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Recent Advances in Emerging Non-Lithium Metal-Sulfur

Batteries: A Review

Lianbo Ma, Yaohui Lv, Junxiong Wu,* Yuming Chen,* and Zhong Jin*

Rechargeable non-lithium metal-sulfur batteries (MSBs) have gained
tremendous attention because of their merits, including a high theoretical
capacity, remarkable energy density, and low cost. However, the
detrimental issues encountered by non-lithium MSBs, such as polysulfide
shuttle effects, volume expansion and the low electrical conductivity

of elemental sulfur, and the serious side reactions between metal

1. Introduction

The rapid development of electronic mar-
kets has stimulated the exploration of new
energy storage and conversion systems.
Lithium-ion batteries (LIBs) are vital com-
ponents, powering consumer electronics
(e.g., mobile phones and laptops), elec-

anodes and electrolytes, severely restrict their practical applications. To
circumvent these issues, numerous effective strategies have been explored
and utilized. In this review, the intractable obstacles that prevent the
application of non-lithium MSBs are first summarized. Recent pioneering
studies on rechargeable non-lithium MSBs are reported and discussed

in terms of material design, fabrication methods, and electrochemical
performance. The emerging characterization techniques used to reveal

the working mechanisms of non-lithium MSBs and the advantages of
elaborately designed structures are highlighted. Finally, the remaining
issues and possible future areas of research for practical applications are

discussed.
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tric vehicles (EVs), and energy storage
units.' However, state-of-the-art LIBs are
approaching their specific energy limits,
and they cannot meet the ever-increasing
energy demand, especially for EVs.[5¢
Therefore, the development of new energy
storage and conversion devices is urgently
required. Lithium-sulfur (Li-S) batteries
are a major focus of academic and indus-
trial energy storage research owing to
their high theoretical capacity, high energy
density, and low cost.’11 However, Li-S
batteries normally suffer from several
inherent disadvantages, including low
electronic conductivity of sulfur and poly-
sulfide intermediates, the polysulfide dissolution and shuttle
effect, elemental sulfur volume expansion during charge/
discharge processes, and formidable side reactions originated
from Li metal anode and organic liquid electrolytes.'"'3 Var-
ious strategies including the exploration of micro- and nano-
structured sulfur hosts, optimization of electrolyte formulas,
modification of separators, and modulation of Li metal anodes
have been developed to address these challenging issues. Apart
from the safety concerns caused by the direct utilization of Li
metal, the limited reserves and high cost of Li resources also
impede the commercialization of Li-S batteries.[16]

As mentioned above, the anticipation of the increasing
price and limited availability of Li has become a strong driving
force for the exploration of other alkali and alkaline earth
metals.*7718] Non-lithium metal-sulfur batteries (MSBs) fab-
ricated by coupling naturally abundant and environmentally
friendly sulfur cathode with other metal anodes have attracted
extensive interest, because of the similar electrochemical con-
version reactions.”) For example, sodium (Na) and potassium
(K) have been employed because they locate the same group
right below Li in the periodic table, thus sharing similar phys-
ical and chemical properties.?2l In addition, multivalent
metallic anodes such as magnesium (Mg), calcium (Ca), and
aluminum (Al) have also been explored because the resulting
MSBs have even higher volumetric energy densities, as com-
pared with Li-S batteries (Figure 1).2*2] These non-lithium
MSBs experience similar issues to Li-S batteries; therefore,
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Figure 1. Parameter comparisons of Li atoms with other metal atoms and those of the corresponding Li-S batteries with those of other non-lithium MSBs.

solutions and strategies adopted in Li—S batteries can be trans-
ferred to non-lithium MSBs, which accelerates the development
of non-lithium MSBs. Notably, there are also some differences
between Li-S batteries and other non-lithium MSBs. For
instance, Na and K metals are more chemically active than
Li,2627] thus requiring stricter conditions, whereas the sluggish
kinetics of multivalent Mg?* and Ca?" cations are responsible
for the relatively poorer electrochemical performance of Mg—S
and Ca-S batteries.”®! As such, these newly emerged MSBs
encounter even more severe and complicated problems, which
must be solved for commercialization.

To completely address the above-mentioned issues faced
by non-lithium MSBs, various strategies have been proposed,
including the rational design of micro- and nanostructured cath-
odes, optimization of the electrolyte formula, and modification of
separators. It has been recently confirmed that these strategies are
effective for non-lithium MSBs. For instance, carbonaceous mate-
rials with various micro- nanostructures have been designed and
constructed as sulfur hosts for non-lithium MSBs, thus resulting
in good electrochemical performance.?” In addition, myriads
of efforts have been devoted to the exploration of new electro-
lytes,3%-33] modulation of metal anodes,**% and modification of
separators.l’’3% Strategies to mitigate the issues faced by metal
anodes have been extensively reviewed, and as such, this review
will refrain from reiterating this aspect of the field.

In this review, we first summarize the challenges encountered
with non-lithium MSBs and discuss their formation processes
in-depth. We then move on to the recently employed strate-
gies to resolve the challenging issues associated with various
non-lithium MSBs. Special focus is placed on the fundamental
understanding of their structure-composition-performance
relationships. Additionally, state-of-the-art characterization tech-
niques are highlighted to help understand the working mecha-
nisms of non-lithium MSBs. Finally, the remaining issues and
perspectives of non-lithium MSBs are given and discussed.

2. Challenges of Non-Lithium MSBs

Non-lithium MSBs suffer from several notorious issues similar
to Li-S batteries, such as the insulating nature of elemental
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sulfur and polysulfides, severe volume changes of sulfur, shut-
tling effect of metal polysulfides, and unstable metal anodes, as
illustrated in Figure 2.

(i) Insulating nature of elemental sulfur. In most MSBs, ele-
mental sulfur is directly used as the cathode material, with
fresh metals serving as anodes. However, the insulating
nature of elemental sulfur leads to sluggish charge transfer
and electrochemical reaction kinetics, causing severe battery
polarization, especially at high current rates.**2 A combi-
nation of highly conductive materials with sulfur has proven
to be effective in circumventing this issue. Thus, various
carbonaceous matrices (e.g., graphene, carbon nanotubes
(CNTs)), MXenes, and conductive polymers have been used
to construct sulfur composites for high-performance sulfur
cathodes.3=]

(ii) Severe volume changes in sulfur during the charge/
discharge cycles. The mass density of elemental sulfur is
=2.07 g cm~3, while the generated polysulfides have a rela-
tively lower density, for example, the mass density of sodium
sulfide decreases to 1.86 g cm™.1l Thus, elemental sulfur
undergoes an obvious volume expansion during electro-
chemical cycles, leading to dramatic structural damage of
sulfur cathodes and a short lifespan of MSBs. To this end,
the rational design of sulfur cathodes with sufficient space is
essential to alleviate the volume changes of elemental sulfur.

(iil) Dissolution and shuttle effects of polysulfides. Similar to
Li-S batteries, non-lithium MSBs experience serious shuttle
effects on metal polysulfides.¥’*8] During the discharge pro-
cess, metal cations diffuse into the sulfur cathode region and
react with sulfur, forming a series of metal polysulfides. How-
ever, the initially generated polysulfides are highly soluble in
ether-based electrolytes; therefore, the dissolved metal poly-
sulfides passivate metal anodes because of the force driving
the concentration gradient and the high reactivity of metals.
As such, not only is active sulfur consumed but the anode is
also passivated, which results in fast capacity fading in MSBs.
Physical restriction and chemical confinement are two well-
known strategies for resolving the shuttling of polysulfides.
Physical restriction relies on the design of meso/macropores
which trap metal polysulfides by physical absorption or by

© 2021 Wiley-VCH GmbH
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Figure 2. Schematic illustration of the pressing challenges of non-lithium MSBs.

molecularly confining sulfur in the micropores, while chemi-
cal confinement immobilizes the polysulfides through chemi-
cal bonds formed between the functional species and soluble
polysulfides, thus alleviating their dissolution and diffusion
in the electrolytes. Recently, the integration of two strategies
has become more popular because the synergistic effect can
further reduce the loss of active sulfur.

(iv) Low conductivity and low utilization of intermediate poly-
sulfides. Metal polysulfides are normally produced during
discharge and possess low electrical conductivities.[*>"]
The low electrical conductivity of active materials inevitably
impedes the electrochemical redox reactions, thus degrad-
ing the utilization of intermediate polysulfides. Moreover,
long-chain polysulfides tend to dissolve in the electrolyte
and shuttle between the cathode and anode, resulting in a
significant loss of active species.

(v) Unstable non-lithium metal anodes. In MSBs, the metal
anodes are directly exposed to electrolyte solutions and un-
desired side reactions may occur because of their high reac-
tivity. Metal anodes exhibit large volume expansion during
plating processes, causing the cracking of solid-electrolyte
interphase (SEI) layers and low Coulombic efficiency (CE).
Furthermore, the uneven distribution of ion flux intensifies
the non-uniform nucleation and growth of metal dendrites,
which may evolve into inactive species upon repeated cy-
cles.P152 In addition, the capacity of the anode and cathode
should be well-matched to maximize the energy density of
the MSBs, which means that the amount of metal anode
should be carefully controlled. Therefore, a highly revers-
ible metal plating/stripping efficiency is required to prolong
the cycle life of MSBs. Substantial efforts have been devoted
to addressing the unstable properties of metal anodes, includ-
ing the construction of novel anode structures, the modifica-
tion of separators, optimization of electrolyte formulations,
and application of protective layers on metal anode surfaces,
which have been referred to in some excellent reviews.[°>?

