
clean energy technologies [4-10], such as photovoltaics, artificial
photosynthesis, fuel cells, batteries and supercapacitors, new
energy generation and higher storage capacity can be achieved to
accelerate the adoption of the renewable energy. What’s more, it
will solve energy and environmental issues simultaneously. During
this evolution, materials are both central and critical and will play
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an important role in enabling these technologies for sustainable
developments of our society [2]. For example, when it comes to
terms with energy storage, there is a long history to look back.
Wood was the oldest energy carrier in antiquity, after industrial
evolution, fossil fuels became ubiquitous energy carriers. In recent
decades, electrochemical energy storage devices enabled mainly by
nanomaterials emerged as new energy carriers. During this evolu-
tion, materials have always been playing a key role everywhere [3].
In recent years, there is a growing demand for high-energy bat-
teries with a long cycle life at a low cost [11,12]. As a typical pro-
totype of electrochemical energy storage, lithium-ion batteries
(LIBs) have been a mature technology for energy storage after
tremendous developments for decades. However, as the needs for
energy storage are diversifying from small, medium to large sys-
tems in recent years, the high cost of lithium and the limited
energy density of LIBs are far from satisfying. Nonetheless, it is
demanding for LIBs to meet these growing standards even though
tremendous developments have been achieved in the last decades
[13-16]. Elemental sulfur, with its earth-abundant advantage, is
considered to be a rising cathode material for secondary batteries
[17-20]. Low-cost elemental sulfur is produced as a side product
of oil refining nowadays and the world production of it has been
increasing. Elemental sulfur usually exists in its best-known allo-
trope octasulfur (Sg), which is a bright-yellow and soft solid. It
has a melting point of 112.8 °C and a lowest viscosity in the tem-
perature range of 130-160 °C [21]. When coupled with monova-
lent metals (Li, Na) or multivalent metals (Mg, Al), sulfur can be
employed to make batteries with interesting specific properties.
As shown in Fig. 1, typical materials such as nanocarbon mate-
rials, polymers and inorganics used in composites for cathodes, dif-
ferent kinds of electrolytes such as organic solvents, ionic liquids
and solid-state electrolytes used in different battery systems, and
different metals (Li, Na, Mg, Al) as anodes, are illustrated together.
The applications of these batteries are from electric vehicles (EV),
grid energy storage, unmanned vehicles to consumer electronics.
Fig. 2 depicts the typical prototypes of four different metal-sulfur
batteries. Main electrolytes used in these four systems are
described in the area of electrolytes. Fig. 3(a-d) describes the typ-
ical charge/discharge processes of Li-S, RT Na-S, Mg-S and Al-S bat-
teries. Lithium-sulfur (Li-S) batteries, proposed since 1960s, are
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now regarded as one of gifted candidates for energy storage
beyond lithium-ion batteries [19,22,23]. Sodium-sulfur (Na-S) bat-
teries, known for high-temperature molten cells [24-26], are now
gaining attention again for its room-temperature Na-S (RT Na-S)
prototype [26-28]. Magnesium-sulfur (Mg-S) batteries, are charac-
terized by magnesium'’s high theoretical volumetric capacity (near
twice as much as that of lithium) and relatively low reduction
potential (only 0.6 V higher than Li) [17]. Aluminum-sulfur (Al-S)
batteries, with features that aluminum has the third highest
earth-abundance and ultrahigh volumetric specific capacity
(8040 mAh cm~3), are under deep concern at present [20]. Table 1
lists some theoretical parameters of these four metals. Fig. 3(e)
illustrates these specific parameters. Table 2 gives a list of some
key parameters of these four kinds of metal-sulfur batteries and
an illustration of them is shown in Fig. 3(f). Much effort has been
put into the research on Li-S batteries and we have a clearer under-
standing of it in both academia and industry. RT Na-S batteries, as a
low-cost choice for large-scale electrical energy storage, are gain-
ing much attention. Mg-S batteries and Al-S batteries, which are
free of dendrites issues existing in Li-S or Na-S batteries, are ham-
pered by the developments of electrolytes.

In this review, considering the importance of ubiquitous mate-
rials existing in rechargeable metal-sulfur batteries, we will first
concentrate mainly on recent advances in cathode materials for
Li-S and Na-S batteries, and subordinately on mechanisms, anode
protection and electrolytes. Then, based on the inspiring develop-
ments of Li-S and Na-S batteries, we will provide a summary of
advances mainly on electrolyte materials in both Mg-S and Al-S
batteries. A timeline of important developments of metal-sulfur
batteries is shown in Scheme 1. At last, prospects of monovalent
metal (Li, Na) and multivalent metal (Mg, Al) sulfur batteries will
be given.

2. Lithium-sulfur batteries

Li-S batteries, which have a theoretical specific gravimetric
capacity of 1675 mAh g~ !, are regarded as one of most prominent
competitors for renewable energy storage [19,22,29-35]. However,
the development of the Li-S system is encumbered by several prob-
lems, which are distributed from cathodes, separators, electrolytes

Fig 1. Metal-sulfur batteries and its applications from electric vehicles, grid energy storage, unmanned vehicles to consumer electronics, etc.
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Fig 2. Different types of rechargeable metal-sulfur batteries, i.e. (a) Li-S batteries, (b) RT Na-S batteries, (c) Mg-S batteries and (d) Al-S batteries. All are composed of a metal
anode, a sulfur cathode, an electrolyte and a separator. Li-S batteries use the electrolyte of LiTFSI in DOL/DME. Na-S batteries usually use the electrolyte of NaClO4 in TEGDME.
For small molecular sulfur cathodes, Na-S batteries use the electrolyte of NaClO, in EC/PC. The electrolyte for Mg-S batteries here is Mg(TFSI), in DME, Mg,(n-Cl);-6THF)
(HMDS,AICl4_,) (n = 1, 2) in THF and [Mg4Cls(DME)s] [B(HFP)4], in DME. The electrolyte for Al-S batteries is the mixed AlCl; and 1-ethyl-3-methylimidazolium chloride
(EMIC) ionic liquid solvent. DOL: dioxolane, DME: dimethoxyethane, TEGDME: tetraethylene glycol dimethyl ether, THF: Tetrahydrofuran, EMI: 1-ethyl-3-

methylimidazolium.

to anodes. Carbonate electrolytes, which are widely used in
lithium-ion batteries (LIBs), are not applicable to Li-S batteries
[36,37]. Ether electrolytes have been extensively employed in Li-
S systems [38-41]. Polysulfides shuttle (Fig. 2a) related to the intri-
cate electrochemical reactions of sulfur cathode is the toughest
problem, which has not been solved perfectly until now. The low
conductivity of sulfur and its counterpart lithium sulfide can be
made up for through the integration of diverse conductive nanos-
tructured materials. The minor flaw, such as the structural varia-
tions of cathodes, compared with former issues, seems to have
less influence on the performance and can be easily settled by cre-
ating voids in the cathode materials. The growth of lithium den-
drites during cycling is a long-term problem impeding the
utilization of lithium-metal-based batteries, including Li-S batter-
ies. Herein, we focus mainly on important works and recent pro-
gress on composite cathode materials for Li-S batteries, before
which the electrochemical reaction mechanism is introduced.
Nanostructured carbon materials, polymers for Li-S batteries are
summarized concisely while nanostructured metal oxides and sul-
fides and emerging nanomaterials which are widely researched for
Li-S batteries are discussed in detail.

2.1. Mechanism

The intricate intermediate reactions of Li-S batteries have
attracted many researchers’ interest and various methods have
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been tried to investigate the essence of the mechanism of Li-S
chemistries. Here we present a simplified reaction mechanism of
Li-S batteries, as shown in Egs. (1)-(7), which is accepted by most
scientists [29-31,42-45].

Overall:

Ss + 16Li" + 16e~ — 8Li,S (cathode) (1)
16Li — 16Li" + 16e~ (anode) 2)
Charge and Discharge reactions:
Ss +2e™ + 2Li" 2Li,Ss (3)
3Li,Ss + 2e~ + 2Li" 24Li,Ss 4)
2LiSe + 2e™ 4 2LiT 23Li,S4 (5)
LizS4 +2e + 2Ll+<_—’2lesz (6)
Li,S; + 2e” + 2Li"=22Li,S (7)

Generally, as shown in Fig. 3(a), there exist two discharge pla-
teaus at 2.3 and 2.1 V in glyme-based electrolytes. The first plateau
is the solid-liquid two-phase reduction of sulfur to Li,Sg, which can
be described by Eq. (3). The second plateau is the liquid-solid two-
phase reduction of low-order polysulfides to solid Li,S, and Li,S.
There is usually one dip before the second plateau, which is caused
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Fig 3. Typical discharge-charge voltage-capacity curves and reaction orders of (a) a Li-S battery (yellow ball: sulfur, purple ball: lithium). Reproduced with permission [30].
Copyright 2017, Royal Society of Chemistry. (b) A RT Na-S battery (yellow ball: sulfur, purple ball: sodium). Reproduced with permission [27]. Copyright 2015, Wiley-VCH. (c)
A Mg-S battery (yellow ball: sulfur, green ball: magnesium). Reproduced with permission [188]. Copyright 2015, Wiley-VCH. (d) An Al-S battery (yellow ball: sulfur, purple
ball: aluminum). Reproduced with permission [220]. Copyright 2017, Wiley-VCH. (e) Theoretical parameters of Li, Na, Mg and Al based on Table 1. (f) Some key parameters of
metal (Li, Na, Mg, Al)-sulfur batteries based on Table 2.

Table 1

Key theoretical parameters of metal anodes for metal-sulfur batteries from literature.

Metals Theoretical capacity [17] Reduction potential [17] Abundance [267]
Specific capacity Volumetric capacity (V'vs. SHE) (ppm)
(mAh g ") (Ah L")

Li 3861 2062 -3.0 20

Na 1166 1128 -2.7 24,000

Mg 2205 3833 -24 23,000

Al 2980 8046 -1.7 82,000
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Table 2
Key theoretical parameters of metal-sulfur batteries from literature.

Journal of Energy Chemistry 61 (2021) 104-134

Batteries Overall reactions Energy density Operating voltage
Wh ke~! Wh L V)

Li-S [23,29] 2Li + S = LiS 2600 2880° ~2.30; ~2.10

Na-S [171] 2Na + S = Na,S 1274 1580° ~2.20; ~1.65

Mg-S [189] Mg + S = MgS 1722 3295 ~1.75; ~1.0

Al-S [199] 2Al + 3S = AlLS; 1340 3028° ~1.25

a. This value is calculated based on the value of the energy density. The calculation is based on the equation below, in which Li (or Na, Mg, Al) is the anode and S is the cathode.
E, =Ey x % (E,, volumetric energy density; E,, specific energy density; p., density of cathode; p,, density of anode; V., volume of cathode; V,, volume of anode)

by the highest viscosity of the electrolyte as the polysulfides dis-
solve. During discharge, disproportionation and association reac-
tions would happen and Sy, S3~, S2-, S~ species could exist in
the cell. However, upon charge process, the two plateaus during
discharge are often overlapped, which should be ascribed to the
sluggish conversion of solid Li,S to soluble lithium polysulfides.

2.2. Carbon materials

Much effort has been paid in the research on nanostructured
carbon-sulfur composite cathode materials because carbon mate-
rials possess high conductivity, robust stability and a large
abundance. Carbon materials play the role of conductive frame-
works for the reduction of sulfur and oxidation of lithium sulfide.
The success of the pioneering combination of mesoporous carbon
(CMK-3) and sulfur [22] in Li-S batteries should be ascribed to
the physical confinement of lithium polysulfides and uniform dis-
tribution of sulfur in mesopores. After that, we have seen numer-
ous works aiming at the construction of conductive nanocarbon
frameworks as sulfur host materials. For different purposes, bimo-
dal porous carbon [46], hollow carbon spheres [47], graphene
[48,49], and carbon nanotubes [50-56] boomed in the research
on sulfur composite cathodes for Li-S batteries. Distinctively, bimo-
dal porous carbon developed by Nazar et al. [46] had two kinds of
mesopores. 2 nm mesopores existed around 5.6 nm interconnected
cylindrical mesopores, the former contained most sulfur while the
latter provide free space for lithium ion transport and sulfur vol-
ume change. In order to improve the rate performance of Li-S bat-
teries, Zhao et al. [48] introduced an unstacked graphene-sulfur
composite as an ultrahigh-rate cathode for Li-S batteries (Fig. 4a).
The high electrical conductive graphene enabled the sulfur cathode
to deliver ~380 mAh g~ at 10 C even after 1000 cycles.

Although nonpolar carbon materials above provided good elec-
tronic platform and ionic transport highways for sulfur cathodes,
the interaction between carbon and sulfur species was very weak,
which was proven experimentally and theoretically, and it would
bring down the cycling performance because of the failure in trap-
ping soluble lithium polysulfides. Doping can bring polar sites to
the pristine graphene nanosheets. Along this thought, heteroatom

CMK-3/S cathode [22]

Li anode
First rechargeable protection

[124]

SPAN cathode [33]

Mg-S batteries [187]

2002 2009 2011
1970 2012

Li-S battery Polysulfide shuttle [34]

2014

RT Na-S,

doped nanostructured carbon materials, for instance, graphene
oxide [57-62], were proposed to act as a polar sulfur host. Zhou
et al. [60] reported a fibrous graphene-sulfur hybrid as the com-
posite cathode material for Li-S batteries. With a sulfur loading
of 63 wt%, at 0.3 A g1, it delivered an initial specific capacity of
1160 mAh g~!. After the rate capability test, the capacity main-
tained 541 mAh g~ for over 100 cycles at 0.75 A g . The exciting
result relied on the oxygen-containing functional groups on the
graphene surface, which could increase the binding energy and
induce larger charge transfer compared with pure graphene. Zhang
and co-authors [63] reported another work on the influence of
nitrogen doping. N-doped graphene was synthesized through a
thermal nitridation process in the atmosphere of NH;. With a
sixty-percentage sulfur content, at 2 C, S@NG composite cathode
showed its highest discharge capacity of 789 mAh g~! and a capac-
ity degradation rate as low as 0.038% per cycle across the 1000
cycles. DFT calculations [64] showed that both pyrrole-like and
pyridine-like graphene had higher binding energy with Li, Li,S,
LiS4, LizSe, and LiSg. Making full use of doping method and the
advantages of nanocarbon frameworks, Tang et al. [65] compared
the difference between N-doped aligned carbon nanotubes/-
graphene sandwiches (N-ACNT/G) and aligned carbon nanotubes
(ACNT) when employed in sulfur composite cathodes. Sulfur was
infiltrated into N-ACNT/G and ACNT through the melt-diffusion
method and the respective composite was named N-ACNT/G@S
and ACNT@S. Fig. 4(b) depicts the illustration of the N-ACNT/G@S
composite. With an around fifty-percentage sulfur loading, at 1 C,
N-ACNT/G@S delivered an initial specific capacity of 1152 mAh g,
while that of ACNT@S was 865 mAh g~ (25% lower). Even though
N-ACNT/G held a lower specific surface area of 217 m? g~! than
that of ACNT of 259 m? g~!, N-ACNT/G@S composite cathode still
performed a specific capacity of around 880 mAh g~! after 80
cycles at 1.0 C, 65% higher than ACNT@S. As to the effect of differ-
ent elements on the doping of carbon, a systematic theoretical
study on the interactions between doped carbon hosts and polysul-
fide guests was conducted by Hou and co-authors [66]. The result
showed that N or O dopant significantly enhanced the interactions
while B, F, S, P, Cl monodopants not. And they obtained an implicit
volcano plot (similar to the volcano plot in electrocatalysis), which

Na anode Sulfur
protection Li-S, All solid state Reduction
[139]

[173] Reaction [94]

2015 2018 2020

2016 2017 2019

Artificial SEI Li-S pouch cell with

Li-S, First rechargeable
was born [32] Molecular S,, || Molecular S,, | | Al-S batteries [199] || [125] superior Ev and Eg
[35] [161] [95]

Scheme 1. A timeline of important developments of metal-sulfur batteries.
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described the dependence of binding energies on electronegativity
of dopants (Fig. 4c).

There is a large variety of nanostructured carbon materials
including graphene, carbon nanotube and porous carbon materials
and so on. The precise control of different properties of these car-
bon materials makes it easier to solve specific problems in Li-S bat-
teries. Great effort has been achieved in carbon-sulfur composites
and the science behind them has also been elucidated in a good
way. However, the disadvantages of nanostructured carbon mate-
rials are obvious that they possess low density and it will lower the
volumetric energy density, which is still an obstacle to be tackled
in the future.