(vi) Differences between non-lithium MSBs and Li-S batteries.
Despite their similarities, non-lithium MSBs also exhibit
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some intrinsic differences. For example, K ions have a much
larger radius than Li-ions, resulting in sluggish reaction ki-
netics with a final discharge product, K, S (x < 2). It has been
reported that the final discharge product is in the range of
KSoe-08s5.>% In the case of multivalent MSBs, elemental
sulfur experiences an even larger volume expansion (up to
272%) upon complete discharge.*¥ Moreover, multivalent
metal ions are commonly incompatible with organic elec-
trolyte solutions; thus, new electrolyte systems must be ex-
plored and developed to accelerate metal ion transfer and
reversible platting/stripping of metal anodes. The work-
ing principles of non-lithium MSBs are yet to be clarified.
Although various strategies have been adopted aiming at
enhancing electrochemical performance, a fundamental un-
derstanding of the reaction mechanism is required.

3. Na-S Batteries

Na-S Dbatteries have caused tremendous interest owing to their
electrochemical result, including high energy density and low
Na and sulfur costs.” In the 1960s, high-temperature oper-
ated Na-S batteries emerged with molten Na as the anode and
sulfur as the cathode.’>) However, the working temperature
(above 300 °C) is relatively high, which causes safety concerns
and high operation costs.’® With the development of new
electrolytes, room-temperature (RT) Na-S redox reactions can
occur, widening the application of Na-S batteries. In the fol-
lowing section, we discuss recent advances in Na-S batteries
from the aspects of cathode construction, electrolyte optimiza-
tion, and separator modification.

3.1. Cathodes for Na—S Batteries
The architecture of the cathodes determines directly the

achieved electrochemical performance of Na—S batteries. Based
on different sulfur cathodes, the discussions here are divided

© 2021 Wiley-VCH GmbH
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Figure 3. a) A schematic illustration and electrochemical tests of N-doped graphene nanosheets/sulfur nanocomposites as the cathode material in
Na-S batteries and long-term cyclic performance of various cathodes at 0.1 C. Reproduced with permission.>® Copyright 2017, Wiley-VCH. b) Schematic
illustration of the synthesis of a freestanding cathode and the role of binder, as well as the electrochemical performance of the cathode. Reproduced

with permission.®% Copyright 2019, American Chemical Society.

into carbon-based and other sulfur composite cathodes, sodium
sulfide and polysulfide cathodes, covalent polymer-sulfur cath-
odes, and metal sulfide cathodes.

3.1.1. Carbon/Sulfur and Other Sulfur Composite Cathodes

Graphene and Reduced Graphene Oxide (RGO)-based Sulfur
Hosts: Owing to their high electrical conductivity, excel-
lent structural and electrochemical stability, and tunable
pore structures, nanocarbons have been widely employed as
sulfur hosts for Na-S batteries. Among the various nanocar-
bons, graphene, a 2D material with atomic thickness, has
been explored for the fabrication of sulfur cathodes.””>®! For
instance, nitrogen (N)-doped graphene has been reported as
a sulfur host (Figure 3a).’”! Benefiting from the improved
kinetics originating from the highly conductive N-doped
graphene networks, sulfur nanocomposites were found to
exhibit good electrochemical performance (specific capacity
of 136 mAh g! at the 10th cycle under 0.05 C) with an electro-
lyte/sulfur (E/S) of 50 uL. mg~'. To mitigate the dissolution of
polysulfides, Mitra et al. applied RGO as a sulfur host because
the oxygen-containing functional groups on the surfaces of
RGO provide abundant active sites for the adsorption of poly-
sulfide molecules. They further integrated RGO with valence
manganese oxides and sulfur particles to fabricate a sulfur
cathode. With the help of a hybrid Na alginate/polyaniline
binder, the polysulfide shuttle effect was restricted, and a
high CE of above 99% was maintained for 100 cycles with an
E/S of =20 uL mg!, as shown in Figure 3b.I° Such a design
concept allows the homogeneous distribution and maximum
utilization of elemental sulfur in electrochemical redox
reactions.
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Carbon Fibers as Sulfur Hosts: Carbon fibers have also attracted
tremendous attention because of their conductive and intercon-
nected networks, as well as their high electrolyte adsorption
capability.l®162] Niu et al. fabricated a freestanding sulfur cathode
by loading sulfur on carbon fiber (Figure 4a).%] The carbon
fiber/sulfur electrode with an areal loading of 2.0 mg cm™
delivered a specific discharge capacity of =390 mAh g7 at
0.1 C and good cyclic stability for 300 cycles with an E/S ratio
of 10 mL g™ Xia et al. prepared electrospun carbon nanofiber/
sulfur composites for all-solid-state Na—S batteries.® The as-
obtained Na-S batteries displayed a high specific capacity of
252 mAh g in the second cycle and maintained a capacity of
251 mAh g after 100 cycles, accompanied by an average CE
of =100%. To further promote the conversion kinetics of RT
Na-S batteries, Se was introduced into the sulfur compos-
ites to enhance the electronic conductivity of the composite
cathodes.[® For example, Zeng et al. impregnated Sy 5Seg o4 into
flexible porous carbon nanofibers (PCNFs), serving as the elec-
trode for RT Na—S batteries (Figure 4b). The pores in the carbon
nanofibers enabled a high loading of S,Se;, (=72 wt%).1%]
The S)o6Seqos@PCNFs displayed excellent electrochemical
result (specific capacity of 762 mAh g™ calculated based on
the mass of SgosSeg o4 after 100 cycles at 0.1 A g™}), which is
much higher than that of S@PCNFs (309 mAh g!). Addition-
ally, the hybrid cathodes exhibited an excellent rate capability
of 181 mAh g™ at 20 A g'. Similar results were obtained when
So.6Seg.4 was selected as the active component.[®]

Porous Carbon Material-Based Sulfur Hosts: Porous carbon
architectures with large specific surface areas and abundant
pores are promising hosts for Na-S batteries.””72 The large
specific surface area and high pore volume not only ensure a
high sulfur content in the composite cathodes but also alleviate
the volume changes of sulfur. In addition, the high electrical

© 2021 Wiley-VCH GmbH
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Figure 4. a) Schematic illustration and morphology of sulfur composites and their long-term cyclic performance. Reproduced with permission.[®3l
Copyright 2017, Elsevier. b) Schematic illustration, elemental maps, and electrochemical performance of sulfur cathodes. Reproduced with permis-

sion.[53] Copyright 2016, Elsevier.

conductivity of porous carbon provides fast electron transfer
during electrochemical reactions.l””l Metal-organic frame-
works (MOFs) are typical precursors for the production of
porous carbon materials. Rogach et al. reported a MOF-derived
S, N co-doped porous carbon skeleton with 3D tubular holes
for Na—S Dbatteries (Figure 5a).’”l Using a vapor-infiltration
method, sulfur species were bonded with the carbon struc-
tures; this method is different from the commonly employed
melt-diffusion method to physically confine sulfur species.
The sulfur cathodes demonstrated outstanding electrochemical
performance with high capacities (467 mAh g at 0.1 A g7},
270 mAh g after 1000 cycles at 1.0 A g!) and excellent rate
capability (304 mAh g at 10 A g!). Mesoporous N-doped
carbon nanospheres prepared by thermal annealing of Fe**/
polyacrylamide nanospheres were used as the sulfur matrix.[%]
The N-doped carbon nanospheres not only blocked the shuttle
effects of sodium polysulfides but also improved the utiliza-
tion of active sulfur species. Thus, the S@N-doped carbon
nanospheres maintained a high capacity of 639 mAh g after
400 cycles at 0.1 C and excellent cyclic stability for 800 cycles at
0.5 C (Figure 5b).

In addition to the commercial porous carbon materials,/374
other porous carbon matrices prepared through the template
method,”>7 direct carbonization of biomass and organic com-
plexes, B34 and wet-chemical synthesis approaches!®! have
also been employed as sulfur hosts for RT Na—S batteries.
Chou et al. constructed an elaborately designed carbon frame-
work, called interconnected mesoporous hollow carbon nano-
sphere, as a sulfur host for RT Na-S batteries (Figure 6a).”! In
situ X-ray diffraction (XRD) patterns revealed that the carbon
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framework suppressed the dissolution of sodium polysulfides
and enabled reversible reactions between Sg molecules and
Na,S4. Consequently, the sulfur cathode retained ~88.8% of
its initial capacity after 200 cycles and exhibited a superior rate
capability (127 mAh g™ at 5.0 A g™!). Recently, coffee residues
were carbonized to obtain porous carbon with abundant ultra-
micropores, which were then used as the sulfur host.B! Both
theoretical simulations and experimental results confirmed that
no soluble Na,S, (2 < n < 8) was generated and Na,S was the
final discharge product because of the restricted interlayer
distance of the biomass-derived carbon matrix. The sulfur/
carbon composite exhibited an ultrahigh specific capacity of
1492 mAh g at 0.1 C and excellent cyclability over 2000 cycles
without any capacity decay (Figure 6b). In addition, Jiang et al.
applied an in situ wet-chemical solvothermal method to con-
struct carbon nanostructures to enhance the adsorption of
sulfur molecules.®! The as-fabricated sulfur cathode presented
extremely high specific capacities of 889 and 811 mAh g! after
600 cycles and 950 cycles at 0.8 and 1.6 C, respectively, and
exceptional rate performance (700 mAh g at 8.1 C), demon-
strating great potential for practical RT Na—S batteries.
Constructing carbon architectures comprising various
carbon matrices can take advantage of each component to syn-
ergistically prevent the shuttle effect of soluble polysulfides
and enhance the electrochemical performance of Na-S bat-
teries.’®%] Guo et al. pioneered the development of micropo-
rous carbon for RT Na-S batteries. A coaxial cable-like structure
with a CNT inside a microporous carbon sheath was fabricated,
where the inner CNTs served as the electrically conductive chan-
nels for promoting fast electron transfer, and the mesoporous