2.3. Polymers

Polymers cover a large variety of materials made up of macro-
molecules. Polymers for Li-S batteries were mainly used as sulfur
hosts and binders. As sulfur hosts, conductive polymers play the
role of conducting pathways and the structural change buffer. As
binders, polymers increase the cohesion of active materials in sul-
fur cathodes, improve the adhesion to current collectors and buffer
the volume changes. Here, we will discuss this part based on con-
ductive polymers for sulfur hosts and polymers as binders in Li-S
batteries.

Conductive polymers were considered to serve as an effective
sulfur host in composite cathodes for Li-S batteries because of its
flexibility and high conductivity. Li et al. [67] studied the effect
of three typical conductive polymers in combination with sulfur
on the electrochemical performance of Li-S batteries, which are
poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPY)
and polyaniline (PANI), respectively. Ab initio simulations showed
that PEDOT had the strongest binding energy with Li,S (1.08 eV)
and Li-S- species (1.22 eV) (through O and S atoms) over PPY and
PANI (through N atoms), which was corroborated by the proceeded
experiment. Thermogravimetric analysis showed that elemental

(b) 3D interconnected porous structure

N-modified interface
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sulfur accounted for ~78 wt%, 74 wt% and 77 wt% in PEDOT-,
PANI- and PPY- coated sulfur composites, respectively. At C/2 rate,
with conductive polymer coatings of ~20 nm, PEDOT-S, PANI-S,
PPY-S composite cathodes delivered the first discharge capacities
of 1165, 1140, and 1201 mAh g~!, respectively. As shown in
Fig. 4(d), after 100 cycles, capacity retentions of 86%, 65% and
74% were obtained for PEDOT-S, PANI-S, and PPY-S, respectively.
Electrochemical impedance spectroscopy (EIS) results showed that
PEDOT-S had the smallest charge-transfer resistance. The strong
interactions between PEDOT and sulfur species, the high conduc-
tivity of PEDOT and the perfect construction of the PEDOT-S com-
posite at the nanoscale were three key factors to the excellent
electrochemical performance of the PEDOT-S composite cathode.
Besides serving as effective coating layers in composite cathode
materials, polymers also act as an important role in binders for Li-S
batteries [68,69]. The most common binders used in Li-S batteries
are fluoropolymers, such as poly(vinylidene fluoride) (PVDF),
which has strong adhesive strength and high thermal stability
and so on. However, with the utilization of PVDF, organic solvent
(N-Methyl-2-pyrrolidone, NMP) is unavoidable, which is toxic
and flammable. With different purposes, various alternative bin-
ders have been developed for Li-S batteries. For eco-friendliness
and resource renewability, water-soluble biopolymer-based bin-
ders have found its place in improving electrochemical perfor-
mances of Li-S batteries. Zhang et al. [70] reported a robust
biopolymer network binder, which enabled high-areal specific
capacities of Li-S batteries. It was constructed by guar gum (GG)
and xanthan gum (XG). The copolymer interactions between GG
and XG formed a mechanically robust network, which could sup-
port a high sulfur loading. The Li-S cell exhibited a very high areal
capacity of 26.4 mAh cm~2 at a high sulfur loading of 19.8 mg cm 2.
It may inspire us to exploit the potential applications of biopoly-
mers for binders of practical Li-S batteries. Moreover, polar poly-
mers were found to be effective in alleviating polysulfides
shuttle. Cui et al. [71] reported that poly(vinylpyrrolidone) (PVP)
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Fig 4. Carbon and polymers for Li-S batteries. (a) An illustration of the unstacked graphene for S cathodes. Reproduced with permission [48]. Copyright 2014, Springer Nature.
(b) An illustration of the N-ACNT/G@S composite. Reproduced with permission [65]. Copyright 2014, Wiley-VCH. (c) A volcano plot illustrating the interaction between
doped-carbon and Li,S,4. X axis represents binding energy (Ey), y axis represents electronegativity of dopant element. Reproduced with permission [66]. Copyright 2016,
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could help stabilize Li,S cathode through its oxygen-containing
functional groups. DFT calculations showed that PVP had higher
binding energy with Li,S (1.14 eV) or Li-S- species (1.30 eV) than
PVDF (0.64, 0.83 eV, respectively). PVP enabled Li,S cathode deliv-
ered the first capacity of 760 mAh g~! of Li,S (1090 mAh g~ ! of S) at
0.2 C and maintained 94% after 100 cycles.

In conclusion of this part, polymers have demonstrated their
effectiveness in making better Li-S batteries from conductive poly-
mers to biopolymers, cathode coating materials to innovative bin-
ders. It also exists in other parts of the batteries, such as polymer
electrolytes, polymer separators and anode protective materials,
which will not be discussed in detail. For future directions, taking
advantage of the S-S bond in sulfur-rich polymers has been proven
to be practical. It has much space to research on.

2.4. Metal oxides and sulfides

Because of the poor efficiency of carbon materials in anchoring
polysulfides, much attention has been paid on nanostructured
metal oxides and sulfides for Li-S batteries [72,73]. Metal oxides
with specific catalytic functions such as MnO, can serve as efficient
polysulfides oxidizers [64,74]. Usually, metal oxides exist in metal
jons and 0% jons with a specific crystal structure. Some oxides
with oxygen vacancies such as Magnéli phase oxides have high
conductivity [75]. Compared to metal oxides, sulfides have stron-
ger sulfiphilic property to polysulfides and lower lithiation volt-
ages vs. Li*/Li. Metal sulfides mainly exist in metallic or half-
metallic phases, which is the reason why they have high electronic
conductivity. In this section, we will discuss the employment of
metal oxides and sulfides in Li-S batteries.

First principle calculations predict that metal oxides and sul-
fides have a higher binding energy with polysulfides over graphene
sheets, which confirms the effectiveness of them for Li-S batteries.
Nazar research group has contributed much to this direction
[31,39,74,76,77]. Pang et al. [77] harnessed conductive Magnéli
phase oxide Ti 0, (3.2 £ 0.1 S cm™! at 298 K) with relatively high
surface area (290 m? g~!) to enhance the surface redox chemical
reactions of polysulfides. A visualization experiment showed that
Ti4O7 could more efficiently adsorb Li,S4 relative to graphite and
VULCAN XC72 carbon. The interactions of terminal-sulfur and
bridge-sulfur with Ti4O; were confirmed by X-ray photon spec-
troscopy (XPS). With a sulfur loading of 60 wt%, at 2 C, Ti,0;/S
composite cathode showed its first capacity of 850 mAh g~! and
only 0.06% per cycle decay rate over 500 cycles. Another work
[75] on Ti4 O, for Li-S batteries gave a detailed crystal structure
analysis of Ti4O5. It showed that Ti atoms with four and five coor-
dination numbers accounted for 62.5% of titanium atoms of the
Ti4O7 (1-20) surface, while 0% for the rutile TiO, (110) surface. A
recent work reported by Wei et al. [78] on mesoporous TizO;
microspheres as sulfur composite cathode hosts corroborated the
usefulness of Ti4O; in improving the electrochemical performance
of Li-S batteries.

As an efficient electrocatalyst, MnO, found its place in polysul-
fides mediator for Li-S batteries. Liang et al. [74] proposed that 5-
MnO, could serve as a catalyst and oxidize polysulfides to form
thiosulfate and it contributed to the conversion of long-chain
polysulfides to short-chain polysulfides and lithium sulfide. A
successional work [79] was on in situ formed core-shell hollow
sulfur-MnO,. It provided a scalable method to synthesize bifunc-
tional (physical protection & chemical adsorption, catalysis) &-
MnO,-sulfur composite. Along this thought, Lou and co-authors
[80] constructed the sulfur infiltrated hollow carbon nanofiber
with embedded 5-MnO, nanosheets composite. With a seventy-
one-percentage sulfur loading and areal sulfur content of
3.5 mg cm2, at 0.5 C, it could still deliver an initial specific
capacity of over 900 mAh g~! and maintain 662 mAh g~ ! after
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300 cycles. By using MnO, nanowires as the template and oxi-
dization initiator, the coaxial PPy-MnO, nanotubes were designed
for sulfur composite cathodes. Hou and co-workers recently
reported carbon nanoboxes filled with 3-MnO, to empower Li-S
batteries [81]. Taking the (100) crystal surface -MnO, as anchor-
ing support, DFT calculations [64] showed that MnO, could bind
with Sg, Li»Sg, LizSg, and Li,S; with energy of —1.60, —4.68,
—3.86, and -5.15 eV, respectively (Fig. 5a). The interactions
between MnO, and Li,S were so strong (over —5.15 eV) that
LiS may decompose into S = O and Li = O bonds. Besides used
as composite cathode host materials, an ultrathin interlayer made
up of MnO,/graphene oxide/carbon nanotube was demonstrated
to be efficient in polysulfides-trapping [82]. Moreover, recent
works [81,83] showed that Mn30, was more stable than MnO,
when employed in Li-S batteries. Depicted in Fig. 5(b), when
interacting with polysulfides, in MnO,, Mn*" is reduced to Mn?*
and then dissolves into the electrolyte. While in Mn30O4, even
though Mn** is reduced to Mn>* and Mn?* is reduced to Mn>*,
the structural balance attributed to the shrink of MnOg tetrahedra
and the expansion of MnO,4 tetrahedra keeps the crystal structure
of Mn30y, stable. In all, the catalytic oxidation and proper binding
of polysulfides by manganese oxides can indeed play an impor-
tant role in achieving high-performance Li-S batteries.

Tao et al. [84] demonstrated a systematic research on noncon-
ductive metal oxides for composite cathodes of Li-S batteries. Five
kinds of nonconductive materials (MgO, Al,03, CeO,, La;0O3 and
Ca0) were chosen to investigate the influence of adsorption and
diffusion of lithium polysulfides on such non-conductive metal
oxides. Li,Sx adsorption capability and its diffusion properties in
metal oxides were investigated and divided into three different sit-
uations (Fig. 5¢). DFT calculations showed that the diffusion barri-
ers of lithium ions on MgO (100), CeO, (111) and La;05 (001) were
smaller than on CaO (100) and Al,05 (110) planes. Lithium diffu-
sion coefficients derived from cyclic voltammetry indicated that
lithium diffused fastest on La,03; and MgO among all the five kinds
of materials. Sulfur composite cathodes based on MgO, La,03 and
Ce0O, additives outperformed among all the materials. This paper
highlighted the diffusion of polysulfides on the performance of
Li-S batteries.

A “goldilocks” principle was proposed by Liang and co-authors
[76]. They found that chemical reactivity of various metal oxides
with lithium polysulfides could be plotted as function of redox
potential vs. Li*/Li (Fig. 5d). The higher the potential was, the stron-
ger the oxidizability of metal oxides towards polysulfides. Only
materials that oxidized polysulfides into thiosulfate rather than
sulfate were suitable for hosts for Li-S batteries.

Compared to metal oxides, metal sulfides have sulfiphilic affin-
ity towards polysulfides [21,85-89]. What’s more, there are a large
amount of metallic or half-metallic metal chalcogenides, existing
in pyrite, spinel, and NiAs structures. Metallic pentlandite CogSg
has a theoretical room-temperature conductivity of 290 S cm™'.
Pang et al. [39] reported a graphene-like CogSg cathode host for
Li-S batteries, which had a surface area of 108 m? g~! and a large
pore volume of 1.07 cm® g~ '. As shown in Fig. 6(a), the (008) crys-
tal surface of cubic CogSg is a purely Co-terminated plane. It can
interact with polysulfides through Sn?>~ - Co’" and Li* — S°~ (in
CogSg) interactions with a binding energy of 6.93 eV with van der
Waals force included. With a high sulfur loading of 4.5 mg cm~2,
at a rate of C/5, a reversible areal capacity of ~2.5 mAh cm 2 was
achieved. Sulphifilic CoS, was incorporated into carbon-sulfur
composite cathode by Yuan and co-authors [90]. They showed that
CoS,; could propel the polysulfides redox reaction. And it was con-
firmed by cyclic voltammetry test in a symmetrical Li;Sg-Li»Sg cell,
in which the electrode containing CoS, exhibited highest current
density at an overpotential of 0.7 V. With a sulfur loading of
75 wt%, at 2 C, the sulfur electrode containing CoS, (15 wt%) deliv-
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Nature. (d) Oxidability of different oxides towards lithium polysulfides as a function of redox potential versus Li*/Li. Reproduced with permission [76]. Copyright 2016, Wiley-
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ered a decay rate of only 0.034% per cycle over 2000 cycles. Also,
the first specific capacity of 1368 mAh g~! at 0.5 C was achieved.

In order to understand lithium polysulfides catalysis, Babu et al.
[86] took advantage of WS, flakes to investigate the potential of
transition metal chalcogenides in the acceleration of polysulfides
redox reaction. Fig. 6(b) illustrates the preferential catalytic depo-
sition sites of lithium sulfides on CVD-deposited metal dichalco-
genide nanosheets. With the purpose of exploring the catalytic
active sites of WS,, they constructed a three-electrode electro-
chemical cell, in which CVD-synthesized WS, flakes served as the
working electrode and metallic lithium as the counter/reference
electrode. After immersed in a lithium polysulfides catholyte, gal-
vanostatic discharge process was conducted. The morphology
characterization showed that polysulfides tended to nucleate at
the edge sites of WS, flakes in a dendrite-like arrangement, which
is in good agreement with reports on materials for hydrogen evo-
lution reaction (HER) [91] and lithium sulfide (Li,S) [92] electrode-
position. Bulk WS, nanosheets were synthesized by a shear
exfoliation method. Through an electrochemical test, WS, exhib-
ited a higher reduction onset potential of 2.24 V (high plateau)
and 1.78 V (low plateau) and a higher exchange current density
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of 11.8 pA cm~2 compared to carbon. For long cycling test of Li-S
batteries, the cathode was consisted of WS, flakes and catholyte
with Li;Sg was dissolved in TEGDME. At 0.5 C rate, stable discharge
capacity of 596 mAh g~' was achieved for 360 cycles. When serv-
ing as bulk sulfur composite cathode host materials, coupled with
carbon nanofibers, WS, exhibited strong capability of polysulfides
adsorption, which was confirmed by a visualizing discharge exper-
iment of Li-S batteries [93]. DFT calculations showed that the inter-
actions between WS, and polysulfides were in the mediate range,
for example, it was 1.45 eV in the case of Li,S. Because of the mer-
its, a long-lasting cycling at 2 C with a stable ~600 mAh g~ ! over
1500 cycles was achieved.

Besides the catalytic effect towards the conversion of polysul-
fides to sulfides, metal sulfides were found to catalyze the oxida-
tion of Li,S in Li-S batteries [85]. Six kinds of metal sulfides were
chosen, including metallic NisS,, FeS, CoS,, semimetallic VS,, TiS,,
and semiconductive SnS,, which were based on their electronic
band structures. The barrier for Li,S decomposition on different
sulfides or graphene was also evaluated through the climbing-
image nudged elastic band (CI-NEB) method. The Li,S decomposi-
tion barriers for VS,, CoS,, TiS,, FeS, SnS,, Nis3S,, and graphene were
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0.31, 0.56, 0.30, 0.63, 0.32, 1.03 and 1.81 eV, respectively. And this
was in accordance with the charging overpotential of Li,S on differ-
ent metal sulfides. VS,, CoS,, TiS,, FeS, SnS,, NisS, based Li,S com-
posite cathodes showed charging potential barriers of 2.91, 3.01,
2.88, 3.25, 3.53, and 3.47 V, respectively. The energy barrier for
Li,S electrochemical oxidation was related to not only the conduc-
tivity of anchoring materials but also the theoretical decomposi-
tion barriers. VS,, TiS, and CoS, displayed the lowest energy
barriers. When mixed with Li,Sg solution, as shown in Fig. 6(c),
TiS,, VS,, and CoS, show the strongest ability in the adsorption
of polysulfides, which is in accordance with the theoretical binding
energy between metal sulfides and Li,Sg. In order to investigate the
long-cycle electrochemical performance, sulfur composite cath-
odes mixed with graphene/CNT material based on different metal
sulfides were fabricated. Composite cathodes with VS, anchoring
material outperformed others, whose lithium ion diffusion coeffi-
cient was the highest too. It delivered the first discharge capacity
of 830 mAh g ' and retained 701 mAh g ! after 300 cycles at
0.5 C. This work elucidated that several key factors should be taken
into consideration, such as inherent conductivity, interactions with
lithium polysulfides, lithium ion transport, controlling of Li,S pre-
cipitation, catalytic capability and so on.