© 2021 Wiley-VCH GmbH
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carbon sheath acted as the loading site for sulfur.®® The as-
obtained RT Na-S batteries displayed a long life of 200 cycles
and a high specific energy density of 955 Wh kg™.. Yu et al. pre-
cisely controlled the preparation of hollow carbon nanobubbles
on porous carbon nanofibers (CHNBs@PCNFs) by electrospin-
ning.®”! The heteroatom-doped CHNBs@PCNFs showed high
electrical conductivity and strong adsorption ability to sodium
polysulfides. The resulting sulfur/carbon cathodes exhibited a
high reversible capacity of 256 mAh g at 2.0 C (Figure 6c).
Hybrid Carbon Composite-Based Sulfur Hosts: Although dif-
ferent carbon materials have been explored to alleviate the dis-
solution of polysulfides, the non-polar carbon matrix can only
trap polysulfides through physical interactions. In contrast,
metal and metal compounds show high chemical adsorption
capabilities with intermediate polysulfides.®®%% Therefore, a
more reasonable approach is to design hybrid hosts that com-
bine highly conductive carbonaceous materials with highly
polar compounds such as metals,”l metal oxides,’>%”] metal
sulfides, %192 metal carbides,°>1% metal phosphides,'®” and
metal oxyhydroxides.%! Taking molybdenum disulfide (MoS,)
as a typical example; Xu et al. prepared a sulfur carrier of hollow
carbon spheres decorated with MoS, nanosheets (Figure 7a).%l

www.advenergymat.de

The hollow carbon spheres can serve as a reservoir for sulfur
species and electrolytes, whereas the outer MoS, nanosheets
chemically absorb the soluble sodium polysulfides. Thus,
the sulfur cathode displayed a high capacity of 1309 mAh g
at 0.1 C and excellent cyclic stability for 1000 cycles at 1.0 C.
Moreover, Dou et al. constructed a multifunctional sulfur host
composed of NiS, nanocrystals implanted into N-doped porous
CNTs.”l The sulfur host facilitated both physical confinement
and chemical bonding of intermediate sodium polysulfides,
thus effectively suppressing their dissolution and shuttle effects
(Figure 7b). The highly reversible conversion reactions between
soluble sodium polysulfides and insoluble Na,S/Na,S, are
responsible for the excellent electrochemical performance.
Other Sulfur Hosts: Other materials, including MXenell?:108]
and MOFs 1919 have also been employed to prepare sulfur
cathodes for Na—S Dbatteries. For example, Wang et al. pre-
pared a 3D wrinkled MXene nanoarchitecture with a high
specific surface area through a vacuum freeze-drying method
(Figure 7c).'”1 The MXene/S composite cathode effectively
suppressed the dissolution and shuttle effect of sodium poly-
sulfides and achieved good electrochemical performance
(577 mAh g7 after 500 cycles at 2.0 C) with a high sulfur
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Figure 7. a) Schematic diagrams of S@HCS/MoS, serving as the cathode of Na—S batteries and its electrochemical performance. Reproduced with
permission.®l Copyright 2019, Wiley-VCH. b) Morphology and electrochemical performance of NiS, on N-doped porous CNTs serving as the sulfur
cathode of Na-S batteries. Reproduced with permission.>?l Copyright 2019, Nature Publish Group. c) Schematic diagrams of the preparation of MXene/
sulfur composite and its electrochemical performance for Na—S batteries. Reproduced with permission.['"/l Copyright 2019, American Chemical Society.
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loading (4.5 mg cm™2). Moreover, Qiao et al. reported a 2D MOF  temperatures.''2 Such a structure enables high utilization of
to realize the chemical interactions between polysulfides and ~ Na,S components, leading to a stable capacity of 740 mAh g!
the Ni centers in MOFs, resulting in the strong adsorption and  for 36 cycles. Other Na,S,, such as Na;S, and Na,Sg, have also
fast conversion kinetics of polysulfides.'®” Consequently, high ~ been employed to fabricate sulfur cathodes."7-12% For example,
specific capacities of 347 and 241 mAh g! were obtained with ~ Mitra et al. prepared a freestanding cathode using manganese
an E/S ratio of 20 uL mg™! at 1.0 and 2.0 C after 1000 cycles,  dioxide-decorated carbon cloth (CC@MnO,) as a polysulfide
respectively, which are among the most stable electrochemical ~ reservoir with Na,S¢ solution as the active material.*l Ben-
performances reported so far. efiting from the highly conductive electron pathways and effi-
cient polysulfide adsorption capability, the as-obtained sulfur
cathode showed an impressive specific capacity of 938 mAh g
3.1.2. Sodium Sulfide and Polysulfide Cathodes with a remarkable capacity retention of =67% after 500 cycles
(Figure 8b). These results suggest that long-chain sodium poly-
Sodium polysulfides (Na,S,) can also serve as active materials  sulfides are very promising for Na—S batteries.
for Na—S batteries. The use of Na,S, avoids the incomplete uti-
lization of active sulfur and further ensures high reversibility
of Na—S batteries. Studies have extensively focused on taking  3.7.3. Organosulfur Copolymer Cathodes
advantage of the physical confinement concept to encapsulate
sodium disulfides (Na,S) into the voids and pores of carbona-  Designing organosulfur copolymer compounds to confine poly-
ceous materials.'""11% Wang et al. embedded Na,$S active spe-  sulfides via chemical bonding is another powerful strategy for
cies into the pores of CMK-3 through a melting-casting method ~ preparing high-performance cathode materials for RT Na-S
followed by a stress-release annealing-precipitation process, as  Dbatteries. As a typical example, a polyacrylonitrile (PAN)/S
shown in Figure 8a."") Owing to the reduced interface resist-  covalent composite was fabricated by mixing the precursors,
ance and residential stress, the Na,S-Na;PS,-CMK-3 nanocom-  cyclization, and dihydrogen at 300 °C.[2"125] The strong cova-
posite delivered an extremely stable capacity of 810 mAh g' lent interaction between sulfur and the carbon backbone in
(based on the mass of Na,S) at 50 mA g! at 60 °C, indicating ~ PAN prevents the production of free long-chain polysulfides
the promising applications of this sulfur cathode in inter- and leads to the uniform distribution of sulfur at the molecular
mediate-temperature Na-S batteries. Moreover, Kaskel et al.  level. As another advantage, PAN/S covalent composites are
reported a new approach to prepare Na,S/hard carbon cathodes  compatible with conventional carbonate electrolytes. These
by employing the carbothermal reduction of Na,SO, at different = benefits make PAN/S composites very attractive for Na—S

Naz$ + P2Ss anneal v i i
- P £ 1200 i
850 °C 270°C ;
! ‘c 800 olid-state Na-S battery] |
- ’\>, . g :-_'ﬂ—__ ‘
[ A £ 8 /\ @& CMK-3 8 400 i
i w“- W NaPs &
; @ 0°0 @ Nezs §_ 1 2 _ 30 40 50
1 » Cycle Number |

! »
| X1
A <
2!
\/\\ Catholyte 5 -
f\= -
s.2 NasS Carbon cloth 21
=
w

@Mn0O,@Na,S,
(P sy

Capacity (mAhg™')

ob—————— s
6 100 200 300 400 500
_..Cycle number ___

‘ = 2 Y
1 Sl S)» I
BN S SO S e :
1 ‘/’ . L s (4] O, 9 - 97.09% 1
} 'b ? Lg("s’s‘s('s}s’s‘s’s'——v) JJS(S)‘S?YO OJK{(S s

S\S—S/S " T, )

' = -\.qbl"g s‘(s)fs"f 04— Poly(S-PETEA)

0 100 200 300 400 500
Temperature / °C 1

1
i
i
I
1
1

Figure 8. a) Schematic illustration of the synthesis of sodium sulfides in CMK-3 and their electrochemical performance in Na-S batteries. Reproduced
with permission." Copyright 2018, American Chemical Society. b) Synthesis and the electrochemical performance of CC@MnO,@Na,S serving as
the sulfur cathode in Na-S batteries. Reproduced with permission.l"® Copyright 2019, Elsevier. c) The chemical structure evolution of poly(S-PETEA)
copolymer and the corresponding sulfur content measured by thermogravimetric analysis. Reproduced with permission.*2 Copyright 2018, Wiley-VCH.

Adv. Energy Mater. 2021, 11, 2100770 2100770 (8 of 28) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

batteries. For example, PAN/S covalent composites exhibited
an initial capacity of 655 mAh g based on the weight of the
PAN/S composite.”®) Hwang et al. replaced PAN power with
an electrospun PAN fiber mat to prepare a PAN/S composite
cathode.”l The 1D feature provided PAN/S nanofibers with
better electrochemical performance, especially at high current
densities. The fiber composite delivered a specific capacity of
153 mAh g after 500 cycles at 1 C. Although PAN/S covalent
composites exhibit ultra-stable cyclic performance, the low
sulfur content in the composites (typically lower than =50 wt%)
inevitably reduces the energy density.

To increase the sulfur content in the composite cathodes,
Ghosh et al. reported a cardanol benzoxazine-sulfur composite
(CS90) with a sulfur content of =90 wt%.28] The as-prepared
CS90 achieved a capacity of 542 mAh g! at 0.2 A g! and
retained 335 mAh g! after 50 cycles. Another exciting result
was reported by Zhou et al.,’?l who grafted sulfur onto a star-
shaped crosslinking monomer, that is, pentaerythritol tetrac-
rylate (PETEA). As shown in Figure 8c, Sg was converted to
diradical sulfur chains at 185 °C and was then copolymerized
with the PETEA monomers to obtain S-rich poly(S-PETEA)
covalent composites. The poly(S-PETEA) covalent composites
had a sulfur content of as high as 971 wt%, and the composite
sulfur cathode delivered a reversible capacity of 877 mAhg™ at
0.1 C when a gel polymer electrolyte was used.(?

In addition, small organosulfur molecules have also been
employed to improve the electrochemical performance of RT
Na-S batteries. A sulfur—carbon complex that relies on benzen-
edisulfonic acid and SO,* was used as the sulfur source rather
than elemental sulfur.'?”) Because most sulfur exists in the
form of O-S/C-S bridge-bonds (short/long-chain), the sulfur—
carbon complex had sufficient interfacial contact and high
ionic/electronic conductivities. Thus, the composites exhibited

800

www.advenergymat.de

a specific capacity of 696 mAh g at 2500 mA g! and excellent
cyclic stability over 1000 cycles.

3.1.4. Metal Sulfide Cathodes

Metal sulfides with abundant sulfur atoms can form chemical
bonds with polysulfides, providing a strong adsorption capa-
bility for soluble polysulfides during charge/discharge cycles.
Thus, metal sulfides can serve as alternative sulfur cathodes
for Na—S Dbatteries. MoS,,3% Bi,S;,31 FeS, 132 and Cu,S[3
have thus far been developed as sulfur cathodes. Mullins et al.
reported amorphous, sulfur-rich MoSs¢ as the sulfur cathode
for Na-S batteries (Figure 9a).3% Owing to the stable sodium
polysulfide retention, the MoSs s-based sulfur cathodes demon-
strated a specific capacity of 537 mAh g™ at 50 mA g™ and a
high rate capability of 200 mAh g! at 1.0 A g™.. It should be
noted that these values are calculated based on the mass of
MoSs 6, which is promising for practical applications. To further
improve the electrical conductivity of metal sulfides, Chou et al.
prepared a graphite-nanoplate-coated Bi,S; composite for Na—S
batteries (Figure 9b).*Y The as-prepared sulfur cathodes deliv-
ered an initial capacity of 550 mAh g! (based on the mass of
Bi,S;@C), stable specific energy of 275-300 Wh kg at 0.1 C,
and superior cyclic stability with a negligible capacity decay of
0.3% per cycle.

In the above section, we systematically reviewed several types
of sulfur cathodes for RT Na-S batteries. Multiple solutions
have been proposed to optimize the physicochemical proper-
ties of nanocomposites to obtain a high sulfur content, high
areal loading, and less polysulfide dissolution. The representa-
tive results are summarized in Table 1. However, notably, some
important parameters such as the electrolyte/sulfur ratio, areal
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Figure 9. a) Structure and the electrochemical performance of amorphous MoS, serving as the cathode of Na—S batteries. Reproduced with permis-
sion.% Copyright 2020, American Chemical Society. b) Synthesis of Bi,S;/C composite and its performance in Na—S. Reproduced with permission.*!
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Table 1. Recent progress on the synthesis and electrochemical performance of sulfur cathodes for Na—S batteries.

Sulfur Fabrication Morphology Sulfur Sulfur Electrolyte Rate Cyclic performance® Ref.
cathodes methods content loading performance(®
[wt %] [mgecm™

N-doped Chemical Hierarchical ~86 =1.0 0.8 M NaClO, in ethylene 212 mAh g7 at 136 mAh g after [59]
graphene/ reaction porous carbonate(EC) /dimethyl 0.05C 10 cycles at 0.05 C
sulfur deposition structure carbonate (DMC) (viv=T1:1)
RGO/Mn,0,/ Chemical Layered 60.7 2.05 1M NaClO,+ 0.1 M NaNO; 425 mAh g7 at =300 mAh g after [60]
sulfur reactions porous in tetraethylene glycol 0.5A g™ 400 cycles at 0.5 A g™’

structure dimethyl ether (TEGDME)
Carbon fiber Thermal Porous 334 1-3 1.5m NaClO4and 0.2 m 390 mAh g7 at 120 mAh g7 after [63]
cloth/sulfur treatment structure NaNO; in TEGDME 01C 300 cycles at 0.1C
Carbon fiber/ Thermal Porous 57.19 0.79 Polyethylene oxide-based 713 mAh g at 0.1 710 mAh g™ after [64]
sulfur treatment structure solid polymer electrolyte Ag™ 100 cycles at 0.1A g™
S,Seyy/carbon Thermal Porous 49 0.8-1.0 1M NaClO, in EC/ 1375 mAh g(_Sle,SH) 762 mAh g(_s]exs‘,x) after [65]
fiber treatment structure propylene carbonate (PC) at0.1A g(_S]e,SH) 100 cycles at 0.1 A

(wiw =1:1) g(_;exSH)
So65€0.4/ Electrospinning Porous 57.45 0.9 1M NaClOy4 in EC/PC 117 mAh g(fswe”s“) 202 mAh g(geossn,) after [66]
carbon fiber followed by structure (wew =T:1) at1.0 A g@enssm) 160 cycles at 0.5 A
annealing gfgeassﬂ,)

Microporous MOF precursor Porous 65 0.73-1.0 1M NaClO, in EC/PC 600 mAh g at 600 mAh g after [67]
carbon/sulfur method polyhedron (v:v = 1:1) with solid 05C 100 cycles at 0.1 C

structure additive
N-doped MOF precursor Porous 50 0.7-0.9 1M NaClO, in TEGDME ~1000 mAh g at 500 mAh g after [68]
porous method polyhedron 01C 250 cycles at 0.2 C
carbon/sulfur structure
S, N co-doped MOF precursor Hierarchical 37 0.9-1.5 1M NaClO, in PC+ 5 wt% 1262 mAh g7 at 730 mAh g7 after [72]
porous carbon method porous fluoroethylene carbonate 01Ag" 1000 cycles at 1.0 A
skeleton/ structure (FEC) g7'; 543 mAh g7 after
sulfur 1000 cycles at 5.0 A g™
N-doped MOF precursor Hierarchical 70.2 0.68-2.37 1M M NaClOy4 in EC/PC 228 mAh g7 at 639 mAh g after [69]
mesoporous method porous (viv=1:T) 20C 400 cycles at 0.1C
carbon nanospheres
nanosphere/
sulfur
Microporous MOF precursor Porous 30 — 1M NaClO4 in EC/PC — 556 mAh g™ after [70]
carbon/sulfur method structure (viv="1:1) + 2 wt% FEC 250 cycles at 0.1C
Carbon MOF precursor ~ Hollow porous ~48 — Sodium 617 mAh g at 311 mAh g after !
microsphere/ method structure trifluoromethanesulfonate 0.7C 60 cycles at 0.7 C
sulfur (NaCF;S0s3) in diethylene

glycol dimethyl ether
(DEGDME)
Carbon/sulfur Commercially Porous 50 — 0.5 M NaCF;SO; in =1000 mAh g7' at — [73]
available structure TEGDME 0.1C
Hard carbon/ Commercially Porous — — 1M NaCF;SO; in TEGDME — 418 mAh g after [74]
sulfur available structure 160 cycles at 0.1 C
Carbon/sulfur Template Interconnected ~46 3.2-41 1M NaClO, in EC/PC 127 mAh g at 292 mAh g after [75]
method porous (viv="T:1) + 5 wt% FEC 50Ag™ 200 cycles at 0.1A g™

structure
Ultra- Template Hierarchical 39.72 — 1m NaClO, in EC/DEC 574 mAh g7 at 392 mAh g after [76]
microporous method porous (viv=1:T) 1.0C 200 cycles at 1.0 C
carbon/sulfur structure
N,S-doped Template Hierarchical 22 11 1M NaClO, in EC/PC 196 mAh g7 at 400 mAh g™ after [77]
carbon/sulfur method porous (viv=1:T) 23Ag" 350 cycles at 0.23 A g™