Nanostructured metal oxides and sulfides used in sulfur com-
posite cathodes have been proven to serve as polar host materials
in Li-S batteries. Coupled with versatile conductive and high-
surface-area nanostructured carbon materials, property optimiza-
tion of them and improved electrochemical performances of bat-
teries have been achieved. They can not only adsorb polysulfides
efficiently but also catalyze the mutual conversion between sol-
uble polysulfides and solid sulfides. Moreover, some metal oxides
with high lithium ion diffusion capability can also promote batter-
ies’ performances. For future developments, nanostructured metal
oxides and sulfides should participate more in high-sulfur-loading
composite cathodes based on present fascinating results.

Tremendous efforts have been put into the utilization of nanos-
tructured metal oxides and sulfides as polysulfides mediators for
Li-S batteries. The electronic conductivity of the mediator is a
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key factor. The binding energy between the mediator and lithium
polysulfides should be suitable because too strong binding energy
may oxidize polysulfides to inactive sulfate while too weak binding
energy can’t adsorb polysulfides. Even though the sulfur redox
catalysis was put forward, more systematic researches on the elec-
trocatalytic sulfur reduction reaction based on metal oxides and
sulfides like on doped carbon [94] are anticipated. Since metal
oxides/sulfides-sulfur composites have a high tap density (usually
>1 g cm ), Li-S batteries enabled by them will have higher volu-
metric energy density. From this perspective, the practical use of
metal oxides and sulfides in Li-S batteries is promising. What's
more, the nanostructured sulfides such as MogSg [95] can improve
the rheological properties of the slurry, which is very important in
the scale-up of cathode foils. The consistent performances of coin
cells and pouch cells in two important research on ZnS-
containing [96] and MogSg-containing [95] hosts can validate it.
This advantage makes the practical use of nanostructured sulfides
for Li-S batteries more promising.

2.5. Emerging nanomaterials

Advanced nanomaterials are of great significance because it can
provide driving force for the conversion and storage of renewable
energy [97-99]. Last decade has seen the role of nanomaterials in
providing sizeable increments in electrochemical performances of
LIBs. Compared to micro ones, they can offer additional lithium
storage sites, shorter ion conduction pathways, and quicker elec-
tron conduction capability and so on. Beyond lithium ion batteries,
emerging nanomaterials especially two-dimensional nanomateri-
als have also been demonstrated to play a crucial role in Li-S bat-
teries. Metal carbides, nitrides and phosphides are characterized
by their intrinsic high conductivity. Metal organic frameworks
are characterized by their proper Lewis interactions with polysul-
fides. In this section, we will mainly discuss their applications in
Li-S batteries.

Gogotsi and co-workers pioneered the synthesis of two-
dimensional metal carbides and named them MXenes [100]. Liang
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Fig 7. Emerging nanomaterials for Li-S batteries. (a) Cycling performance of 70S/d-Ti,C tested at C/5 and C/2. Reproduced with permission [101]. Copyright 2015, Wiley-VCH.
(b) Binding energies of graphene, TiO,, Ti4O; and TiN with polysulfides. Reproduced with permission [104]. Copyright 2016, Wiley-VCH. (c) SEM image of the single atom Zn-
Mxene-sulfur spheres composite. Reproduced with permission [119]. Copyright 2020, Wiley-VCH. (d) Gibbs free energy diagram of different reaction coordinates.

Reproduced with permission [120]. Copyright 2019, American Chemical Society.
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et al. [101] first reported the use of conductive MXene nanosheets
as the sulfur host material for the composite cathode of Li-S batter-
ies. After melt with sulfur, d-Ti,C had a different surface environ-
ment where hydroxyl groups were replaced by sulfur/sulfide
species. With a sulfur loading of 70 wt%, at C/2, the S/d-Ti,C com-
posite cathode delivered an initial capacity of 1090 mAh g~ ! and
still maintained 723 mAh g~! after 650 cycles (Fig. 7a). The stable
electrochemical performance was attributed to two main factors.
The first was the high conductivity of MXene phase, pure or with
hydroxyl functionalization. The second was Lewis acid-base inter-
action between surface Ti atoms with unoccupied orbitals and sul-
fur species. The function of TiC in enhancing electrochemical
kinetics of Li-S batteries was proven by Peng and co-authors
[102]. This polar conductor had several advantages: (1) Strong
binding with polysulfides; (2) more nucleation sites; (3) fast sur-
face reaction. TiC was combined with mesoporous graphene
(named TiC@G) when employed. Nucleation experiments showed
that TiC@G delivered the highest capacity of 195 mAh g~ ! in the
process of Li,S nucleation compared with TiO, on the carbon paper.
On the road to looking for polar conductive materials, meso-
porous TiN was reported by Goodenough and co-workers [103].
It had a conductivity even higher than titanium metal and carbon
while holding an excellent chemical stability because of a protec-
tive oxidation layer on the surface. Mesoporous TiN was made
through a solid-solid phase separation method. With a sulfur load-
ing of 58.8 wt%, at 0.5 C, TiN-S composite delivered a first discharge
capacity of 988 mAh g~! and obtained a 65.2% capacity retention
after 500 cycles, which was superior to TiO,-S and Vulcan
carbon-S composites. N-S surface bonding played a vital role in
the polysulfides reserving. DFT calculations [104] showed that
the binding energy between TiN and Sg was 6.6 eV, greater than
Ti4O- (Fig. 7b). And subsequent experiments (especially XPS) con-
firmed that sulfur could form a passivation layer on the surface of
TiN, resulting in S-TiN. Theoretical calculations showed that this
kind of material was similar to TiS, when interacting with sulfur
species. As an analogue to TiN, composited with graphene, vana-
dium nitride (VN) [105] was reported recently to serve as a con-
ductive composite cathode host with strong capability in
polysulfides anchoring for lithium polysulfides batteries. Our
group recently reported TiN nanowires grown in 3D N-doped gra-
phene as the composite cathode for high-loading Li-S batteries
[106]. The unique combination of three-dimensional N-graphene
and polar TiN nanowires was of significance to its excellent perfor-
mance in Li-S batteries with 9.6 mg cm 2 sulfur loading. This is a
promising way to explore polar conductive materials for Li-S bat-
teries with high sulfur loading. Moreover, heterostructures
[107,108] based on metal nitrides are also attracting more and
more attention. Yu research group [108] reported the dual-
functional TiN-VN heterostructure as hosts for both sulfur cathode
and lithium anode. TiN-VN heterostructured nanocrytsals were
embedded in free-standing flexible carbon nanofibers. When
employed in the full Li-S battery, even with a sulfur loading of
5.6 mg cm 2, it showed over 4.5 mAh cm™2 at 0.1 C for more than
100 cycles. The synergy of the high adsorption ability toward
lithium polysulfides of VN and low energy barrier of lithium diffu-
sion in TiN endowed the TiN-VN heterostructure with the benefit
in boosting the electrochemical performance in Li-S batteries.
Metal organic frameworks (MOFs) are composed of a metal ion
or ion cluster and an organic linker. They are characterized by high
surface area and tunable porosity. Due to its advantageous proper-
ties, it acted as versatile roles such as the cathode host materials
[109,110], separator coatings [111] in Li-S batteries. Making use
of the Lewis acid-base interactions, Xiao and co-workers [112]
demonstrated a Ni-MOF based sulfur composite cathode for Li-S
batteries. Compared with Co-MOF, Ni-MOF possessed a lower con-
ductivity while higher binding energy with polysulfides. With a
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sulfur loading of no more than 60 wt%, Ni-MOF delivered less than
700 mAh g~! during all the cycle. But this case was still better than
Co-MOF. It was attributed to the low conductivity of MOF. In
another work [113], three distinct MOFs, MIL-53 (Al), NH,-MIL-
53 (Al) and HKUST-1 were tried in sulfur composite cathodes.
However, the sulfur loading (30 wt%) was too low to be compared
with other works. Recently, Deng et al. reported a systematic work
[110] on MOFs with ultrahigh electronic conductivity for Li-S bat-
teries. They investigated three significant factors such as conduc-
tivity, porosity and polarity of cathode materials in affecting Li-S
batteries’ cycling performances. The sulfur composite cathode
material comprising PCN-224's cross-linked pore and tunnels and
ppy’s coating outperformed other composites such as sulfur-
carbon, sulfur-ppy, and sulfur-MOFs. Even at the rate of 5 C after
400 cycles, the ppy-S-PCN-224 composite showed a discharge
capacity of 780 mAh g~!, which was a 74% retention compared
to the initial specific capacity. Besides, they found the pore geome-
tries were also very powerful in ion diffusion, which influenced the
rate capability of Li-S batteries.

As the compound of phosphorus, metal phosphides, which are
characterized by metallic conductivity even superconductivity,
are investigated much as electrocatalysts for oxygen reduction
reactions. Because its beneficial properties in contributing to elec-
trochemical reactions in Li-S batteries, metal phosphides showed
much promise in Li-S batteries [114-118]. Wang et al. [115] found
the surface oxidation layer of CoP played a crucial role in regulating
its interaction with lithium polysulfides through Co-S and Li-O-P
bindings. Zhu et al. [117] engineered CoP nanoparticles anchored
in MOF-derived nitrogen-doped carbon arrays as a sulfur cathode
host. The pouch cell enabled by it showed an initial capacity of
1100 mAh g~! and decreased to 800 mAh g~ after 50 cycles at
0.1C

Recently, single atom catalyst based composite materials were
developed as host materials for Li-S batteries. For example, single
atom Zn-MXene (SA-Zn-MXene) layers were synthesized by etch-
ing Al in molten ZnCl;, [119]. The sulfur composite was fabricated
by mixing SA-Zn-Mxene and sulfur in aqueous solution to form
S@SA-Zn-MXene spheres (Fig. 7c). In order to optimize the sulfur
cathode, 1,3-diisopropenylbenzene (DIB) treatment was used to
improve the integrity. At a sulfur loading of 5.3 mg cm™2, the cell
delivered a high areal capacity of 5.3 mAh cm™2. Single atom Co-
N-graphene (Co-N/G) was synthesized successfully by Du et al.
[120] to serve as a sulfur host material with a mass ratio of
90 wt% sulfur in Li-S batteries. The cell showed 1210 mAh g~ ! at
the first cycle and a decay rate of 0.029% per cycle over 100 cycles.
Fig. 7(d) displays the optimized structures of the reaction interme-
diates and the corresponding Gibbs free energy profiles. Specifi-
cally, Co-N/G was effective in reducing the Gibbs free energy of
the rate-limiting step (Li,S, to Li,S) in the discharge process com-
pared to N/G, which meant the reduction of sulfur was more favor-
able on Co-N/G.

From nonpolar nanostructured carbon materials to emerging
polar nanomaterials, a lot of materials have been applied into Li-
S batteries. Table 3 summarizes the specific electrochemical per-
formance of important researches mainly on host materials for sul-
fur composite cathodes of Li-S batteries. A detailed summary on
metal oxides and sulfides for Li-S batteries was conducted in a for-
mer review [72], which is not listed again herein. There are several
key parameters influencing the electrochemical performance of
them. The ability to adsorbing polysulfides of host materials grad-
ually becomes the most significant factor in determining the
cycling performance of Li-S batteries. As electrode materials for
batteries, higher conductivity is always welcome. Catalytic capabil-
ity in contributing to the reciprocal conversion between soluble
polysulfides and solid sulfides is attracting more and more atten-
tion because of its high theoretical specific capacity (more than
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Table 3
Typical progress in host materials for sulfur cathodes of lithium-sulfur (Li-S) batteries.
Host Some properties Sulfur loading (mg E/S Voltage  Electrochemical Ref.
materials (Morphology; surface area with unit, m? g~'; pore volume with cm2) & (sulfur content  ratio window performance &
unit, cm® g~'; conductivity with unit, S cm~! [some appear only  in cathode) (pL (Vvs. (initial capacity (mAh year
when applicable]) mg') Li*/Li) g7 1) and cycles)
& decay rate claimed
(per cycle)
Nanostructured carbon materials
CMK-3 Mesoporous structure; N/A & (59 wt%) N/A 1.5-3.0 ~1000 (80% after 20 [22]
02Scm™! cycles) at 0.1 C & N/A 2009
Bimodal Microporous and mesoporous carbon; 0.3-0.4 & (49 wt%) N/A 1.5-3.0 718 (63% after 100 [46]
porous 2300 m? g! cycles) at 1 C & N/A 2011
carbon
Hollow SnO, hard-templated synthesized double-shelled carbon; N/A & (49 wt%) N/A 1.5-3.0 1020 (68% after 100 [47]
carbon 748 m? g~ '; 1.685 cm® g! cycles) at 0.1 C & N/A 2012
spheres
Unstacked MgAl LDH hard-templated synthesized unstacked graphene 0.46-0.63 & (58 wt%) N/A 1.7-2.8 1034 (80.5% after 200 [48]
graphene nanosheets; cycles) at 5 C & N/A 2014
438Scm™'; 1628 m? g ;2 cm® g!
Carbon Hierarchical Vine-Tree-Like Carbon Nanotube Architectures; 649  0.54-0.81 & (54 wt%) 12- 1.7-2.8 844 (80.5% after 100 [50]
Nanotubes m?g'; 1.55cm® g! 18 cycles) at 1 C & 0.08% 2014
Doped carbon materials
Graphene Carbon nanosheets with several graphene layers N/A & (46 wt%) N/A 1.0-3.0 1000 (95.4% after 50 [57]
oxide cycles) at 0.1 C & N/A 2011
N-doped Highly N-doped carbon (N: 20.5%); N/A & (56 wt%) N/A 1.6-2.8 1035 (43% after 500 [63]
graphene 606 m? g~ '; 0.53 cm® g~! cycles) at 0.5 C & 0.1% 2015
N-doped CNT/graphene N-doped aligned carbon 1.0& N/A 1.6-3.0 1152
nanotubes/graphene (52.6 (76%
sandwiches; 217 m? wt%) after
g 077 cm? g! 80
cycles)at1 C  [65]
& N/A 2014
Polymers
PEDOT 20 nm PEDOT ~1.5 & (~78 wt%) N/A 1.5-3.0 1165 (86% after 100 [67]
(poly[3,4-ethylenedioxythiophene]) shell cycles) at 0.5 C & 0.066% 2013
PPY 20 nm PPY (polypyrrole) shell ~1.5 & (74 wt%) N/A 1.5-3.0 1140 (74% after 100 [67]
cycles) at 0.5 C & 0.08% 2013
PANI 20 nm PANI (polyaniline) shell ~1.5 & (77 wt%) N/A 1.5-3.0 1201 (65% after 100 [67]
cycles) at 0.5 C & 0.11% 2013
Metal oxides and sulfides
MgO Nanoparticles anchored on porous carbon nanoflakes 0.7-1.2 & (63 wt%-70 wt  N/A 1.8-2.6  ~1110 (~83% after 300 [84]
%) cycles) at 0.5 C & 0.034% 2016
Al,03 Nanoparticles anchored on porous carbon nanoflakes 0.7-1.2 & (63 wts-70 wt  N/A 1.8-2.6  ~1120 (~45% after 300 [84]
%) cycles) at 0.5 C & 0.171% 2016
Ce0O, Nanoparticles anchored on porous carbon nanoflakes 0.7-1.2 & (63 wt%-70 wt  N/A 1.8-2.6  ~1190 (~73% after 300 [84]
%) cycles) at 0.5 C & 0.066% 2016
Lay03 Nanoparticles anchored on porous carbon nanoflakes 0.7-1.2 & (63 wts-70 wt  N/A 1.8-2.6 ~1170 (~76% after 300 [84]
%) cycles) at 0.5 C & 0.047% 2016
Cao Nanoparticles anchored on porous carbon nanoflakes 0.7-1.2 & (63 wt%-70 wt  N/A 1.8-2.6  ~1180 (~49% after 300 [84]
%) cycles) at 0.5 C & 0.136% 2016
v-MnO, Core-shell structure (MnO,-sulfur composites) 2 & (42.7 wt%) N/A 1.7-2.8 936 (~86% after 300 [79]
cycles) at 0.5 C & 0.047% 2017
8-MnO, Nanoboxes on the carbon matrix; 0.7-1 & (~51 wt%) N/A 1.7-2.8 1042 (~43% after 60 [81]
257 m?g! cycles)at 1Ag '&N/A 2017
VS, Commercial particles mixed with graphene/carbon nanotube 0.9-1.3 & (56 wt%) N/A 1.5-2.8 830 (84.5% after 300 [85]
hybrid cycles) at 0.5 C & 0.052% 2017
CoS, Commercial particles mixed with graphene/carbon nanotube 0.9-1.3 & (56 wt%) N/A 1.5-2.8  ~690 (85.3% after 300 [85]
hybrid cycles) at 0.5 C & 0.049% 2017
TiS; Commercial particles mixed with graphene/carbon nanotube 0.9-1.3 & (56 wt%) N/A 1.5-2.8  ~710 (78.2% after 300 [85]
hybrid cycles) at 0.5 C & 0.073% 017
FeS Commercial particles mixed with graphene/carbon nanotube 0.9-1.3 & (56 wt%) N/A 1.5-2.8 ~720 (~66% after 300 [85]
hybrid cycles) at 0.5 C & 0.175% 2017
SnS, Commercial particles mixed with graphene/carbon nanotube 0.9-1.3 & (56 wt%) N/A 1.5-2.8 ~610 (~59% after 300 [85]
hybrid cycles) at 0.5 C & 0.229% 2017
Ni3S, Commercial particles mixed with graphene/carbon nanotube 0.9-1.3 & (56 wt%) N/A 1.5-2.8  ~540 (~59% after 300 [85]
hybrid cycles) at 0.5 C & 0.236% 2017
WS, Nanosheets grown on Carbon nanofiber 1.0-1.2 & (11 wt%) N/A 1.7-2.7 954 (~47% after 500 [93]
cycles) at 1.0 C & N/A 2017
CogSg Nanocrystals inlaid hollow carbon nanopolyhedra 1.5-3.0 & (62 wt%) 5-10 1.7-2.8 950 (~59% after 1000 [87]
cycles) at 2.0 C & 0.041% 2017
Honeycomb-like spherical tubules N/A & (53 wt%) N/A 1.7-2.8 893 (~85% after 600 [89]
cycles) at 1.0 C & 0.026% 2018