structure
Carbon Template Hollow 60 — NaCF3;SO; in TEGDME 550 mAh g7 at — [78]
sphere/sulfur method structure (molar ratio of 4:1) 01C
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Table 1. Continued.
Sulfur Fabrication Morphology Sulfur Sulfur Electrolyte Rate Cyclic performance® Ref.
cathodes methods content loading performance®
[wt %] [mg cm™]
Carbon Template Hierarchical 44 — 1M NaClO, in EC/PC 56 mAh g' at 2.0 290 mAh g after [79]
nanobeads- method porous (viv=T:1) + 5 wt% FEC Ag’ 350 cycles at 0.1A g
carbon structure
nanosphere/
sulfur
Carbon Biomass- Hierarchical 35 — 1M NaPFg+0.25 M NaNO; 700 mAh g at 300 mAh g™ after [80]
sphere/sulfur derived method porous in TEGDME 01cC 1500 cycles at 1.0 C
structure
Carbon carrier/ Biomass- Microporous 40 1.0 1m NaClO, in EC/PC 1492 mAh g7 at 95% capacity retention [81]
sulfur derived method structure (viv=T:T) + 2 wt% FEC 01C after 2000 cycles at 1.0 C
Carbon/sulfur Carbonization Porous 38 12 1™ NaClO4 in EC/DMC 500 mAh g7 at 400 mAh g after [82]
of organic structure (viv=1:1) 0.15A¢g” 150 cycles at 0.15A g
complex
Carbon Carbonization Porous 29 1.0-1.5 1 ™M NaClO4 in EC/DMC 527 mAh g7 at 1250 mAh g~ after [83]
architecture/ of organic structure (viv=6:4) 20Ag" 500 cycles at 0.5A g™
sulfur complex
Carbon/sulfur Carbonization Porous 21.5 0.9-1.1 1M NaClO, in PC + 5 vol% =300 mAh g™' at 330 mAh g after [84]
of organic structure FEC 32Ag" 800 cycles at 1.0 A g™
complex
Carbon layer/ Wet-chemical Layer porous 37.8 1.4-1.7 1M NaClO, in EC/DEC (v:v 700 mAh g at 811 mAh g after [85]
sulfur synthesis structure =1:1) + 5 wt% FEC 8.1C 950 cycles at 1.6 C
CNTs/ Template Hierarchical 40 — 1M NaClO, in EC/PC (v:v ~800 mAh g' at — [86]
microporous method porous =1) 20C
carbon/sulfur structure
CHNBs@ Electrospinning Hierarchical 71.2 14 1M NaClO, in EC/PC 487 mAh g at 256 mAh g after [87]
PCNFs/sulfur followed porous (viv=T1T) + 5 wt% FEC 20C 400 cycles at 2.0 C
by thermal structure
annealing
Cu foam/ In situ growth Layered — — 1m NaClO, in EC/PC 1403 mAh g' at —_ [88]
sulfur method porous (viv=T:1) + 5 wt% FEC 50 mA g™
structure
Metal cluster/ Template Hollow 40 0.9-11 1™ NaClOg4 in EC/PC 220 mAh g7 at 394 mAh g7 after [89]
sulfur method structure (viv=T:1) + 5 wt% FEC 50A¢g” 1000 cycles at 0.1A g
Metal Hydrothermal Hollow 64.5 4.4 1™ NaClO, in TEGDME 349 mAh g7 at 675 mAh g after [90]
chalcogenide/ method structure 30C 800 cycles at 0.5 C
sulfur
Atomic cobalt/ Thermal Porous hollow 43 5.0 1™ NaClOg4 in EC/PC 220.3 mAh g at 508 mAh g after [91]
carbon/sulfur annealing structure (viv=T:T) + 5 wt% FEC 50A¢g” 600 cycles at 0.1A g™
Ni/N-doped Electrospinning Hierarchical 45 — 1™ NaClO, in TEGDME 181.7 mAh g7 at 233 mAh g7 after [92]
CFs/sulfur followed by porous 50C 270 cycles at 1.0 C
annealing structure
Carbon/Co/ Solution Hierarchical 375 — 1™ NaClO,4 in EC/DEC 485 mAh g7 at 226 mAh g after [93]
graphene processing porous (viv=1:1) 05C 1000 cycles at 0.5 C
aerogel/sulfur structure
Co Electrospinning Nanoparticles 38 =1.0 1m NaClOy4 in EC/DEC 906 mAh g7 at 0.038% capacity decay [94]
nanoparticles/ followed by embedded into (viv=T1:T) 01C for 800 cycles at 1.0 C
CFs annealing CFs
N-doped Template Porous hollow 56.5 — 1M NaClO4 in PC+ 5 wt% 181 mAh g7 at 20 369 mAh g after [95]
carbon sphere/ method structure FEC Ag™ 2000 cycles at 10 A g™!
Au/sulfur
Carbon/sulfur/  Electrospinning Fabric-like 65 3.3-35 1m NaClO,4 in EC/DEC 350 mAh g7 at 382 mAh g after [96]
BaTiO;/TiO, followed by ALD structure (viv=T:T) 20Ag" 3000 cycles at 2.0 A g™
RGO/VO,/ In situ grown Porous flower- 40 — 1M NaClO, in TEGDME 876 mAh g at 156 mAh g after [97]
sulfur method like structure 0.2C 1000 cycles at 2.0 C
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Sulfur Fabrication Morphology Sulfur Sulfur Electrolyte Rate Cyclic performance(® Ref.
cathodes methods content loading performance(®
W% [mgem]
Carbon Template Porous hollow 44 — 1m NaClO, in TEGDME 1309 mAh g at 216.5 mAh g™ after [98]
sphere@ method structure 01C 1000 cycles at 1.0 C
MoS,/sulfur followed by
hydrothermal
method

NiS,/N-CNTs/ Solution Hollow tube 32 2.5 1m NaClOy in EC/PC (viv = 203 mAh g7 at 401 mAh g™ after [99]
sulfur processing structure 1:1) + 3 wt% FEC 50A g™ 750 cycles at .0A g
Sulfur/ Ball milling Porous — 6.34/12.74 Na;SbS, solid electrolyte 662 mAh g at 468 mAh g after [100]
Na3SbS,/ structure 20Ag" 100 cycles at 1.0 A g™
carbon
CoNi,S,/ Solvothermal Layered 80 2.5-3.0 1™ NaTFSlin DOL/DME 180 mAh g7' at 350 mAh g after (o1
sulfur/carbon method structure (viv=1:T) 20C 100 cycles at 1/20 C
ZnS/CoS,/ Template Porous hollow 59 2.0 1™ NaClO,in EC/DEC (viv. 170 mAh g at 5.0 250 mAh g after [102]
sulfur/carbon method structure =11) + 5 wt% FEC Ag™ 2000 cycles at 1.0 A g™
CoG;/ Solution CNTs =77 3.2-8.6 1M NaClO, in EC/DMC 1364 mAh g7 at 79% capacity retention [103]
Co-CNTs/ method embedded into (viv = 6:4) 01C after 500 cycles at 2.0 C
sulfur followed by carbon cubes

annealing
VC/CNFs/ Electrospinning Porous fabric 42 — 1M NaPFgin DOL/DME 295 mAh g7 at 379 mAh g7 after [104]
sulfur followed by structure (viv=1:T) 1.0C 2000 cycles at 0.5 C

annealing
CoP-Co/ Carbonization Porous hollow 53 17 1M NaClO4in EC/PC (viv= 182 mAh g™ at 5.0 448 mAh g™ after [105]
carbon/sulfur followed by structure 1:1) + 3 wt% FEC Ag™ 700 cycles at .0A g

phosphidation

Carbon black/ Hydrothermal Porous layered 44.3 2.0 1M NaClO,and 0.2 m 392 mAh g7 at 378 mAh g7 after [106]
sulfur/AIOOH method structure NaNO; in TEGDME 1.0C 500 cycles at 1.0 C
Na,S-Na;PS,/ Melting-casting Porous — — Naj;PS, solid electrolyte — 810 mAh g(-,\“azs) after [
CMK-3 followed by structure 50 cycles at 0.05 A g!

annealing at 60 °C
Na,S/hard Thermal Porous — — 1 ™ sodium 350 mAh g7' at — mz]
carbon reduction structure bis (fluorosulfonyl)imide 0.2C

(NaFSl) in DEC/EC (viv =
6:4) + 3 vol% FEC
Na,S/carbon Dissolution- Hierarchical — — 1M NaPFgin DEGDME/ 690 mAh g at 300 mAh g after m3]
matrix precipitation porous DOL (v:v = 1:T) with 28Ag" 200 cycles at 2.8 A g™
structure 0.08 M of Na,S and P,Ss as
additives

Na,S/CNTs Chemical Porous — — 1.5 M NaClO,+ 0.3 m — Stable for 100 cycles [M4]

reduction structure NaNQO; in TEGDME
Na,S/ Self-weaving Porous — — 1.5 M NaClO4+0.2 m — Stable for 100 cycles ms]
Activated method structure NaNO; in TEGDME at0.2C
CNFs
Na,S/ Dripping- Porous — — 1.5 M NaClO,+0.3 m — 380 mAh g after [16]
MWCNTs casting method structure NaNO; in TEGDME 50 cycles at 1/3 C
Na,Se/ Alkaline Porous fiber — <2.0 0.5 M Na,Sgin (1.5 ™ 592 mAh g7 at 678 mAh g after mz
Activated treatment surface NaClO4+ 0.2 M NaNO3)/ 20C 700 cycles at 0.5 C
carbon cloth TEGDME
(10.4 L mg(s))
Na,Sg/CNFs/ Dispersion- Porous — — 0.25 M Na,Sgin (1.5 m 800 mAh g at — 18]
Activated filtration structure NaClO4 + 0.2 m NaNO;)/ 02C
carbon TEGDME
Na,S¢/carbon Hydrothermal Porous layered — — 0.25 M Na,Sgin (1.5 m 938 mAh g7' at 67% capacity retention m9]
cloth/MnO, method structure NaClO4+ 0.2 M NaNO3)/ 02Ag" after 500 cycles at

Adv. Energy Mater. 2021, 11, 2100770

TEGDME

2100770 (12 of 28)

02Ag"

© 2021 Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

Table 1. Continued.