Emerging nanomaterials

116



X. Liu, Y. Li, X. Xu et al.
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Host Some properties Sulfur loading (mg E/S Voltage  Electrochemical Ref.
materials (Morphology; surface area with unit, m? g~'; pore volume with cm2) & (sulfur content  ratio window performance &
unit, cm® g '; conductivity with unit, S cm~! [some appear only  in cathode) (pnL (V vs. (initial capacity (mAh year
when applicable]) mg~ ') Li*/Li) ¢ ') and cycles)
& decay rate claimed
(per cycle)
d-Ti,C Two-dimensional nanosheets; 67.9 m? g '; ~1 & (56 wt%) 50 1.8-3.0 ~958 (~75% after 650 [101]
1.07 cm? g™! cycles) at 0.5 C & 0.05% 2015
TiC Nanoparticles on graphene; 1611 m? g~'; 3.5 & (55 wt%) N/A 1.7-2.8 1032 (~65% after 100 [102]
above 2 cm® g~! cycles) at 0.2 C & N/A 2016
TiN Mesoporous particles; 46 S cm™'; ~70 m? g~ !; ~0.5 & (50 wt%) N/A 1.6-2.8 988 (65.2% after 500 [103]
0.32cm’ g! cycles) at 0.5 C & N/A 2016
TiN Nanowires composited with 3D nitrogen-doped graphene 4.8 mg cm~2; Li,Sg 10 1.6-2.8 1510 (~84% after 100 [106]
catholyte with 10 pL cycles) at 0.5 C& N/A 2018
mg ™! sulfur
VN Nanoribbon in the graphene matrix 3mgcm ?; 1/3 M LiSg 31 1.7-2.8 1131 (81% after 200 [105]
catholyte cycles) at 1.0 C & N/A 2017
Ni-MOF Framework nanostructure; 5243 m? g~'; 215 m? g '; N/A & (48 wt%) N/A 1.5-3.0 617 (~78% after 200 [112]
cycles) at 0.2 C & N/A 2014
Ppy-MOF Conductive framework nanostructure 0.8-1.4 & (38 wt%) 40- 1.8-2.7 1054 (74% after 400 [110]
71 cycles) at 5.0 C& 0.03% 2018
Phosphorene ~ Few-layer nanosheets; ~450 S cm™'; ~70 m? g~ '; 0.32 cm® g ! 5 mg cm~2; 1M Li,Sg 3 1.5-3.0 ~985 (67% after 500 [218]
catholyte cycles) at 1.0 C & 0.053% 2017
CoP Nanoparticles grown on carbon nanotubes 7 & (N/A) 30 1.5-3.0 ~866 (after 200 cycles)at [115]
2.0 C & ~0.018% 2018
Nanocrystals embedded in carbon cloth 1.81 & (60.74 wt%) 30 1.7-2.8 923 (~90% after 600 [117]
cycles) at 2.0 C & 0.016% 2019
FeP Uniform nanotubes arrays deposited on carbon cloth 2.5 & (N/A) 50 1.7-2.8 1600 (~69% after 50 [116]
cycles) at 0.1 C & N/A 2019
MoN-VN Two dimensional heterostructures 3.0 (58.5 wt%) 15 1.7-2.8 766 (72 wt% after 500 [107]
cycles) at 1.0 C & 0.068% 2018
at2.0C
TiN-VN Hetreostructured nanocrystals embedded in flexible carbon 1.7 & 68 wt% 15 1.7-2.8 1388 (~80% after 100 [108]
nanofibers cycles) at 0.2 C & 0.051% 2019

at2.0C

half of the overall). It is worth noting that the real catalytic phase of
host materials needs to be distinguished [115,121,122]. For exam-
ple, when NisFeN nanoparticles were employed in Li-S batteries,
partial Fe was etched by polysulfides and NisFe;_sN was formed
[121]. It was NisFe;_s;N which had a higher catalytic performance.
Similarly, CosN could be converted to CoS, during cycling and the
real catalytic phase was the mixture of pristine and new formed
CoS, [122]. Innovative works need to be done if we want to get
more insights into this direction.

2.6. Li metal anode protection

Although successful endeavors have been made in host materi-
als for sulfur composite cathodes, the counterpart, lithium anode,
still lacks a systematic research on dendrites issues. Recent years
have seen a revival in the area of lithium anode protection for Li
metal based batteries, such as Li-S batteries and Li-O, batteries
[123,124]. From the perspective of materials, we will mainly dis-
cuss about the artificial SEI and advanced nanostructured lithium
metal anode designs for Li metal based batteries.

A good artificial SEI mainly has following advantages: Superior
mechanical property (high shear modulus) to depress the growth
of lithium dendrites; good lithium ion conductivity and electronic
insulator; good chemical stability with lithium metal and elec-
trolytes. By creating a CusN + SBR artificial SEI layer which would
react with lithium to form a LisN protection layer, Cui et al. [125]
took advantage of its high Li ion conductivity, good flexibility
and high mechanical strength to inhibit lithium dendrites success-
fully. An in situ generated Li3PO,4 SEI layer [126] was proven to
restrain the break and restoration of SEI layer. What’s more, its
high Young’s modulus of ~10-11 GPa could effectively inhibit the
growth of lithium dendrites. For the design of nanostructured
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lithium anode, advanced carbon host materials and inorganic
matrix are mostly used. Cui et al. [127] reported a freestanding
lithium alloy/graphene anode for Li metal batteries. However,
lithiophilic sites should be introduced to the carbon matrix to
enhance the affinity towards lithium. Lithiophilic N-doped gra-
phene matrix was reported by Zhang research group [128] to guide
the uniform nucleation lithium. Moreover, the high surface area of
the 3D graphene could lower the local current density. The cycling
electrochemical performance of the cells with N-doped graphene
and Cu respectively as the counter electrode (the other is lithium)
is shown in Fig. 9(a). N-doped graphene exhibits a more stable
cycling performance than Cu foil electrode. A work by Hu research
group [129] reported that silver nanoparticles decorated carbon
nanofibers were taken advantage of to serve as a long-life lithium
metal anode. In recent years, atomic layer deposition (ALD) has
been emerging as an effective method to deposit conformal and
ultrathin metal oxides or sulfides layers on the lithium metal
anode [130,131]. Before used in lithium metal protection, atomic
layer deposited Al,0O5 thin layer was widely used in lithium ion
batteries in the previous research [132,133]. Kozen et al. [130]
reported an ALD Al,Os layer (14 nm thick) protected lithium metal
anode with stability towards moisture in the air for rechargeable
Li-S batteries. In order to confirm the chemical stability of ALD
Al,05 protected lithium, they exposed lithium with (and without)
Al,05 protective layer to organic solvent, the thicker the Al,05
layer was, the longer the onset time of H, evolution was. And the
hydrogen pressure in the headspace of lithium with an Al,O3; pro-
tective layer was one order of magnitude lower than that of
lithium without protection. With the purpose of exploring its
potential use in Li-S batteries, they first compared the stability of
lithium with (and without) ALD Al,O3 protection in the elemental
sulfur (1 M)-containing DME solvent for 7 days. As shown in Fig. 9
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(b), SEM images show that the surface of the ALD Al,03 (14 nm
thick)-protected lithium is nearly the same as the original lithium.
Coupled with a sulfur-activated carbon cloth (ACC) composite as
the sulfur composite cathode, ALD layer protected lithium anode
performed better than the unprotected lithium in Li-S batteries.
In the case of the former, the Coulombic efficiency (CE) of the first
two cycles was higher than 95% while the latter was only 70% and
88%. A specific capacity of over 1000 mAh g~! was attained in the
ALD Al,053 (14 nm thick) Li-S cells for more than 100 cycles. But the
cell capacity decayed from ~1200 to ~800 mAh g~ ! after 10 cycles
in unprotected Li-S batteries. Lithium anode research is attracting
more and more attention. Suppression of lithium dendrite growth
and improvement of Columbic efficiency are two most key factors
that need be kept in mind when designing new lithium anode
structures and artificial SEI layers.

2.7. Electrolytes for Li-S batteries

The same to lithium ion batteries, electrolytes in Li-S batteries
serve as the role of separating the anode and cathode while con-
ducting ions. Differently, the reaction mechanisms in Li-S are
highly associated with electrolytes. In this section, we will discuss
the developments of electrolytes for Li-S batteries from conven-
tional electrolytes, redox mediators in electrolytes, solid state elec-
trolytes to new liquid electrolytes.

2.7.1. Conventional electrolytes

Dimethyl ether (DME) and dioxolane (DOL) are the most used
electrolytes because widely used carbonate electrolyte can react
with lithium polysulfides. Li[CF3S0,),N] (LiTFSI) serves as the
lithium salt and LiNOs acts as an additive to retard shuttle effect.
DME has a low viscosity and solvates polysulfides well, while
DOL is a co-solvent and has a low viscosity. DOL can break up its
cyclic structure and form a protective layer on lithium anode dur-
ing cycling. However, polysulfides shuttle exists in electrolytes
based on DME and DOL. Besides, with a purpose of practical use,
this electrolyte can’t meet some high standards such as cost, safety
and so on. Therefore, it is necessary to develop novel electrolytes.

2.7.2. Redox mediators

Different from insoluble host materials, soluble redox media-
tors exist in electrolytes and have also been proven to improve
the performances of sulfur cathodes. The research on soluble redox
mediators (RMs) are mainly on two points, the first is to improve
the oxidation of Li,S to polysulfides [ 134,135], the second is to con-
trol the growth of polysulfides to Li,S [136,137]. On the first point,
Aurbach et al. [134] reported that redox mediators such as
decamethylferrocene, Lil and ferrocene could chemically oxidize
Li,S and therefore apparently lower its charge overpotential. They
proved the result through comparing the intensities of XRD peaks
of galvanostatically charged Li,S cathodes using different elec-
trolytes (i.e., with different RMs). With the same purpose, Cui
research group [135] designed a quinone redox mediator named
1,5-bis(2-(2-(2-methoxyethoxy Jethoxy)ethoxy) anthra-9,10-
quinone (AQT) for Li-S batteries. With AQT in the electrolyte, the
original morphology of Li,S didn’'t change even after 250 cycles.
Thick Li,S electrode test with AQT showed the cell delivered
606 mAh g~ ! after 100 cycles at 0.1 C. On the second point, Helms,
Chaing and co-authors [136] took advantage of Electrolyte Genome
to screen suitable polycyclic aromatic hydrocarbons (PAHs) as RMs
for Li-S batteries by considering electron affinities (E.,) and ioniza-
tion potentials (E;). N-aryl-substituted benzo[ghi]peryleneimide
(BPI) was discovered to have a calculated reduction potential at
1.99 V vs. Li/Li*. Through ex situ analysis of Li-S cells at different
states of charge, they found that BPI redox mediator promoted
3D growth of Li,S and contributed its production to 6-fold. Inspired
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by them, Zhang et al. [137] introduced cobaltocene (CoCp,) redox
mediators into Li-S batteries under lean-electrolyte conditions.
With ~26 mV smaller reduction potential than the formation
potential of Li,S, CoCp, redox mediators could also regulate the
growth of Li,S from 2D to 3D and the discharge capacities was
enhanced to 8 times. Even with an electrolyte/sulfur (E/S) ratio of
4.7 pL mgg!, at 0.05 C, Li-S cell with CoCp, RMs could deliver
capacities over 800 mAh g~! for 20 cycles while the cell without
cobaltocene couldn’t. Overall, the development of soluble redox
mediators paved a new way to make Li-S batteries into practical
use. Precise screen of redox mediators by theoretical calculation
can accelerate this process.

2.7.3. Solid state electrolytes

Progress of research on all solid-state-electrolyte based lithium
ion batteries inspires us to find its potential in Li-S batteries
[138,139]. When used in a Li-S cell, the solid-state-electrolyte
can not only prevent the shuttle of polysulfides but also block den-
drites growth at the lithium anode. Hu and co-workers [140] intro-
duced a 3D garnet-type nanofiber networks composed of
Lig4LasZr,Alp 01, (LLZO) embedded in PEO-LiTFSI matrix as a flex-
ible solid-state electrolyte for rechargeable Li metal batteries. It
exhibited a room-temperature ion conductivity of 2.5 x 10°4Scm ™!
and a stable voltage window up to 6 V versus Li*/Li. Manthiram and
co-workers [141] reported a NASICON-type lithium ion conductive
solid-state electrolyte with a formula of Li;.xYxZr_x(PO4)s (LYZP)
(x = 0-0.15) used in the hybrid Li||LYZP||Li,Ss cells (Fig. 8). This
hybrid Li-S system consisted of solid-state electrolyte and liquid
organic electrolyte, in which Li,Sg was dissolved. The indispens-
ability of liquid electrolyte was attributed to the sluggish electro-
chemical reaction of all-solid-state Li-S batteries. Compared to
commonly used NASICON-type Lij.Al Ti;_»(PO4); (LATP) solid
electrolyte, LYZP was more stable in the media of polysulfides solu-
tion. Electrochemical characterization of this shuttle-free Li-S bat-
teries showed that they could deliver the first specific capacity of
950 mAh g~! and capacity retention of 89.5% after 150 cycles.
However, the batteries using the Celgard membrane as separators
decayed very rapidly with a capacity retention of only 20.0% after
150 cycles. Besides oxides, sulfides based solid state electrolytes
usually possessed higher lithium ion conductivity and sulfiphilicity
[138,142,143]. For example, superionic conductor Li;yGeP,S;, was
reported to have a lithium ion conductivity of 12 mS cm™! at RT
[144]. Inspired by this, Fan et al. [145] synthesized Li;oSnP3S,
solid state electrolyte (3.2 mS cm™! at RT) by high-energy ball-
milling mixture of Li,S, P,Ss and SnS,. The solid-state Li-S batteries
enabled by Li;oSnP>S;> delivered over 1200 mAh g~! for 50 cycles.
The research on solid-state electrolyte based lithium metal sulfur
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Fig 8. A prototype of a solid-state electrolyte based hybrid Li-S cell. Reproduced
with permission [141]. Copyright 2016, Wiley-VCH.
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batteries is still in its infancy and we believe much progress will be
made in the future, not only in prototypes but also in boosting
electrochemical performances.

2.7.4. New liquid electrolytes

Although ether-based electrolytes were widely used in Li-S bat-
teries, the developments of other new liquid electrolytes for Li-S
batteries didn’'t cease. Fluorinated ethers, ionic liquids and
solvent-in-salt electrolyte were mostly concerned among them.

Because F-containing functional groups in solvents have a
strong electron-withdrawing effect, fluorinated ethers have many
advantages such as low viscosities and low flammability compared
to conventional ethers. It was employed in adjusting electrolytes as
an effective strategy to improve the stability of Li metal anodes.
Shin et al. [146] reported a fluorinated solvent named 1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TFTFE) as a cosol-
vent in the electrolyte for Li-S batteries. Raman spectra analysis of
chemical environment of electrolyte constituents showed that
TFTFE didn’t solvate ions in the electrolytes. For lean-electrolyte
Li-S application, with an electrolyte/sulfur ratio of 2 pL mg~! and
a hybrid cathode made up of 45 wt% VS, mixed with ZnS-coated
Li,S@graphene (7.8 mg cm~2), the Li-S cell demonstrated an energy
density of 483 Wh kg 'based on the mass of both electrodes and
electrolytes. What's more, TFTFE enhanced battery’s safety because
of its high flash point, which was confirmed by flammability test.

Room temperature ionic liquid (RTIL) was applied in Li-S batter-
ies because it was made up of entirely ions, which suppressed the
dissolution of lithium polysulfides and many other attractive prop-
erties such as low volatility and low flammability. Previous
research (mostly before 2015) mainly investigated the use of
pyrrolidinium and imidazolium ionic liquids with TFSI~ anions in
Li-S batteries [37,147]. The solubility of lithium polysulfides in dif-
ferent ionic liquids was found to be related to the anionic parts. At
the same time, solvate ionic liquids were developed as a new kind
of ionic liquid to be applied in Li-S batteries. Watanabe and co-
workers contributed much to this part [148-151]. Recently, Peng
et al. [152] reported a zwitterionic ionic liquid, tris(dioxa-3,6-hep
tyl)aminesulfonate coupled with bis(trifluoromethane)sulfonimide
lithium salt (named TLTFSI). It had an ionic conductivity of
3.2 mS cm~! and a wide electrochemical window of 1.51-4.82 V.
With TLTSI based electrolyte, Li-S batteries showed more than
400 mAh g~ for 200 cycles at 0.5 C. In general, breakthroughs in
this area like the use of CMK-3/S in cathode part still need to be
anticipated in the future.

By increasing the concentration of lithium salt in electrolytes
above 1 M, the dissolution of lithium polysulfides into the elec-
trolytes would be prohibited, high-concentration electrolytes (i.e.,
solvent-in-salt electrolytes) attracted much interest in Li-S batter-
ies. The breakthrough in this area was achieved by Suo and
coworkers [153]. In the SIS#7 electrolyte (7 mol L~! LiTFSI in
DOL-DME electrolyte), lithium ion transfer number was up to
0.73, much higher than conventional electrolyte (0.2-0.4). What's
more, this SIS#7 electrolyte reduced the corrosion and restrained
the growth of lithium dendrites on lithium metal. Li-S batteries
based on SIS#7 electrolyte delivered an initial specific capacity of
1041 mAh g! and maintained 74% after 100 cycles. In low-
concentration electrolyte, lithium ions coordinated with oxygen
in ethers and formed large solvation shell, which impeded the
transport of solvated lithium cations. However, in solvent-in-salt
electrolyte, solvated lithium cations decreased much, and the
mobility of lithium ions improved. Although the viscosity of the
electrolyte increased, it didn’t make a big impact in the transport
of lithium ions.

The exploration of new liquid electrolyte systems expanded
the functionalities of Li-S batteries. The safety was greatly
enhanced from mainly two points: (1) The suppression of the
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growth of lithium dendrites reduced short-circuits of cells; (2)
the flame-retardant electrolytes avoided the explosion of cells.
However, some issues such as higher cost of the solvent-in-salt
electrolyte emerged if we considered the practical use of Li-S bat-
teries. A compromise between cost and functionalities need to be
reached.

2.8. Practical applications of Li-S batteries

The implementation of Li-S batteries from lab coin cell scale to
practical applications remains challenging [154-156]. Pouch cells
are the most useful prototype when it comes to practical use of
Li-S batteries. Because there is a big gap between previous Li-S coin
cells’ research and demanding Li-S pouch cell products, new stan-
dards and key testing parameters need to be established by leaders
in this area. For example, the ratio of electrolyte to sulfur (E/S ratio)
determines the electrochemical performance of both Li-S coin cells
and pouch cells. Most researchers recommend its value to be no
more than 4 pL mg~! and then the research based on it will be
more meaningful. In order to achieve an energy density of
500 Wh kg™, high sulfur loading of >5 mgs cm~2 and low E/S < 3.
0 puL mgs' are necessary conditions. If the E/S ratio decreased, the
viscosity of the electrolyte increased because of the polysulfides
dissolution and the kinetics slowed down. At the same time,
uneven reactions, severe shuttle happened, and unstable lithium
anode formed. Besides, the ratio of negative to positive electrode
in capacity (N/P) controls the actual energy density of Li-S pouch
cells. A N/P value at no more than 2 will be of practical value.
Besides, here emerge new significant parameters in Li-S pouch
cells, such as the pressure control on cell stack, single- or
double-sided coating and other engineering issues.

The cost of components of Li-S pouch cells determines the
future of its practical applications. The cost of sulfur can be ignored
compared to cathodes containing Co and Ni in Li-ion pouch cells.
What's more, the cost of lithium foil anode in Li-S pouch cell is also
lower than graphite in Li-ion pouch cells. However, the cost of elec-
trolytes in Li-S pouch cells contributes more than 50%, while in Li-
ion pouch cells it takes less than 5%. The large consumption of the
solvents and expensive LiTFSI salt in Li-S pouch cells are two main
reasons. It is apparent that decreasing the E/S ratio and developing
cheap electrolytes for Li-S batteries are of great value.

In conclusion of the section of Li-S batteries, even though plen-
tiful research work on Li-S batteries has been done to find its
potential in high-energy storage devices, there are several points
that are worth highly concerning. Increasing the areal sulfur
content at low E/S while maintaining high performance of Li-S bat-
teries at the same time is a challenging goal. The practical applica-
tion of Li-S pouch cells enabled by different hosts and electrolytes
with a target of 500 Wh kg~! need more investigations. Besides,
basic research is still of great value in solving these issues. All in
all, Li-S batteries have been on the right track.

3. Sodium-sulfur batteries

Sodium-sulfur (Na-S) batteries are famous for the high-
temperature Na-S (HT Na-S) batteries because of it being widely
used in large-scale stationary energy systems [157]. HT Na-S bat-
teries with its advantages manifested in the low cost of sodium
and sulfur and the high theoretical specific energy of ~760 Wh kg™,
are suitable for large-scale stationary energy storage. In the config-
uration, it is usually constructed in tubular designs, in which beta-
alumina serves as the solid-state electrolyte and separator, molten
sodium as the anode and molten sulfur as the cathode. The work-
ing temperature usually lies in the range of 300-350 °C and the
working voltage window is in the range of 1.78-2.06 V. Nowadays,
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for the sake of safety and cost, RT Na-S batteries have been emerg-
ing in recent years under the intriguing achievements of Li-S bat-
teries. It has a higher theoretical specific density of
1274 Wh kg~ ' compared to HT Na-S batteries.

3.1. Mechanism

Manthiram research group applied themselves to this field.
Based on their plentiful research [158-160], they proposed a
detailed reaction mechanism for RT Na-S batteries with glyme
based electrolyte [27]. As shown in Fig. 3(b) and Egs. (8)-(18),
the discharge process is divided into four regions, where successive
reactions take place.

Overall:

Ss + 16Na* + 16e~ — 8Na,S  (cathode) (8)
16Na — 16Na* + 16e~ (anode) 9)
Charge and discharge reactions:
Process 1:
Ss 4+ 2e~ + 2Na*2Na,S; (10)
Process 2:
Overall:
Na,Sg + 2e~ +2Na"=22Na,S, (11)
Intermediate reactions:
3Na,Ss + 2e~ + 2Na' 24Na,S¢ (12)
5Na,Sg + 2e~ + 2Nat 26Na,Ss (13)
4Na,Ss + 2~ + 2Na+<_—’5Nazs4 (]4)
Process 3:
3NayS4 +2e + 2Na+<_—’4Nazs3 (15)
Na,S4 + 2e + 2Na"=2Na,S, (16)
Na,S; + 6e~ + 6Na* 24Na,S (17)
Process 4:
Na,S, +2e~ +2Na"=2Na,S (18)
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Similar to Li-S batteries, there exist two typical discharge pla-
teaus at ~2.2 and ~1.6 V (Fig. 3b) in RT Na-S batteries. The high-
voltage plateau corresponds to the sodiation of Sg to Na,Ss, which
is a solid-liquid reaction. The lower-voltage plateau is the liquid-
solid transition of NayS4 to solid Na,Ss, Na,S, and Na,S. The first
descending region between the two plateaus in the voltage curve
is related to the intermediate reactions from high-order Na,Sg to
low-order soluble sodium polysulfides. The second descending
region is the solid-solid process of Na,S, to Na,S. Upon charge,
the processes are converse reactions of the discharge.

3.2. Cathode materials

The development of cathode materials for Na-S batteries is
quite like that of Li-S batteries, namely, from nonpolar carbon
materials to polar host materials. This part will be reviewed
according to this order. Most cathode materials for Li-S batteries
can be adopted in Na-S batteries. Differently, microporous carbon
materials act as an interesting role in Na-S batteries.

3.2.1. Nonpolar carbon materials

Various nanostructured carbon material-sulfur composites have
been investigated to serve as composite cathode materials for RT
Na-S batteries with carbonate-based electrolytes. Xin et al. [161]
reported a microporous carbon confined small sulfur molecule
(S,-4) composites as the cathode for RT Na-S batteries. Two stable
reduction peaks at 1.55 and 1.1 V vs. Na*/Na emerged after the sec-
ond cycle. Upon oxidation, an obvious anodic peak at 1.75 V
appeared. More than 200 cycles with a discharge capacity of over
500 mAh g ! (750 Wh kg~ ') at 1 C and 2 C was achieved, which
surpassed traditional HT Na-S batteries. And they thought there
existed two reduction reactions: 2S + 2Na — NayS; (>1.4 V);
Na,S, + 2Na — 2Na,S (<1.4 V). A sugar-derived microporous car-
bon was also applied in the RT Na-S batteries [162]. More than
300 mAh g~ ! over 1500 cycles at 1 C rate was demonstrated. Wang
et al. [163] proposed an interconnected mesoporous carbon hollow
nanospheres as the conductive backbone for the electrochemical
reactions of sulfur while providing active diffusion channels at
the same time (Fig. 10a). Cycling results showed that the desodia-
tion of Na,S to Na,S, was not reversible and the long-term cycling
of RT Na-S batteries was highly dependent on the reversible reac-
tion between long-chain Na,S, (5 < x < 8) and short-chain Na,S,.

Fig 9. Lithium anode protection. (a) The cycling electrochemical performance of lithium metal cells with N-doped graphene and Cu as the counter electrode. Reproduced with
permission [128]. Copyright 2016, Wiley-VCH. (b) The surface morphology of (1, 2) unprotected lithium before solvent exposure, (3, 4) unprotected lithium metal after seven
days of exposure to DME/sulfur solution, and (5, 6) 14 nm ALD Al,0s-protected Li metal surface after 7 days of exposure to DME/sulfur solution. Reproduced with permission

[130]. Copyright 2015, American Chemical Society.
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3.2.2. Polar host materials

With the utilization of carbonate based electrolytes, Qiang et al.
[164] reported a highly N, S-doped (~40 atom%) mesoporous car-
bon material as the sulfur host for RT Na-S batteries. Approxi-
mately a stable discharge specific capacity of 400 mAh g~! over
350 cycles was obtained at 0.23 A g~ . The successful prevention
of reactions between polysulfides and carbonate electrolyte was
attributed to the strong affinity of polysulfides to N atoms in the
pores. Along the road to seeking for efficient polar host materials
towards polysulfides, Zhu et al. [165] utilized ZIF-derived carbon
as sulfur composite cathode materials for Na-S batteries. Inorganic
compound-carbon hybrids as polar hosts were also investigated for
Na-S batteries [166]. A recent paper [167] on atomic cobalt
anchored on microporous hollow carbon (S@Co,-HC) as the com-
posite cathode material for high-performance Na-S batteries
demonstrated an initial specific capacity of 1084 mAh g~' and a
reversible capacity of 508 mAh g~! for 600 cycles at ~0.2 A g~
The catalytic function of atomic Co in contributing to the conver-
sion of NayS4 to Na,S and lowering the dissolution of Na,S; was
the key factor to the excellent performance. What’s more, the high
binding energy between Na,S; and Cog corroborated this host
materials’ high adsorption towards sodium polysulfides. The long
cycling performance of Na-S batteries with S@Co,-HC as the com-
posite cathode is shown in Fig. 10(b). Proceeding this work, they
reported transition Fe, Cu, and Ni nanoclusters based on hollow
carbon spheres (HC) as sulfur cathode hosts to investigate different
elements nanoclusters on the electrochemical performances of Na-
S batteries [168]. MD simulation showed Na,S, decomposed most
quickly on the Fe nanocluster, which meant it had the most suit-
able reactivity for RT Na-S batteries. It could explain why Fe-HC
delivered the highest specific capacity among the three materials.
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In conclusion of this part, compared to nonpolar carbon materi-
als, polar host materials can adsorb soluble sodium polysulfides
and mediate the conversion of polysulfides, which will accelerate
the kinetics and enhance the electrochemical performance of RT
Na-S batteries. It is still worth noting to distinguish the true cat-
alytic phase of polar host materials if the host reacted with soluble
polysulfides during cycling.

3.3. Electrolytes and Na metal anode protection

Modifications to the electrolytes of RT Na-S batteries have also
been tried in order to achieve stable RT Na-S batteries. The most
used two kinds of electrolytes are carbonates and glymes. carbon-
ate electrolytes are usually more stable and less volatile than gly-
mes. When they are used as electrolytes for Na-S batteries, the
situation becomes quite different from that in Li-S batteries.

Archer and co-workers [169] reported a liquid carbonate elec-
trolyte (1 M NaClO4 in the mixture of ethylene carbonate (EC)
and propylene carbonate (PC)) with ionic liquid 1-methyl-3-propy
limidazolium-chlorate tethered silica nanoparticle (SiO,-IL-ClO,4)
additives as a stabilizing agent for RT Na-S batteries. Fig. 10(c)
illustrates the Na-S cell. It uses the reported electrolyte above
and the SEM image on the left shows the surface of cycled sodium
metal surface. Through the utilization of ZIF-8 derived microp-
orous carbon polyhedron-sulfur composites as the composite cath-
ode for RT Na-S batteries, they found that sulfur underwent a solid-
state electrochemical reaction, for which this sort of featured
carbonate-based electrolyte was compatible with the microporous
carbon-sulfur composite cathode. Assembled batteries with this
electrolyte (with 5 vol% SiO,-IL-ClO4) and the composite cathode
showed a reversible capacity of more than 860 mAh g~! for 50
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Fig 10. Advances in Na-S batteries. (a) Mesoporous carbon hollow nanospheres-sulfur composite materials. Reproduced with permission [163]. Copyright 2016, American
Chemical Society. (b) The long-term cycling of S@Co,-HC and S@HC cathode materials. Reproduced with permission [167]. Copyright 2018, Springer Nature. (c) A prototype of
the SiO,-IL-ClO, stabilized electrolyte-based Na-S cell (right) and the surface of cycled sodium metal anode (left). Reproduced with permission [169]. Copyright 2016,
Springer Nature. (d) The Nyquist plots of Na-S cells using 1 M NaTFSI in PC and 2 M NaTFSI in PC/FEC with Inl; as electrolytes. Reproduced with permission [170]. Copyright
2018, Springer Nature. (e) An illustration of the solid-electrolyte interface formed on the surface of Na metal when the electrolyte of NaPFg in glymes was used. Reproduced

with permission [171]. Copyright 2016, American Chemical Society.
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cycles at 0.1 C rate. At a higher rate, i.e. 0.5 C, in the potential range
0f 0.6-2.6 V vs. Na*/Na, the discharge capacity of over 600 mAh g~!
for 100 cycles was obtained. The obvious difference in electro-
chemical reaction mechanisms of sulfur between microporous car-
bons and other carbons is of great significance for researchers to
investigate afterwards if major improvement in this area is to be
made. It should be noted that sulfur may exist in different allo-
tropes (e.g. S4, S3, S2) because of the differences of pore sizes of car-
bon materials. Therefore, the mechanisms will vary depending on
the specific porous carbon-sulfur materials employed.