ENERGY
MATERIALS

www.advenergymat.de

Sulfur Fabrication Morphology Sulfur Sulfur Electrolyte Rate Cyclic performance® Ref.
cathodes methods content loading performance®
[wt %] [mgcm™]
NasS,/Ketjen As received Porous 25 3.5 Nas3PS, solid electrolyte 340 mAh g7 at — [120]
black structure 0.04C
MXene Exfoliation Layered 58.75 2.1/4.5 2 M sodium 610 mAh g7 at 577 mAh g after [o7]
nanosheets/ method structure trifluoromethane- 50C 500 cycles at 2.0 C
sulfur sulfonimide (NaTFSI) in
EC/PC (viv=T:1) + 5 wt%
FEC
2D MXene/ Chemical Layered 55 — 1.5 m NaClO4 in TEGDME 120 mAh g7 at 150 mAh g after [108]
sulfur synthesis structure 1.0Ag™ 300 cycles at 0.1A g™
Te/sulfur/PAN Chemical Layered 42.06 1.0-1.2 1™ NaClOy4 in EC/DEC 629 mAh g at 894 mAh g after n22]
synthesis structure (viv="1:1) +10% FEC and 6.0Ag" 500 cycles at 1.0 A g™
1M NacClO, in DME/DOL
(viv =1:1) + 5 wt9%6 FEC
Sulfur/PAN Sulfurized Layered 41 — 1M NaPFg in EC/DEC (viv 1473 mAh g7 at 266 mAh g™ after [123]
method structure =11) 0.01C 200 cycles at 0.1C
Se,S,_,@pPAN Sulfurized Layered 46 1.0-2.0 1M NaClO,in EC/PC (viv 767 mAh E(ess..) 770 mAh &ige,s, [124]
method structure =1:1) and T M NaTFSl in at3.0A g(_S1eXSH) after 500 cycles at
TEGDME + 5 wt% FEC 04A8Es,)
I-doped sulfur/ Sulfurized Layered 17.7 — 1M NaClO, in EC/DEC (v:v 994 mAh g at 674 mAh g7 after [125]
PAN method structure =11) + 8% FEC 20C 500 cycles at 2.0 C
Sulfur/PETEA Chemical — 3.36 — Pentaerythritol 877 mAh g7 at 736 mAh g after [32]
bonding tetraacrylate-based gel 01C 100 cycles at 0.1C
electrolyte
2D MOFs/ Solution Layered 43.6 land 2.6 1M NaClO, in EC/PC (viv = 284 mAh g at 241 mAh g™ after [109]
sulfur processing structure 1:1) + 5 wt% FEC 20C 1000 cycles at 2.0 C
Fe-PPy/sulfur Solution Porous 46 — 1M NaClO, in EC/PC (viv = 205 mAh g™ at 10 101 mAh g after [170]
processing structure 1:1) + 3 wt% FEC Ag’ 1000 cycles at 0.3 A g™
Amorphous Solution- Layered 40 1.5-2.0 1M NaPFg in FEC/DEC 200 mAh g(h}losss) 311 mAh g(ﬂosss) at [130]
MoSs¢ proceed structure (viv=T1:1) at 1.0 A 8os..) 1.0A 8os,,) after
method 100 cycles
Bi,Ss/graphite Precipitation Rod-like — — 1M NaClO, in EC/DEC 550 mAh £@.s,) 69% capacity retention 137
nanoplate method structure (viv=1:1) at0.1C after 100 cycles at
01Ag!
FeS, Solution Nanoparticles — — 1 M NaPFg in DEGDME =250 mAh 8ifes,) 64% capacity retention [132)
nanocrystals processing at 1.0 A Eifes.) after 30 cycles at
01Ag"
Cu,S In situ reaction Flake-like — >3.0 Varying concentration of ~400 mAh g' at Stable for 400 cycles [133]
nanosheets structure Na,S¢ in T M NaSO;CF;/ 1.0Ag™

DEGDME

AUnless otherwise specified, the specific capacities in cyclic and rate tests are calculated based on the mass of sulfur.

loading of sulfur, and negative/positive capacity ratio, have been
overlooked in early studies. These parameters are extremely
important for practical applications, which is crucial for bridging
the gap between industrial and fundamental research.

3.2. Electrolytes for Na—S Batteries
Electrolytes are another crucial component in batteries that
affect the lifespan and reaction mechanisms of Na-S bat-

teries. Different electrolytes have been explored for Na—S bat-
teries, including organic liquids, gel polymers, and solid-state
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electrolytes.3l Considering the similarity between the chemis-
tries of Na-S and Li-S batteries, both ester and ether electro-
lytes were prepared by simply replacing the Li salts with their
Na counterparts. Emerging Na salts including NaClO,[1]
sodium trifluoromethanesulfonate (NaCF3;SO3),3¢ 138 and
NaTFSIBU have thus far been adopted. Li et al. comprehensively
studied the electrochemical properties of carbonate electro-
lytes for RT Na-S batteries. The highly concentrated electrolyte
comprised NaTFSI salts, PC, and FEC.U It was demonstrated
that the highly concentrated electrolyte not only prevented the
dissolution of sodium polysulfides but also triggered a stable
SEI layer on the Na surface. Impressively, by varying the salt
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Figure 10. a) Synthesis of the SPAN composite and the electrochemical performance in 2 M NaTFSI/TMP and NaTFSI/TMP+FEC electrolytes. Repro-
duced with permission.% Copyright 2019, Elsevier. b) Schematic illustration of the Al,O3-Nafion interlayers and their electrochemical performance for
Na-S batteries. Reproduced with permission.3] Copyright 2019, American Chemical Society. c) Schematic illustration of the preparation of a Janus

separator along with optical and cross-sectional SEM images. Reproduced

concentration, the electrochemical performance significantly
fluctuates. Kim et al. reported a non-flammable electrolyte (2 M
NaTFSI/trimethyl phosphate+FEC) for dendrite-free Na—S bat-
teries (Figure 10a).3% A high reversible capacity of 788 mAh g™
after 300 cycles at 1.0 C was maintained with a capacity decay
of only 0.04% per cycle. Theoretical simulations and surface
analysis proved that the FEC additive was responsible for the
excellent electrochemical performance.

Solid-state electrolytes are considered the ultimate choice for
resolving the shuttle effect of polysulfides.'3** However, their
low ionic conductivity and insufficient interfacial wetting with
Na metal restrict their practical applications.*! To overcome
the abovementioned problems, Cheng et al. synthesized a solid
electrolyte based on layered f-Al,0; (BASE), which possesses
extremely high RT ionic conductivity (=1 mS cm™) and high
chemical/mechanical stability.™! The triple Na,MoS,-carbon-
BASE nanojunction interface was constructed by adhering
ternary Na anodes containing 3 wt% MoS, and 3 wt% carbon

Adv. Energy Mater. 2021, 11, 2100770
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with permission.”) Copyright 2020, Wiley-VCH.

on BASE. The Na-S batteries using an all-solid-state electro-
lyte displayed a capacity of 1100 mAh g! at a current density of
1.5 mA cm™2. All these findings demonstrate the great promise
of all-solid-state electrolytes for practical applications.

3.3. Separator Modifications for Na—S Batteries

As mentioned above, both cathode construction and electrolyte
optimization can improve the electrochemical performance of
Na—S batteries by suppressing the dissolution and shuttle effect
of sodium polysulfides. Separator modification is another fea-
sible approach to achieve such goals, which has been widely
used in Li-S Dbatteries.'** Because most sodium polysulfides
are restricted at the cathode side, corrosion on the anode side is
alleviated, resulting in much improved electrochemical perfor-
mance, and in particular, long-term cyclic stability."*! Demir-
Cakan et al. reported an Al,0;/Nafion membrane to prevent the
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migration of intermediate sodium polysulfides (Figure 10b).'!
Al,O; is an effective adsorbent that chemically adsorbs sodium
polysulfides, whereas the Nafion membrane allows the migration
of Na* and repels sodium polysulfides. Consequently, the Na—S
batteries exhibited a high capacity of 250 mAh g! after 100 cycles
at 0.1 C. Moreover, an ion-selective polybenzimidazole (PBI) sepa-
rator was adopted to suppress polysulfide shuttling. It was
revealed that the passivation of the final product, Na,S,, was the
predominant attribute of large polarization and capacity fading.
Thus, the RT Na-S batteries using such PBI separators exhib-
ited excellent cyclability with a capacity retention of 92.9% for
50 cycles at 0.2 C, suggesting that separator modifications can be
an efficient strategy to improve the electrochemical performance
of Na—S batteries. Recently, Zhou et al. reported a Janus separator
where one side was grafted with a single-ion-conducting polymer
and the other side was coated with MXene (Figure 10c).*”! In such
a separator, the grafting of the ion-conducting polymer not only
improves the wettability of polyolefin separators in cyclic car-
bonate electrolytes but also renders dendrite-free Na deposition
by uniforming the Na ion flux. In contrast, the MXene layer pro-
moted the conversion reactions between polysulfides and Na,S.
When the Janus separator was employed, the RT Na—S batteries
displayed a capacity of 962 mAh g after 200 cycles at 0.1 C.

www.advenergymat.de

4, K-S Batteries

Compared with Li/Na—S batteries, research on K-S batteries
has emerged because of the low redox potential and abundant
reserves of K. However, K is much more reactive than its Li
and Na counterparts, and the larger ionic size of K* also results
in sluggish reaction kinetics, hindering the practical applica-
tions of K-S batteries. To resolve these obstacles, both sulfur
cathodes and electrolytes require rational design.

4.1. Sulfur Cathodes for K-S Batteries

Similar to Li-S and Na-S cathodes, various carbonaceous mate-
rials, such as CMK-3,°% microporous carbon,™! porous hard
carbon, 2 and porous CNFs,!33 have been used to host sulfur
for K-S batteries. Chen et al. reported a PANI-coated ordered
mesoporous carbon (CMK-3)/sulfur composite, which showed
an initial discharge capacity of 513 mAh g and retained
202 mAh g after 50 cycles at 50 mA g~! (Figure 11a).*% The
capacities originated from the redox conversions between
K,S3 and sulfur upon electrochemical cycles, as confirmed by
transmission electron microscopy (TEM), XRD, and Raman
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Discharge: 3S+2K'+2e—K,S; ; ] @
Charge: K,S; - 2e —3S + 2K* 7oo-v.qy.mtiw.~°w.v iy
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Figure 11. a) Schematic illustration, SEM image, and electrochemical performance of a CMK-3/S composite in K-S batteries. Reproduced with permis-
sion. Copyright 2014, American Chemical Society. b) Synthesis, elemental maps, and electrochemical results of mesoporous carbon/S composite
in K-S batteries. Reproduced with permission.l Copyright 2019, American Chemical Society.
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Table 2. Recent progress on the synthesis and electrochemical performance of sulfur cathodes for K-S batteries.