Carbonate electrolytes have been found to be reactive to poly-
sulfides in Li-S batteries but it’s feasible to use them in Na-S batter-
ies because of the lower reactivity of Na'-polysulfide™ ion pairs.
Wang research group [170] reported a new electrolyte made up
of 2 M sodium trifluoromethanesulfonimide (NaTFSI) in polycar-
bonate (PC)/fluroethylene carbonate (FEC) (v:v = 1) with Inl3 as
the additive for RT Na-S batteries. The higher concentration of
the sodium salt suppressed the weak polysulfides shuttle, which
degraded the cell. What's more, the In®* could be reduced to
indium metal on the Na metal anode, which inhibited the growth
of sodium dendrites and contributed to the batteries’ safety. The
I3 catalyzed the conversion of solid Na,S to sodium polysulfides
and it increased the reversibility and specific capacity of the Na-S
cells. Fig. 10(d) depicts the impedance analysis of Na-S cells using
two kinds of electrolytes. The cell enabled by 2 M NaTFSI in PC/FEC
with Inl; showed lower charge transfer resistance and higher ionic
conductivity.

It seems that carbonate electrolyte is well applicable to RT Na-S
batteries based on the research above. However, a recent study on
the effect of the electrolyte on the reversibility of sodium metal
anode showed that electrolyte consisted of sodium hexafluo-
rophosphate in glymes was more suitable for RT Na-S batteries.
Seh et al. [171] found that there existed dendrite issues in sodium
anode when NaPFg-carbonate electrolyte system was employed.
However, when NaPFg-glyme system was used, an average
Coulombic efficiency of 99.9% over 300 cycles in sodium plating-
stripping was attained. It was attributed to the formation of uni-
form and compact inorganic SEI (Na,O and NaF) which was imper-
meable to liquid electrolyte (Fig. 10e). What's more, the high shear
moduli of Na,O and NaF effectively suppressed the growth of
sodium dendrites. The higher reduction potentials made carbonate
electrolyte inferior to glymes, for the former was easier to decom-
pose. In order to demonstrate its application in RT Na-S batteries,
batteries made up of Na anode, NaPF;s in tetraglyme and sulfur
infiltrated carbon nanofibers composite cathode were tested at
0.1 C from 1.2 to 2.8 V versus Na*/Na. It delivered a high specific
capacity of 776 mAh g ' and retained ~500 mAh g~ ! after 20
cycles. This finding may provide inspiring ideas for research on
high energy-density RT Na-S batteries and other sodium-based
energy storage technologies. Even though in situ formed SEI was
effective in depressing the growth of dendrites, its mechanical
strength was not strong enough to bear the large volume change
during sodium plating/stripping. With the same purpose employed
in lithium metal anode protection, ALD was also used in depositing
an Al,0O5 thin film on Na metal anode. Hu and co-workers [172]
reported that an artificial SEI was deposited on Na metal anode
through a low-temperature plasma-enhanced ALD method. As
expected, symmetric cells using the Al,05; coated sodium metal
could be cycled over 450 times stably while the bare one had a lar-
ger polarization all the time. The morphology characterization
showed that symmetric cells using Al,O3; coated sodium metal
exhibited a stable impedance while the impedance of bare ones
increased with cycle times. This indicated that a stable artificial
SEI was formed on Na metal anode. A similar but in-depth research
by Sun and co-workers [173] found no voids in the Al,O3 layer
through Rutherford backscattering spectrometry (RBS) measure-
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ments, which confirmed the uniform and fine growth of the
Al,05 layer.

We have summarized the recent advances in RT Na-S batteries,
mainly on different electrolyte-based prototypes. Table 4 lists
some important advances. Microporous carbon-sulfur composites
have been demonstrated to act as promising cathodes of RT Na-S
batteries towards low-cost large-scale stationary load-levelling
energy-storage. Coupled with microporous carbon-sulfur compos-
ite cathodes, electrolyte based on carbonates is a good choice for
RT Na-S batteries. On account of a definitely different application,
RT Na-S batteries are not always an analogue to Li-S batteries.
We can conclude that the reaction mechanisms of RT Na-S batter-
ies still need further research in different systems (various elec-
trolytes). Sulfur may undergo a solid-state reaction in the
microporous carbon, which differs from that in other carbon hosts.
It’s too early to say which one is not suitable for RT Na-S batteries
as to glymes and carbonates-based electrolytes.

For future developments of RT Na-S batteries, all solid-state
sodium sulfur batteries are of great potential. It makes use of Na
metal anodes, which is a holy grail for Na ion batteries. Progress
on NasSbS, [174] and NasPS4 [175] based all solid-state Na-S bat-
teries paves a way for the development of solid-state Na-S batter-
ies. The exploration of solid-state electrolytes for Na-S batteries
still has a long way to go. Mimicking Li-S batteries, introducing
Ge or Sn may be promising. Besides, whether to use ether elec-
trolytes or carbonates electrolyte is still a topic of great value. It
is anticipated to see further progress in this area both academically
and industrially.

4. Magnesium-sulfur batteries and aluminum-sulfur batteries

Magnesium-sulfur (Mg-S) batteries are usually comprised of Mg
metal anodes, Mg ion based electrolytes and sulfur cathodes. Sim-
ilar to other metal-sulfur batteries, aluminum-sulfur (Al-S) batter-
ies utilize Al metal anodes, Al ion based electrolytes and sulfur
cathodes. As shown in Fig. 3(e) and Table 3, Mg-S batteries can pro-
vide a theoretical energy density of 1722 Wh kg~! with an average
operating voltage at ~1.7 V. Al-S batteries have a theoretical energy
density of 1340 Wh kg~ ! with an average voltage of ~1.25 V. The
typical discharge-charge curves of Mg-S and Al-S batteries are
shown in Fig. 3(c and d), respectively. Compared to Li-S batteries,
Mg-S and Al-S batteries can provide the same energy at a lower
cost. The minimum energy cost of Mg-S and Al-S batteries is 0.81
and 0.71 $ kW h™!, respectively, whereas for Li-S batteries is up
to 7.08 $ kW h~!. The cost decreases nearly 90%, which is very fas-
cinating and promising. In this section, we give a summary of the
recent advances of Mg-S and Al-S batteries.

4.1. Mg-S batteries

4.1.1. Electrolytes for Mg-S batteries

As mentioned above, the developments of multivalent metal-
sulfur batteries (Mg-S and Al-S batteries) are hampered by the lack
of suitable electrolytes [17,176-181]. Up to now, electrolytes
developed for Mg-S batteries can be classified into three main
kinds, i.e. organic non-nucleophilic magnesium electrolyte, magne-
sium borate-based electrolyte, and Mg(TFSI),-MgCl, based ether
electrolytes. Previous research shows that nucleophilic magnesium
organohaloaluminate electrolyte reacted with electrophilic sulfur
cathodes [180,182-186]. It is of great significance to develop a
non-nucleophilic electrolyte for Mg-S batteries. Kim et al. [187]
developed a (Mg,(p-Cl)3-6THF)(HMDS,AICl, ,,) (n = 1, 2) crystal
(Fig. 11a) for the first rechargeable Mg-S batteries through the
in situ reaction of Lewis acid AlCl; and hexamethyldisilazide mag-
nesium chloride (HMDSMgCl) in THF (tetrahydrofuran). Through
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Table 4
Progress in rechargeable room-temperature sodium-sulfur (RT Na-S) batteries.
Cathode Morphology Electrolyte Sulfur Voltage  Energy density Electrochemical performance Ref.
materials loading window (Wh kg™ 1) (initial capacity (mAh g ') and &
(mgem2)& (Vs cycles) & decay rate (per cycle) year
(sulfur Na*/Na)
content in
cathode)
Microporous Coaxial cable-like structured Carbonate 04 0.8-2.7 750 (based on sulfur) 1148 (~87% after 20 cycles) at [161]
Carbon microporous carbon; & (40 wt%) 0.1 C&N/A 2014
ZIF-8 derived Microporous Si0,-IL-ClO4 1.8-2.5 0.6-2.6 NJA ~900 (67% after 100 cycles) at [169]
microporous carbon polyhedrons; stabled & (37.6 wt%) 0.5C 2016
carbon 708 m2 g~ !; carbonate
Sugar-derived Ordered microporous carbon TEGDME N/A 0.8-2.6 180 (based on entire  Nearly stable at 370 mAh g~! [162]
microporous spheres & (35 wt) weight) after 1500 cycles at 1 C 2017
carbon
N, S-doped Highly doped (~40 atom%) Carbonate 0.15-0.17 0.8-2.7 150 (based on the Stable at ~380 mAh g~ ! for 350 [164]
Mesoporous mesoporous carbon & (15.4 wt%) total weight of cycles at 0.14 C 2017
carbon cathode)
Atomic Co-carbon  Atomic Co-anchored on hollow Carbonate N/A & 0.8-2.8 N/A 1084 (~47% for 600 cycles) at [167]
carbon nanospheres (~33 wt%) ~02Ag! 2018
Atomic Fe-carbon  Atomic Fe-nanoclusters Carbonate 0.9-1.1 0.8-2.8 N/A 1023 (~39% after 1000 cycles)at [168]
anchored on hollow carbon (~28 wt%) 01Ag™! 2019
spheres
the adoption of this electrolyte, much progress has been made in Charge and discharge reactions:
exploring the mechanism of Mg-S batteries. Zhao et al. [ 188] inves- 0
. . . - =
tigated the discharge mechanism of Mg-HMDS electrolytes based Ss +2e” + Mg =MgSs (19)
Mg-S batteries. The Mg-S cell reached its first upper flat voltage ’
plateau at around 1.6 V. The reaction can be described as Eqs. ~ 3MgSs +2e” + Mg™ =4MgS; (20)
(19) and (20) and an overall reaction Eq. (22). The second liquid-
solid reaction was very sluggish compared to Li-S batteries, which 2MgS; + 26~ + 2Mg** 23MgS, (21)
can be described by Egs. (23) and (24). Based on these results, Overall:
Wang et al. [189] improved the reversibility of Mg-S batteries ’
through the Li* mediation. They introduced LiTFSI into the non- Ss -+ 4e” + 2Mg** 22MgS, (22)
nucleophilic (HMDS),Mg-based electrolytes. With Li ion in the
. . . -1
electrolyte, the discharge capacity 1ncreas?d to ca. 1000 mAh g MgS, +2e + Mg”aZMgSz (23)
compared to that of less than 200 mAh g~ of the cells without Li
ion mediation (Fig. 11b). They ascribed the phenomenon to these
(Fig. 11D). They p MgS, + 2e~ + Mg?* 22Mg$ (24)

reasons: (1) The hard Lewis acid lithium ion enhanced the solubil-
ity of low order Mg polysulfides through coordinating the surface
$?~ and their electrochemical activity was greatly improved; (2)
lithium ions also participated in the reduction of sulfur and formed
hybrid Mg/Li polysulfides during the process of discharge. This can
provide a method to improving electrochemical performances of
Mg-S or Al-S batteries in the future.

In order to achieve high-performance Mg-S batteries, Chen and
co-workers [190] successfully developed a well-defined boron-
centered anion-based magnesium electrolyte (BCM electrolyte)
(Fig. 11c) and deployed it into Mg-S batteries. Through the use of
this BCM electrolyte, coupled with a sulfur/carbon composite
cathode, at 0.05 A g™, the cell showed the first discharge capacity
of 1081 mAh g~! and a retention of 86.4% after 30 cycles. The flat
voltage plateau was at ~1.1 V vs. Mg?*/Mg. Recently, Du et al.
[191] reported an effective organic magnesium borate-based elec-
trolyte whose effective cation was tetrakis(hexafluoroisopropyl)b
orate anions [B(HFP),]~ and solvated cation was [Mg4Clg(DME)g]**.
It showed some promising properties, such as high oxidation sta-
bility up to 3.0 V (vs. Mg?*/Mg), high ionic conductivity of
5.58 mS cm~'. When it was used in a Mg-S battery, coupled with
an 80 wt% sulfur-carbon nanotubes (S-CNT) composite cathode,
the battery showed a high specific capacity up to 1200 mAh g~!
and obtained specific capacity of over 1000 mAh g~ ! for more than
100 cycles at 0.16 A g~'. What's more, the overpotential could be as
low as 0.3 V. This is a great improvement in electrolyte research
compared to previous HMDS-based and monocarborane-based
Mg electrolytes.
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The aforementioned electrolytes are so complex that research-
ers begin to use widely used bis(trifluoromethane)sulfonimide(TF
SI)-glyme electrolyte in Li-S batteries to find its potential in Mg-S
batteries. Interestingly, Wang research group [192] reported that
a new TFSI-glyme electrolyte could be implemented in Mg-S bat-
teries. Through the use of 0.5 M Mg(TFSI),-1,2-dimethoxyethane(
DME) as the electrolyte, they investigated the thermodynamics
and kinetics of Mg-S batteries. And they also found two parallel
but interacting magnesition pathways: (1) Dissolved polysulfides
reacted with Mg?* from the electrolyte; (2) bulk magnesition
through the solid state transport of Mg?*. The reaction mechanism
was similar to the cells with Mg-HMDS electrolytes. It can also be
described briefly by Eqs. (22)-(24). A consecutive work [193] on
the Mg(TFSI),-MgCl,-DME electrolyte for Mg-S batteries reported
that a 69% capacity retention after 110 cycles was achieved at
0.1 A g, The initial specific capacity was around 800 mAh g~
The sulfur composite cathode delivered better kinetics than
intercalation- or conversion-type Mg batteries and showed a mod-
erate voltage hysteresis of 0.25 V. However, the Mg anode showed
a voltage hysteresis of 0.45 V, which need to be improved by using
a better electrolyte. Both two works utilized the XPS to monitor the
evolution of the Mg-S species, which is shown in Fig. 11(d).

4.1.2. Cathodes for Mg-S batteries

Besides the search of electrolytes for Mg-S batteries, new sulfur
composite cathode materials for Mg-S batteries are also under
investigation. Li et al. [194] introduced a hierarchical N- and Co-
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Fig 11. Advances in Mg-S batteries. (a) The structure of the crystallized product (Mg,(pt-Cl);-6THF)(HMDS,AICL, ,,) (n = 1, 2) of the electrolyte used in the Mg-S battery.
Reproduced with permission [187]. Copyright 2011, Springer Nature. (b) The cycling performance of the Mg-S battery with and without Li* mediation. Reproduced with
permission [189]. Copyright 2015, American Chemical Society. (c) The structure of the crystalline [Mg4Clg(DME)s][B(HFP)4]> used in the Mg-S battery. Reproduced with
permission [190]. Copyright 2017, Wiley-VCH. (d) XPS curves of different states of the Mg-S battery. Reproduced with permission [193]. Copyright 2017, Wiley-VCH. (e) An
illustration of the ZIF-S cathode. Reproduced with permission [194]. Copyright 2018, Wiley-VCH.

doped carbon derived from ZIF-67 as a sulfur host material
(Fig. 11e). Through the use of a ternary electrolyte made up of
(HMDS),Mg, AICl3, and LiTFSI in diglyme, at 1 C rate, an initial
specific capacity of about 600 mAh g~! and a preserved capacity
of ~400 mAh g~ ! were obtained for more than 200 cycles. What's
more, even at higher rate of 5 C, the cells still delivered 300-
400 mAh g '. Modifications to separators can also improve the
electrochemical performances of Mg-S batteries. Yu and co-
workers [195] modified the conventional separator (glassy fiber,
GF) with a layer of activated carbon nanofibers. The cell’s cycle sta-
bility was greatly enhanced compared to the ones without any
modification. It showed an initial specific capacity of 1200 mAh g~!
and with a retention of more than 20 cycles at C/50. However, the
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cell with an unmodified separator showed a rapidly decayed
capacity, i.e. no more than 400 mAh g! after 5 cycles. Similar to
the case of the smaller sulfur molecule composite cathode used
in Li-S and Na-S batteries, a sulfur cathode based on sulphide
graphdiyne characterized with short sulfur energy-storing unites
was coupled with a Grignard reagent-based electrolytes (a nucle-
ophilic electrolyte) [196]. This may provide a new route to explore
the potential use of Mg-S batteries.

Thanks to the much effort in previous research in Mg-S batter-
ies, the reversibility and practical specific capacity of it have been
greatly improved. The idea of the use of nonnucleophilic
magnesium-based electrolytes has inspired researchers to develop
different kinds of electrolytes for Mg-S batteries. Based on these
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useful electrolytes, engineering of cathodes and separators
becomes possible. In the future, modifications to the Mg anode
are expected because large overpotential attributed to Mg anodes
is very large [197]. Developing solid-state Mg-S batteries need to
be paid attention since the development of magnesium solid ionic
conductor such as MgSc,Se4 [198] is under way. Moreover, a big
improvement in Mg-S batteries is highly expected based on the
holistic design of all the components of it.