Sulfur Fabrication Morphology  Sulfur content  Sulfur loading Electrolyte Rate Cyclic Ref.
cathodes methods [wt%)] [mgcm™ performance performance
CMK-3/S Melt-diffusion 3D porous 40.8 — 1™ KCIO, in TEGDME 512.7 mAh g 202.3 mAh g™ [150]
structure at50 mA g”! after 50 cycles at
50mA g™
Microporous Melt-diffusion 3D porous — 0.5-1.0 mg cm? 0.8 M KPFg in EC/ 1198.3 mAh g™ ~870 mAh g™ [151]
carbon/S structure DEC (viv=1:1) at20 mA g after 150 cycles at
20mA g™
Hard carbon/S Melt-diffusion Porous — — 0.5 m potassium =400 mAh g™’ — [152]
structure bistrifluoromethanesulfonimide at0.1C
(KTFSI) in DEGDME
CNFs/S Electrospinning/ Porous — 0.5-1.0 mg cm2 1 M potassium 1392 mAh g7 1002 mAh g after  [153]
Melt-diffusion structure bis (fluorosulfonyl)imide (KFSI) at20 mA g 2000 cycles at
in DME 200mA g™
PAN/S Sulfurized Network — — 0.5 m KPFgin EC/ 550 mAh g'at  Capacity retention  [154]
process structure DMC (viv =1:T) 30C of 95% after 100
cycles at 0.5 C
PAN/S Sulfurized Network — — 0.8 M KPFg in EC: DEC 710 mAhg'at 147 mAh g after  [155]
process structure (viv=1:1) 05C 100 cycles at 0.5 C
PAN/S Sulfurized Particle — — 1 ™M KPFg in EC/DMC/ethyl 513 mAhglat 490 mAh g after  [156]
process structure methyl carbonate (EMC) 35mAg™ 100 cycles at

(viviv = 4:3:2) 35mAg

spectra. In addition, Xu et al. confined small-molecule sulfur
in microporous carbon for K-S batteries.'>l The strong con-
finement of small-molecule sulfur in the microporous carbon
matrix eliminated the generation of soluble short-chain poly-
sulfides and their shuttle effects. A reversible capacity of
1198 mAh g was obtained with 72.5% capacity retention after
150 cycles (Figure 11b).

PAN/S can also be used as a sulfur cathode for K-S bat-
teries.!> 161 Owing to their compositional and structural
merits, K-S batteries using the PAN/S cathode displayed
remarkable electrochemical performance. Wu et al. reported a
pyrolyzed PAN/S nanocomposite as a cathode material for RT
K-S batteries.'>>] The PAN/S cathode delivered a high revers-
ible capacity of 270 mAh g™ and an outstanding rate capability
of 83 mAh g at 3.0 C. The detailed parameters of typical sulfur
cathodes are provided in Table 2.

4.2. Electrolytes for K-S Batteries

The optimization of K-S battery electrolytes can efficiently sup-
press the dissolution and shuttle effect of polysulfides, thus
enhancing battery performance. Potassium trifluorometh-
anesilfonimide (KTFSI) salt dissolved in 1,3-dioxolane/1,2-
dimethoxyethane (DOL/DME) is a commonly used electrolyte;
however, the shuttling of polysulfide in this ether electrolyte
remains unsolved. To this end, Lu et al. developed a high-
donor-number solvent, 1-methylimidazole (Me-Im), to reduce
the solubility of polysulfides.”] Me-Im promoted the reduction
kinetics between K,S; and K,S, offering a high reversible spe-
cific capacity of 922 mAh g™ and a gravimetric energy density
of 1779 Wh kg™!. Moreover, Sun et al. adjusted the concentra-
tion of KTFSI in tetraethylene glycol dimethyl ether (TEGDME)
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solvent to examine the effect of salt concentration on the elec-
trochemical performance.™® They showed that with a highly
concentrated electrolyte (e.g., 5.0 M), the polysulfide shuttle
effect was alleviated and the kinetics of polysulfide conver-
sion was significantly enhanced. To synergistically restrict the
polysulfide shuttle effect and protect the K metal anode, Lu
et al. proposed a new K-S battery with a K*-conducting BASE
(K-BASE).'*l Novel K-S batteries displayed remarkable cyclic
performance with almost no capacity decay for more than
1000 cycles, indicating great promise of high-performance K-S
batteries.

5. Multivalent MSBs

5.1. Mg-S Batteries

Unlike Li/Na/K-S batteries with monovalent metals, multi-
valent metals are normally incompatible with typical organic
liquid electrolytes. Moreover, enabling fast mass transporta-
tion of multivalent metal ions and reversible platting/stripping
of multivalent metals in conventional electrolytes is still chal-
lenging. Although difficulties remain, Mg—S batteries are
among the most cost-effective ones in terms of their high volu-
metric capacity (3832 mAh cm™), superior safety, high abun-
dance, and low cost.[160-162]

5.1.1. Sulfur Cathodes for Mg—S Batteries
Analogous to alkali MSBs, sulfur/carbon composites are the

most popular cathode design for Mg—S batteries (Table 3). A gra-
phene-sulfur composite was prepared by thermal and chemical

© 2021 Wiley-VCH GmbH
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Table 3. Recent progress on the synthesis and electrochemical performance of sulfur cathodes for multivalent MSBs.
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Batteries Sulfur Fabrication Morphology Sulfur Sulfur Electrolyte Rate performance  Cyclic performance  Ref.
cathodes methods content loading
(Wt%)  (mgcm™?)
Mg-S RGO/S In situ Porous =49 =1.5 Magnesium— 108 mAh g7' at 219 mAh g7l after  [163]
reduction layered bis (hexamethyldisilazide) 45mA g’ 50 cycles at 20 mA
structure [(HMDS),Mg]/AlCl;/MgCl, g’
in TEGDME
Sulfide Thermal Porous 26.11 1.0 Anhydrous AlCl;/LiCl in =150 mAh g at 458.9 mAh g [164]
graphdiyne pyrolysis layered tetrahydrofuran (THF) 250 mA g™ after 36 cycles at
structure 50 mA g™
CNFs/S Melt-diffusion Network — =1.0 (HMDS),Mg/AICl3/MgCl, =920 mAh g7 at — [165]
structure in TEGDME 0.1C
Ketjen Melt-diffusion Porous 48 — 1.4 M (HMDS),Mg/AICl; 768 mAh g' at — [166]
black/S structure in TEGDME/DEGDME 01cC
(viv=1:1)
Carbon/S Melt-diffusion Porous 4.3 0.6-0.7 0.4 m (PhMgCl),/AICl; 185.4 mAh g7 at 210.4 mAh g7 after  [167]
structure in THF 02C 50 cycles at 0.1 C
Co-carbon/S ~ MOF-derived Porous — 0.4 m AlCl3/MgCl, in DME/ 380 mAh g at High capacity for [169]
method spherical PYRI4TFSI (viv=1:1) 04C 400 cycles
structure
Co/ MOF-derived Porous 47. =1.0 (HMDS),Mg/AICl; in ~600 mAh g7' at 450 mAh g7 after  [170]
N-carbon/S method structure DEGDME with LiTFSI 1.0C 250 cycles at 0.1C
additive
PAN/S Thermal Network — Magnesium tetrakis 422 mAh g7 at 550 mAh g7 after  [172]
pyrolysis structure (hexafluoroisopropyloxy) 1/30C 20 cycles at 1/30 C
borate (Mg[B(hfip)4],) in
DME
Al-S Ketjen Melt-diffusion Porous — 1.1 AICl; in T-ethyl-3- =~1500 mAh g™ at — [196]
black/S structure methylimidazolium 30 mA g™
chloride ([EMIM]CI)
Cu/carbon/S ~ MOF-derived Porous 34 — AICl; in [EMIM]CI (molar - 460 mAh g7 after  [197]
structure ratio of 1.3:1) 500 cycles at 1.0
Ag™
CNTs/S Melt-diffusion Porous — — AICl5 in [EMIM]CI (molar 1024 mAh g7 at — [198]
structure ratio of 1.3:) 100 mA g™
Carbon Melt-diffusion — — >1.0 AICl; in [EMIMICI (molar =1300 mAh g" at — [199]
cloth/S ratio of 1.3:1) 50mA g
PAN/S Thermal Network — — AlCl; in [EMIM]CI (molar 54 mAh geanys)” 201 mAh gpanys)” [200]
annealing structure ratio of 1.5:1) at 500 mA gpanys)” after 20 cycles at