4.2. Al-S batteries

4.2.1. Electrolytes for Al-S batteries

Rechargeable aluminum-sulfur batteries have been little con-
cerned until now. Room-temperature ionic liquid (RTIL) was
widely used in nonaqueous Al-S batteries. Fig. 3(d) is a typical
charge-discharge curve of the RT Al-S battery. Wang and co-
workers [199] reported the first reversible Al-S battery with an
ionic liquid electrolyte. The electrolyte was made through mixing
AlCl; and 1-ethyl-3-methylimidazolium chloride (EMIC). The elec-
trolyte’s electrochemical stability was evaluated and shown in
Fig. 12(a). A reaction mechanism in this system was proposed, as
shown in Eqgs. (25) and (26). The anion Al,Cl7 participated in the
electrochemical reactions happening at both the anode and the
cathode. The concentration of it had big influences on the overall
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Fig 12. Advances in Al-S batteries. (a) Aluminum deposition/stripping in the EMIC:
AlCl;3 (1:1.3) electrolyte (black) and the electrochemical stability of the electrolyte
(pink), insert is the charge-time curve of aluminum deposition/stripping, glassy
carbon was the working electrode, aluminum was both the counter and reference
electrode. Reproduced with permission [199]. Copyright 2016, Wiley-VCH. (b) The
discharge process of the Al-S battery with the NBMPBr/AICl; electrolyte. Repro-
duced with permission [200]. Copyright 2018, Wiley-VCH.
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electrochemical performance of Al-S batteries. With a sulfur/acti-
vated carbon cloth (ACC) composite cathode, the Al-S cell showed
a discharge voltage plateau at ~0.65 V and charge voltage potential
at 1.40 V at 0.05 A g~ . A specific capacity of over 1000 mAh g~!
was achieved over 20 cycles.

2Al + 14AICI* 28ALCL, + 6e~ (anode) (25)

AlLCL; + 66~ + 3S2AL,S; + 14AICI* (cathode) (26)

Considering the present research, the rate-determining step of
Al-S batteries should be determined by the electrolyte. Recently,
Li and co-workers [200] utilized a kind of new ionic liquid com-
posed of NBMPBr (N-Butyl-N-methylpiperidinium) and AlCl; as
the electrolyte in Al-S batteries. At first, they took advantage of
the EMIBr/AICl; electrolyte, even though Al-S batteries using this
electrolyte delivered high initial specific capacity, but it degraded
rapidly because the electrophilic polysulfide intermediates reacted
with the nucleophilic imidazole ring of EMI™. So, they tried NBMPBr
instead of EMIBr. Compared to the ionic liquid made up of EMIC and
AlCl3, the EMIBr/AICI; electrolyte was easier to dissociate and had a
higher reactivity towards sulfur cathodes. This was because Al,Clg-
Br~ had a higher formation energy and a smaller LUMO-HOMO gap
than Al,ClgCl~, which was confirmed by DFT calculations. In this
point, the NBMPBr/AICl; electrolyte shared some similarities with
the EMIBr/AICI; electrolyte. Fig. 12(b) is the discharge process of
the Al-S battery enabled by the NBMPBr/AlICl; electrolyte. Al-S bat-
teries utilizing this electrolyte and the CMK-3/S composite cathode
showed an initial discharge capacity of 1390 mAh g~! and retained
more than 400 mAh g~ ! after 20 cycles.

Similar to the mediation function of lithium ions in regulating
the electrochemical performance of Mg-S batteries, Manthiram
et al. [201] reported that the reversibility of Al-S batteries could
be improved by Li* ion mediation. Conventional Al-S batteries
using ionic liquids as the electrolyte undergo a solid-state elec-
trochemical reaction, during which polysulfides shuttle disap-
pears. However, after the addition of LiTFSI into the AI[EMI]Cl,
electrolyte, the solubility of intermediate polysulfides in this
ionic liquid was promoted and polysulfides shuttle came back.
This was proven by the UV-visible absorption experiment, which
showed that the solubility of S5~ species increased in the Li ion
mediated electrolyte. It was the presence of Li ions that acti-
vated the short-chain Al polysulfides and the kinetic barrier in
the reduction/oxidation of the discharged products was reduced.
An initial specific capacity of more than 1000 mAh g ' and a
maintained capacity of up to 600 mAh g~! was achieved in their
Al-S batteries.

4.2.2. Cathodes for Al-S batteries

On the cathode part, Wan et al. [202] took advantage of car-
bonized HKUST-1 as the sulfur cathode host for AI-S batteries.
The copper ions in carbonized HKUST-1 had a vital effect in regu-
lating the interactions with lithium polysulfides through forming
ionic clusters with polysulfides. The S@HKUST-1-C composite
started to exhibit a reversible capacity of 600 mAh g~! from the
75th cycle and maintained 460 mAh g~! after 500 cycles.

Al-S batteries are still in its infancy and much research need to
be conducted. There are still some uncertain things in the reaction
mechanism of Al-S batteries using ionic liquid as the electrolyte.
For example, many papers said the reduction of sulfur underwent
a full solid-state reaction, but some observed the existence of sol-
uble polysulfides. If there existed a large amount of polysulfides, it
could diffuse to the anode side and cause shuttle effect like the
phenomenon in Li-S batteries. Besides, as we can see, large voltage
hysteresis and sluggish electrochemical rate still exist in present
Al-S batteries, like the development of Mg-S batteries, there may
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be a more suitable electrolyte for Al-S batteries. If a suitable elec-
trolyte was developed, comprehensive design of Al-S batteries
would be more practical.

In the conclusion of this part, because of the adaptability of sul-
fur composite cathodes, the improvements of Mg-S batteries and
Al-S batteries are highly related to innovative designs of elec-
trolytes. Table 5 gives a brief summary of important progress of
both batteries. Reaction mechanisms are very different in proto-
types with different electrolytes. If a robust system was estab-
lished, much progress would be made.

5. Separators for metal-sulfur batteries

Separators in metal-sulfur batteries usually act as an electron-
insulating and ion-conductive component to avoid the internal
short-circuit of cells during cycling. Considering the polysulfides
shuttle in metal-sulfur batteries, researchers redesigned the sepa-
rator by coating active materials on the surface of conventional
polypropylene (PP) or polyethylene (PE) membrane to alleviate
polysulfides shuttle. The material development route for separa-
tors is quite similar to that of cathode host materials, from poly-
mers, carbon materials, metal oxides and sulfides, to other polar
emerging materials.

Zhang research group [203] reported a Nafion coated PP sepa-
rator, which could regulate the ion transport between cathode
and anode by selectively letting lithium ions go through while
rejecting polysulfides. It should be ascribed to the existence of
anionic SO3 on Nafion coated separator which could reject hop-
ping of polysulfides because of the coulombic interactions. They
optimized the amount of Nafion coated on the Celgard PP/PE/PP
separator at 0.7 mg cm~2 because too less Nafion (0.15 mg cm2)
couldn’t spread the membrane while too much (3.5 mg cm™2)
could cause high polarization. Manthiram research group [204]
investigated the use of sodiated Nafion membrane (Nafion 212)
in RT Na-S batteries. It served as a sodium ion selective separator,
which functioned similarly in Li-S batteries. Besides Nafion poly-
mer coating, nanostructured carbon materials such as carbon
nanotubes [205], graphene [59], graphene oxide [206] and
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activated carbon nanofibers [207] were widely used in modifying
separators. For example, Zhang et al. [206] took advantage of GO-
coated separator in Li-S batteries and improved the decay rate
from 0.49% to 0.23% per cycle compared to the conventional
separator.

Besides carbon materials, metal oxides, sulfides, nitrides and
other metallic compounds showed promising performances in
separator coating for Li-S batteries. Our group [208] engineered
oxygen vacancies in TiO, (OVs-TiO,) and made good use of it
in Li-S batteries. The density of states of OVs-TiO, near Fermi
energy level was quite different from original TiO,. More polar-
ized OVs-TiO, could adsorb more polysulfides. The cell enabled
by OVs-TiO,@PP separator showed 5.83 mAh cm™2 even at
7.1 g cm~? sulfur loading after 100 cycles. Kim et al. [209]
coated ferroelectric material BaTiO3 particles on PE separator
and found its distinctive mechanism in Li-S batteries. When an
external electric field existed, permanent dipoles formed in
BaTiO5 particles and they didn’t disappear even the field termi-
nated. Poled BaTiOs; rejected the transport of polysulfides and
permitted the hooping of lithium ions because of electrostatic
repulsion. With poled BaTiO3; coated PE as the separator, the
Li-S cell showed an initial capacity of 1122.1 mAh g~! and
retained 82.8% after 50 cycles. Tang et al. [210] reported the sig-
nificant function of lithium conductive MoS,/Celgard separator in
Li-S batteries. Through comparing the electrochemical impe-
dance spectra of three different Li-S cells enabled by conven-
tional Celgard, GO/Celgard and MoS,/Celgard separators, they
found only one semicircle (R, charge transfer) in the cell using
the MoS,/Celgard separator. Semicircles representing the insulat-
ing layer of Li,S,/Li,S between cathode and separator or on the
surface of lithium anode were disappeared. This result disclosed
the effective function of MoS;,/Celgard separator in depressing
polysulfides shuttle. Besides metal oxides and sulfides, antimony
selenide with Se deficiencies (Sb,Ses_) was composited with
rGO to coat the separator in high-loading Li-S batteries [211].
It may intrigue more interest in metal chalcogenides for Li-S bat-
teries. In order to maximize the advantages of different metal
compounds, heterostructured materials were developed to bring

Table 5
Progress in rechargeable magnesium-sulfur (Mg-S) and aluminium-sulfur (AI-S) batteries.
Electrolyte Cathode materials Voltage Electrochemical performance Ref. &
window (capacity unit, mAh g ') year
Mg-S batteries
Non-nucleophilic (HMDS),Mg based glyme = CMK-3-sulfur composite 0.5-2.1 800 (initial) (second 350, stable at 260 for 20 [188]
electrolytes (V vs. Mg?*/Mg) cycles) at 0.02 Ag! 2015
Mg-HMDS and LiTFSI Activated carbon cloth-sulfur 0.5-3.0 1000 (maximum) (stable for 30 cycles) at [189]
composite (Vvs. Mg?*/Mg) 0.071Ag™" 2015
Boron-centered anion-based magnesium Disordered mesoporous carbon- 0.5-2.8 1081 (initial) (86.4% after 30 cycles) at 0.05Ag~' [190]
electrolyte sulfur composite (V vs. Mg?*/ 2017
Mg)
[Mg4Clg(DME )s][B(HFP)4], in DME Carbon nanotubes-sulfur composite 0.4-2.0 1247 (maximum) (80.4% after 100 cycles) at [191]
(V vs. Mg?*/ 016 Ag! 2017
Mg)
(HMDS),Mg and LiTFSI in diglyme ZIF-67 derived carbon-sulfur 0.3-3.0 600 (stable above ~400 for 100 cycles) at 1 Crate [194]
composite (V vs. Mg?*/ 2018
Mg)
MgCl, and YCl; (1:2) in PYR4TFSI MgSg catholyte, graphene-carbon 0.3-2.4 More than 1000 mAh g~ for 50 cycles [177]
nanotube matrix (V vs. Mg?*/ 2019
Mg)
AI-S batteries
Chloroaluminate room temperature ionic Sulfur and Ketjen black carbon 0.5-1.9 (V vs. A sixth discharge capacity of 1400 mAh g~ ! at [263]
liquid electrolyte AP*/AlL) 005Ag! 2015
AlCl3 in 1-ethyl-3-methylimidazolium Activated carbon cloth-sulfur 0.2-1.6 (V vs. Over 1000 mAh g~! for 20 cycles [199]
chloride composite AI3*/Al) 2016
AlCl; in 1-ethyl-3-methylimidazolium S@HKUST-1-C 0.1-1.8 (V vs. 1200 mAh g~ ! (initial) and 500 mAh g~ ' after 500 [202]
chloride AP*/Al) cycles 2019
AlCl;/acetamide S@CMK-3 0.2-1.6 (V vs. 1500 mAh g~ (initial) (stable at 500 mAh g~ ! for [178]
AP*/Al) 60 cycles) 2019
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its functional interfaces into play in Li-S batteries. Zhao et al.
[212] reported CoO decorated CogSg heterostructures through
one-pot carbothermal reduction. The synergistic adsorption-
electrocatalysis mechanism made CogSg/CoO-G coated separator
very effective in Li-S batteries. It showed the best 925 mAh g~!
and a decay rate of 0.049% per cycle in 1000 cycles. Yang et al.
[213] reported the synthesis of heterostructured twinborn TiO,-
TiN particles, which were mixed with graphene as a separator
coating layer in Li-S batteries. The synergy of TiO, and TiN
enabled the heterostructure to provide both high adsorption of
polysulfides and fast electron transfer.

Phosphorene was found to be a potential polysulfide immobi-
lizer and catalyst for Li-S batteries [214]. The intriguing charac-
teristic of few layer phosphorene (FLP) was that it had a very
high electrical conductivity of ~450 S cm™!, higher than other
reported oxides and carbon nitride. What’s more, the low synthe-
sis price of FLP was also very fascinating. Black phosphorus was
reported by Sun et al. [215] to act as separator modification layer
materials. In situ Raman tests corroborated the effective trapping
of polysulfides of black phosphorus. And ex situ XPS confirmed
the interaction between black phosphorus and polysulfides
through both a P-S and P-Li bonds. Zhou et al. [216] reported
the MOF@GO coated separator used in Li-S batteries. Crystalline
MOF nanoparticles and GO layers were formed adjacently. The
polysulfide permeation test showed that the MOF@GO coated
separator could effectively block polysulfides over time while
GO coated separator couldn’t. Coupled with CMK-3/sulfur cath-
ode, the cell showed the first capacity of 1126 mAh g~! and
retained 799 mAh g~! at the 500th cycle. Recently, Yang et al.
[217] synthesized in-situ crafted well-distributed TiO, nanoparti-
cles on MXene sheets and the surface fluorine is removed largely.
Mxenes were characterized by its 2D high electronic conductive
structures. TisC,Ty after 4 h hydrothermal reaction had the high-
est conductivity of 1490 S cm™!. Ti3C,T, was composited with
graphene nanosheets to coat the separator. At an ultrahigh sulfur
loading of 7.3 mg cm™2, the cell retained 57.7% at 0.2 C after 200
cycles.

Compared to the boom of separators in Li-S and Na-S batteries,
the developments of separators in Mg-S and Al-S are slow
[218,219]. Fortunately, the functions of separators in metal-sulfur
batteries are similar in suppressing polysulfides shuttle. Progress
in any kind of metal-sulfur batteries can inspire the others. Zhou
et al. [218] designed a sandwiched multifunctional separator for
Mg-S and Li-S batteries. It was composed of a copper nanowire-
graphene nanosheet (CuNWs-GN) film, electrospinning polyimide
(PI) nonwovens and a rigid lithium lanthanum zirconium oxide-
polyethylene oxide (LLZO-PEO) film. The PI nonwovens provided
a stable support and were flame-retardant. The rigid LLZO-PEO film
could suppress the growth of lithium dendrites. The CuNWs-GN
film was powerful in blocking polysulfides. With this separator,
Mg-S batteries that operated at 50 °C showed a stable specific
capacity of 915.3 mAh g~ ' at 0.1 A g after 25 cycles. Li-S batteries
with this separator at 80 °C showed an initial specific capacity of
1402.1 mAh g~ 'at 0.1 A g~! and a decay rate of 0.24% in 300 cycles
at 0.5 A g~ 1. It’s obvious that the reaction kinetics of Mg-S batteries
were slow compared to Li-S batteries. For Al-S batteries, Yu et al.
modified the glassy fiber (GF) separator with a thin layer of single
walled carbon nanotubes (SWCNT) [220]. The function of the
SWCNT thin layer here was to help alleviate high-order polysul-
fides (S3~) and reduce the polarizations of Al-S batteries. The illus-
tration of the mechanism of it is shown in Fig. 13(d). With this
layer, the Al-S batteries delivered more than 600 mAh g~! while
the batteries with pure GF delivered less than 300 mAh g~! in
the 8 cycles.

In conclusion of this part, it’s very clear that materials for sul-
fur cathode host materials are also widely used in separator coat-
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ing. Different ion sieves capable of repelling polysulfides and
permitting lithium ions have been constructed on separators,
such as Nafion coating, metal oxides, sulfides and their
heterostructures coating, emerging nanomaterials coating such
as MOFs, Mxenes and so on. It’s noteworthy that present research
is mainly on separator coating for Li-S and Na-S batteries, novel
separators for Mg-S and Al-S batteries need to be developed in
the future.

6. In situ/in operando characterization techniques for
rechargeable metal-sulfur batteries

Batteries are a very sophisticated system, where cathodes, elec-
trolytes, anodes and other components change instantly and con-
tinuously during the electrochemical process. The mechanism of
the emerging high-energy batteries such as metal-sulfur batteries
is often unclear. Only when the mechanism is elucidated clearly
can we improve the overall electrochemical performance in a right
and efficient way. While it’s hard for traditional characterization
techniques (ex situ characterization techniques) to qualify for cap-
turing the intermediate states of the components of batteries and
the clear processes during charging/discharging. Fortunately,
in situ/in operando characterization tools [221-227] (such as
in situ XRD [228-231], in situ TEM [97,224,232-238], in situ
AFM [239-242]) provide a real-time monitoring method to observe
the electrochemical process of energy storage devices, such as
nanowires powered devices [222] and rechargeable metal-sulfur
batteries [221]. The term “in situ” means “on site”, it means that
data is collected at the site of the experiment. The term “in oper-
ando” means “in operation”, i.e. the experiment is conducted at
conditions similar to the real-life operating condition [1,243]. For
example, if we carried out an XRD experiment while a specimen
was being heated, the experiment was carried out “in situ”. If the
heating conditions were the same as the operating conditions of
the material, it was also “in operando”. The electrochemical reduc-
tion and oxidation of sulfur are complex during which many poly-
sulfides molecules are generated and sometimes the intermediates
disappear rapidly. It's very hard for ex situ characterization meth-
ods to capture the signals of these polysulfides intermediates.
However, in situ techniques such as in situ X-ray absorption
near-edge structure (XANES) [244-246] test can be equal to this
both qualitatively and quantificationally. In this part, we will
review on the effective in situ/in operando characterization tech-
niques used in metal-sulfur batteries, especially in Li-S batteries.

In order to record the phase changes of the cathode/anode
crystal materials during lithium insertion/deinsertion real-
timely, in situ/in operando XRD characterization methods have
been widely used in the area of lithium ion batteries. In metal-
sulfur batteries, only sulfur and lithium sulfide are crystalized,
it’s very hard to use in situ XRD to characterize the intermediate
electrochemical process of sulfur reduction/oxidation. Cui et al.
[230] pioneered the use of in operando XRD in Li-S batteries.
Recently, Villevieille et al. [231] reported that they observed the
existence of lithium polysulfides by in operando XRD test through
the strong interactions between long-chain polysulfides and SiO,.
As shown in Fig. 14(a), two broad peaks at 25.56° and 28.32°
appeared during the electrochemical process of a Li-S cell con-
taining fumed SiO, as the electrolyte additive. Inspired by this
strong interaction, they achieved a high- performance Li-S cell
with SiO, compared to the cell without SiO,. In order to investi-
gate the mechanism of Mg-S batteries, Dominko et al. [247] took
advantage of some in operando characterizations such as in oper-
ando XRD, XANES and resonant inelastic X-ray scattering (RIXS).
In operando XRD showed the disappearance of sulfur diffraction
peaks and the emergence of diffraction peaks from MgS. The crys-
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Fig 13. Separators used in metal-sulfur batteries. (a) The mechanism of Nafion in repelling polysulfides and permitting lithium ions. Reproduced with permission [203].
Copyright 2014, Royal Society of Chemistry. (b) The fabrication process and mechanism in inhibiting polysulfides of OVs-TiO,@PP separator. Reproduced with permission
[208]. Copyright 2020, Wiley-VCH. (c) Schematic MOF@GO separator in sieving soluble polysulfides. Reproduced with permission [216]. Copyright 2016, Springer Nature. (d)
An illustration of the mechanism of the reported Al-S batteries. Reproduced with permission [220]. Copyright 2017, Wiley-VCH.

talline structure of MgS was similar to wurtzite, which also indi-
cated large volume changes during electrochemical charge/dis-
charge in Mg-S batteries.

In situ TEM provides a powerful tool to monitor the structural
evolution of electrode materials during an electrochemical process
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(lithium or sodium insertion/deinsertion), especially in SnO, [234],
Sn [235],Si [236] and P [237] anodes. The volume changes of sulfur
cathodes (up to after lithiation) are strong enough to destroy the
electrode structure which will deteriorate the performance of the
electrodes. It is of great importance to visualize the morphological
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Fig 14. In situ characterization techniques for metal-sulfur batteries. In situ XRD: (a) The waterfall curve of XRD patterns (1), the corresponding galvanostatic curve (2), and
the intensity chart is given at the right of XRD contour part (3). Reproduced with permission [231]. Copyright 2017, Springer Nature. In situ TEM: (b) TEM images taken during
lithiation of sulfur nanoconfined in a CNT reaction vessel (1-3), and their corresponding EDP patterns (4-6). Reproduced with permission [248]. Copyright 2015, Wiley-VCH.
In situ AFM: (c) The representative cyclic voltammetry curve of the first cycling in a lithium polysulfides (Li/PS) cell (1), and (2-6) AFM topography images of highly oriented
pyrolytic graphite (HOPG) in an in situ Li/PS cell at various potentials. Reproduced with permission [242]. Copyright 2016, Wiley-VCH. In situ NMR: (d) Formation of solid
species in Li-S batteries upon cycling. Reproduced with permission [251]. Copyright 2017, American Chemical Society. In situ XANES: (e) Evolution of sulfur K-edge XANES
upon the electrochemical cycle based on linear combination analysis shown upon (1) charge and (2) discharge at a 0.1 C rate. Reproduced with permission [244]. Copyright
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with permission [253]. Copyright 2020, Elsevier.
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evolution of sulfur cathodes and guide the innovative design of sul-
fur composite cathodes. Yushin et al. [248] monitored the direct
lithiation of sulfur confined in a cylindrical carbon (carbon nan-
otubes, CNT) pore through in situ TEM for the first time. Fig. 14
(b) showed the sample evolution during the lithiation process.
They found that lithiation front was flat and oriented perpendicu-
lar to the confined sulfur cylinder. The lithiation process propa-
gated along the cylinder length. They proposed that lithium ions
had three transport ways: (1) Through the bulk of CNT; (2) through
the surface of CNT; (3) through the bulk of Li,S. At the same time,
electrons had two transport ways: (1) Through the bulk of CNT; (2)
along the Li,S/S interface. The latter way was reasonable because it
was confirmed by DFT calculations, which showed that energy
bandgap disappeared in the intermediate lithiation product Li,Ss.

In situ AFM is widely used to probe the interface between elec-
trolyte and electrode in lithium batteries. Wan et al. [241] reported
a series of in situ AFM study on the interfacial process of Li-S bat-
teries. They took advantage of electrochemical atomic force micro-
scopy (EC-AFM) to characterize the interphase process and
mechanism in Li-S batteries. They found that the morphologies of
Li,S, and Li,S were different and they existed in nanoparticles
and lamella sediments respectively (Fig. 14c). The electrochemical
performance degradation was ascribed to the unreversed deposi-
tion of some Li,S, nanoparticles. Recently, they reported a protec-
tive LiF interface film was formed at high-temperature (60 °C) Li-S
batteries [240]. It could trap polysulfides and form an amorphous
film, which provided effective protection of polysulfides interme-
diates and alleviated polysulfides shuttle. The results confirmed
the potential application of lithium bis(fluorosulfonyl) imide
(LiFSI) salt for Li-S system. These exciting results have proven the
effective function of in situ AFM in detecting the interface
morphology.

Taking advantage of the ’Li signal (spin value is 3/2, 92.5%
abundance), in situ NMR is well applied to monitor the evolution
of lithium polysulfides (both soluble and insoluble) [249-252].
Nazar et al. [251] observed the temporal speciation of Li-S batteries
through in situ NMR. There exist three Li environments in the spec-
trum, one is at around —0.06 ppm (signals of solid lithium-
containing species), and the other two are at around 3.67 ppm
and —0.16 ppm (signals of soluble lithium-containing species). As
shown in Fig. 14(d), through the monitoring of soluble and solid
species through in situ NMR, a four-step evolution during a com-
plete charge/discharge cycle can be seen. First is the formation of
soluble species because of the reaction between elemental sulfur
and lithium; second is the consumption of soluble species due to
solid species formation; third is the formation of soluble species
through the decomposition of solid species; fourth is the consump-
tion of soluble species due to the formation of elemental sulfur.
Peaks at around 250 ppm are ascribed to Li metal. Interestingly,
the differences between the chemical shifts of Li metal can distin-
guish dendritic/mossy (247 ppm) lithium from lithium metal
(259 ppm).

Synchrotron X-ray absorption spectroscopy (XAS) can detect
element-specific information no matter the material is crystalline
or not. The spectrum of XAS is made up with the pre-edge, XANES
and the extended X-ray absorption fine structure (EXAFS). Through
detecting sulfur K-edge spectrum, different sulfur-containing spe-
cies can be identified [244,245]. Nazar et al. [244] used in operando
XANES technique to monitor sulfur or lithium polysulfides. It was
worth mentioning that radical anion (S3-~) was observed and char-
acterized by a pre-peak at around 2468.5 eV. As shown in Fig. 14
(e), through making a linear combination analysis of S K-edge
XANES during a charge/discharge cycle, changes of polysulfides
intermediates are depicted.

Because in situ Raman spectroscopy [253-256] is sensitive to
the signals of sulfur and lithium polysulfides, it was used to mon-
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itor the electrochemical reaction process of Li-S batteries. In order
to distinguish the heterostructure of S@Nafion@GDY in regulating
the polysulfides in Li-S batteries, Li et al. [253] took advantage of
in situ Raman to track the changes of polysulfides during discharge
and charge processes in S@Nafion@GDY- and S@GDY@Nafion-
enabled Li-S batteries. During discharge, the reaction kinetics of
Li»Se and Li,S4 were slow in the S@GDY@Nafion electrode, which
resulted in the phenomenon in rectangular area 1 (Fig. 14f). During
charge, the retarded appearance of Li,Sg and Li,S,4 in rectangular
area 2 (Fig. 14f) and weak signals of Li,Sg in rectangular area 3
(Fig. 14f) confirmed the Nafion@GDY could accelerate the phase
transformation. Moreover, in situ Raman can monitor the interac-
tions between polysulfides and VOPO,4 host. Zhou et al. [255] found
that the Raman peaks didn’t increase after 75 min when VOPO,4
host aged in the Li,Se solution. This should be ascribed to the sat-
uration of the adsorption of polysulfides.

We have summarized many useful in situ techniques in this
part for metal-sulfur batteries, including in situ XRD (phase trans-
formation), in situ TEM (morphology evolution), in situ AFM (sur-
face tomography), in situ NMR (soluble polysulfides), in operando
XANES (soluble polysulfides) and in situ Raman (soluble polysul-
fides). There also exist many other useful in situ/in operando char-
acterization techniques for metal-sulfur batteries, such as
transmission X-ray microscopy (TXM) [257], X-ray fluorescence
microscopy [258], ultraviolet visible (UV-vis) absorption spec-
troscopy [259-261], which will not be discussed in detail. In situ
electrochemical method such as in situ EIS test of Li-S batteries
during discharge and charge was achieved by a four-electrode Li/
CP/CP/Li configuration. [262] In situ characterization techniques
are still under rapid developments and we believe the progress
in this area will have great advancements in exploring the under-
lying mechanisms and methods of performance optimizations of
battery materials. For example, in situ characterization of strain
during cycling of batteries is a very good direction. Much work
has been done on Li-S batteries whereas minor was on RT Na-S,
Mg-S and Al-S batteries. In the future, much attention should be
paid to the latter and the mechanism behind them will be eluci-
dated in a clearer way.

7. Conclusions and outlook

In conclusion, developments of high-energy rechargeable
metal-sulfur batteries are of big significance to the storage of
renewable energy. Various materials have been taken advantage
of to realize high-performance Li-S batteries, including carbon
materials, polymers, metal oxides and sulfides and other emerging
nanomaterials. Li-S batteries are the most prominent candidate for
high-energy storage amongst not only metal-sulfur batteries but
also lithium batteries. Polar host materials have been sought after
mainly on sulfur composite cathodes and separators of Li-S batter-
ies. Appropriate ones bind polysulfides efficiently while not
decomposing it. Anode protection is gaining more and more inter-
est. Solid-state electrolyte may be a good solution to Li-S batteries,
because it can solve the safety issues related to lithium anode and
flammable organic electrolytes. RT Na-S batteries designed for low-
cost large-scale electrical energy storage is worth anticipation. Pro-
totypes based on microporous carbon-sulfur composite based
composite cathodes coupled with carbonate electrolytes are
attracting more and more attention. Developments of new elec-
trolytes have been paid much attention to by many researchers.
Research results on sodium metal anode aimed at realizing practi-
cal low-cost Na-S batteries are exciting at present. When it comes
to terms with the volumetric energy density, magnesium or alu-
minum based batteries are very fascinating. Even though belonging
to metal-sulfur batteries like Li-S and Na-S batteries, the reaction
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mechanisms of Mg-S and Al-S batteries are quite different because
of the different electrolyte used. Nucleophilic magnesium
organohaloaluminate electrolyte has been developed to serve as
electrolytes for rechargeable Mg-S batteries. In the same way, elec-
trolytes based on an ordinary ionic liquid were developed for
rechargeable Al-S batteries. In that case, polysulfides shuttle no
longer exists. When coupled with sulfur counterpart, practical per-
formances of Mg-S and Al-S batteries need to be under deep con-
sideration. The electrolyte is still the stumbling block on the road
to achieving high-performance Mg-S and Al-S batteries.

For the perspectives of future developments, Li-S batteries are
promising in its industrialization before which several issues need
to be solved. (i) Through composite cathodes engineering, sulfur
loading of more than 15 mg cm 2 at low E/S ratio can be achieved.
In the future, only when high-areal-loading sulfur was achieved
would the application of Li-S batteries seem practical. New syn-
thetic method may be an innovative way to give a solution
[263,264]. (ii) Safety issues related to lithium anode should be
given a good solution. Moreover, thermal management including
experiments and simulations of Li-S batteries like Na-ion batteries
[265] need to be investigated more. Nanostructured carbon mate-
rials including graphene have been demonstrated to play a crucial
role in lithium anode protection. As a bright alternative way, solid-
state electrolyte may be a holy grail for Li-S batteries. Solid-state
electrolyte materials with lithium super ionic conductor (LISICON),
sodium super ionic conductor (NASICON) or garnet structures are
promising. Towards low-cost large-scale stationary energy storage,
Na-S batteries are of great potential to come into play. Future
directions for improvements are listed below. (i) Thermodynamics
and kinetics of the reaction mechanisms of Na-S batteries are
highly in demand. It will guide the developments of composite
cathode materials for Na-S batteries. (ii) Low sulfur loading of
microporous carbon-sulfur composites is a big hurdle. Innovative
methods are needed. (iii) Similar to lithium metal protection,
sodium metal anode protection is significant to the developments
of Na-S batteries. As for rechargeable Mg-S and Al-S batteries, large
amount of work needs to be conducted in the fundamental
research especially in developing suitable electrolytes. Since Mg?*
and AI*" ions possess higher charge density compared to Li* and
Na* ions, it will make them difficult to participate in sulfur redox
reactions. What's more, the strong solvation effect of Mg?" and
A" ions will also impede the electrochemical reactions. Organic
chemists can do much more than material scientists. Optimizing
non-nucleophilic electrolytes is a right direction to proceed for
Mg-S batteries. Commonly used glyme electrolytes are also a rea-
sonable choice. Besides electrolytes, the electrochemical activity
of Mg anodes has been found to be very low and should be
improved if we wanted to achieve better battery performances.
High-cost room temperature ionic liquids are widely used in
non-aqueous aluminum-ion batteries and it applies to Al-S batter-
ies. The slow reaction kinetics of present Al-S batteries should be
considered more. These issues are all relied on the developments
of suitable electrolytes (lower cost, lower dissociation barrier) for
Al-S batteries. On new prototypes, flexible batteries are a very
promising direction. On implementing emerging technologies, 3D
printing [266] has been used to enable advanced battery manufac-
turing. We believe there is a bright future for the developments of
rechargeable metal-sulfur batteries. What’s more, it can give
insights on sulfur redox chemistries and so on.
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