25 mA gpanys)”

precipitation methods, which were then used as the cathode for
Mg-S batteries.03164 These architectures have several advan-
tages: i) high electrical conductivity to ensure fast electron
transfer; ii) strong chemical anchoring of sulfur species to alle-
viate the polysulfide shuttling; iii) mechanically stable frame-
works to accommodate volume changes; iv) sufficient pores
and voids to enable easy penetration of the electrolyte. Thus,
Mg-S batteries exhibited a high specific capacity and remark-
able long-term cyclic stability.l'¥l To further increase the sulfur
content in carbonaceous materials, pores and voids require
elaborate designs.'%-1%8] Wang et al. reported a cathode with a
sulfur content of 64.7 wt% by embedding sulfur into a micro-
porous carbon architecture.l'’”] As illustrated in Figure 12a,
the sulfur host facilitated the physical confinement of poly-
sulfide dissolution and shuttle effects. Consequently, the sulfur
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cathode exhibited an initial discharge capacity of 979 mAh g
at 0.1 C and retained 369 mAh g after 200 cycles. The Co spe-
cies were then incorporated into the carbon frameworks to
accelerate the conversion of polysulfides during the charge/
discharge processes.'®7% Co species have strong chemical
adsorption capability with polysulfides, and thus, prevent their
dissolution and shuttle effect in the electrolyte. Wang et al.
synthesized Co species embedded in a mesoporous carbon
matrix (MesoCo@C) as a sulfur host. After melt impregnation
of sulfur, the composites exhibited a high and stable capacity of
280 mAh g! for more than 400 cycles at 0.2 C (Figure 12b).[16%]
PAN/S covalent composites have also been explored for use
in Mg-S Dbatteries.”*73 For instance, Wang et al. reported a
PAN/S covalent composite with a sulfur loading of 473 wt%,
which was prepared by directly heating the mixture of PAN
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Figure 12. a) TEM image and electrochemical performance of a mesoporous carbon/sulfur composite as the cathode in Mg—S batteries. Reproduced
with permission.l'®/] Copyright 2018, American Chemical Society. b) Schematic illustration of the synthesis, SEM and TEM images, and the electro-
chemical performance of carbon confined Co in mesoporous carbon serving as the sulfur host in Mg-S batteries. Reproduced with permission.['6°)

Copyright 2020, American Chemical Society.

powder and sulfur powder.”!l In general, S/PAN cathodes dis-
play better cyclic stability than carbon/sulfur composites.”>173l

5.1.2. Electrolytes for Mg—S Batteries

Compared with the design of sulfur cathodes, it is much
more challenging and crucial to design a suitable electrolyte
for Mg—S batteries. Both Mg salts and solvents significantly
affect the electrochemical performance of Mg-S$ batteries.[V+17]
The first Mg salt used for the Mg—S battery electrolyte was
[Mg,(1-Cl)3(THF)g]**, which was reported by Muldoon et al. in
20111781 Since then, numerous Mg—S electrolyte systems have
been explored. As a typical nucleophilic electrolyte, (PhMgCl),-
AICI;/THF possesses good anodic stability and reversibility
upon Mg deposition/dissolution cycles.”’] When employed
for Mg-S batteries, a moderate capacity of 113 mAh g™ was
achieved after 20 cycles. In 2015, Fichtner et al. reported a
new non-nucleophilic electrolyte composed of (HMDS),Mg
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and diglyme/tetraglyme solutions for Mg-S batteries.”® They
achieved a discharge potential of =1.65 V for Mg-S batteries,
close to the theoretical thermodynamic value, and a long upper
voltage plateau with a relatively higher capacity was obtained. To
date, various Mg compounds, such as [(HMDS),Mg],[7#181 and
MgCl-based, /8218 have been developed as non-nucleophilic
Mg electrolytes. Among them, the (HMDS),Mg salt has several
disadvantages, including corrosion problems of current collec-
tors and inhibition of Mg transport. To resolve these pressing
issues, Zhang et al. reported an electroactive salt, [Mg(THF)]
[AICL], (Figure 13a).!%! Because of their high Mg cyclic effi-
ciency, good anodic stability, and high ionic conductivity, Mg—S
Dbatteries exhibited good cyclic performance for 20 cycles within
the voltage range of 0.3-2.6 V, suggesting the reversible conver-
sion of S to MgS without severe passivation of the Mg electrode
surface.

To promote the practical applications of Mg-S batteries,
several new electrolyte systems have been explored.['8-1%9 For
instance, to broaden the voltage window of Mg compatible
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Figure 13. a) Molecular structure of [Mg(THF)g][AICl,], and electrochemical performance of Mg-S batteries obtained using [Mg(THF)g][AICl4], as the
electroactive salt. Reproduced with permission.l'® Copyright 2016, Wiley-VCH. b) Electrochemical tests of Mg—S batteries by employing Mg[B (hfip).,
as the electrolyte. Reproduced with permission.'®5] Copyright 2018, American Chemical Society.

electrolytes, Cui et al. reported a well-defined boron-cen-
tered anion-based Mg electrolyte (BCM electrolyte) by a
facile one-step mixing strategy.18¢] The electrolyte is charac-
terized by easy synthesis, high ionic conductivity, compat-
ibility with electrophilic sulfur, and non-corrosivity, thus
resulting in an impressively prolonged cycle life. Moreover,
Fichtner et al. reported an efficient and practical electro-
lyte comprising Mg tetrakic(hexafluoroisopropyloxy) borate
(Mg[B(hfip)],)."®*) Owing to its high anodic stability, high
ionic conductivity, and excellent long-term Mg cyclic stability
with low polarization (Figure 13b), the electrolyte exhibited
excellent electrochemical performance. Meanwhile, Wang
et al. developed a new electrolyte by dissolving Mg(CF3SO3),-
AlCl; in tetrahydrofuran and a tetraglyme co-solvent.'®”l The
electrolyte exhibited a low overpotential, moderate anodic
stability, suitable ionic conductivity, and good compatibility
with the sulfur cathode. Although significant improvements
have been achieved, the feasibility of Mg—S batteries remains
a subject of debate. More efforts are urgently needed to com-
mercialize Mg-S batteries.
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5.2. Ca-S Batteries

Ca is another earth-abundant element, making Ca—S batteries
a promising high-energy-density system. See and Seshadri
first reported the Ca—S chemistry in 2013;!1°U however, the as-
formed system was not reversible because of the difficulty in Ca
plating.¥l Subsequently, numerous studies have focused on
the exploration of new electrolyte systems and the introduction
of electrolyte additives to improve the electrochemical perfor-
mance of Ca—S$ batteries.®3-1%] For instance, Zhao-Karger et al.
developed a new electrolyte system composed of Ca tetrakis (hex-
afluoroisopropyloxy) borate (Ca[B(hfip)4],) for Ca—S batteries.['%’]
The obtained Ca—S batteries show a high cell voltage of 2.1 V;
however, the cyclic stability was not satisfactory. With a sulfur/
activated carbon cloth as the sulfur cathode, Stievano et al.
examined the electrochemical activity of Ca-S batteries using
an alkoxyborate-based electrolyte.® In situ and ex situ charac-
terizations verified that elemental sulfur could be successfully
retained at the end of each charge process, indicating revers-
ible charge/discharge processes. In addition, Manthiram et al.
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demonstrated that a Li*-mediated Ca-based electrolyte could
further improve the reversibility of the Ca—S chemistry and
utilization of sulfur cathodes.”” These investigations pave the
way for exploring alternative multivalent MSBs.

5.3. Al-S Batteries

Al is the most abundant metal element (=8.1%) on the Earth’s
crust. Regarding the remarkable specific gravimetric capacity of
2980 mAh g! and volumetric capacity of 8050 mAh cm=, Al is
very promising for battery applications, such as Al-ion batteries
and Al-S batteries.

5.3.1. Sulfur Cathodes for AI-S Batteries

Published research on sulfur cathodes for Al-S batteries has
mostly focused on the construction of sulfur/carbon composites
(Table 3). For example, composites using Ketjen black as the host
were prepared as cathode materials. When an ionic liquid (IL)
electrolyte was employed, the assembled Al-S batteries delivered

www.advenergymat.de

an impressive discharge capacity of 1400 mAh g™ (based on
sulfur), accompanied by a discharge plateau of =1.2 V.% In
another work, Ji et al. prepared a sulfur cathode by anchoring
sulfur on a MOF-derived carbon matrix.'”” XRD and Auger
spectrum results revealed that the Cu in MOF (HKUST-1)
formed S—Cu ionic clusters, thus facilitating the electrochemical
reaction and improving the reversibility of S upon charging/
discharging. Meanwhile, Cu increased the electron conductivity
at the carbon matrix/S interface, which significantly reduced
the kinetic barrier for the conversion of sulfur species during
battery operation. Thus, the S@MOF-derived carbon composite
exhibited a reversible capacity of 600 mAh g at the 75th cycle
and a reversible capacity of 460 mAh g after 500 cycles at
1 A g! (Figure 14a). In addition, activated carbon cloth and self-
woven CNF paper were reported as sulfur hosts, and S/PAN was
examined as a sulfur cathode.[%8-201]

5.3.2. Electrolytes for Al-S Batteries

Typically, the plating/stripping of Al is reversible in IL elec-
trolytes. Therefore, various IL-based electrolytes have been
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Figure 14. a) Synthesis of S@HKUST-1 composite and the electrochemical performance of S@HKUST-1 cathode for Al-S batteries. Reproduced with
permission.¥”] Copyright 2019, Wiley-VCH. b) Schematic diagram of the charge/discharge mechanism of Al-S batteries using the EMIMBr-AICl; elec-
trolyte. Reproduced with permission.2°2 Copyright 2017, Wiley-VCH. c) Schematic illustration of the discharge process of Al-S batteries with an AICl;/
acetamide eutectic electrolyte. Reproduced with permission.2%l Copyright 2019, Elsevier.
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developed over the last decade. A commonly used electro-
lyte solution is the IL, 1-ethyl-3-methylimidazolium chloride
(EMIMCI)-AICl;, which is prepared by mixing AICl; in the
organic cation chloride salt EMIMCI with different molar
ratios.[196:198.199.202-204 \frang et al. reported a rechargeable Al-S
battery using the EMIMCI-AICI; electrolyte with a molar ratio of
1.3:1.19% The sulfur in the cathode undergoes a solid-state con-
version reaction with large voltage hysteresis, which is caused
by slow reaction kinetics. Moreover, using the same electro-
lyte, Yu et al. demonstrated that high-order polysulfides (S,2",
x 2 6) are soluble in the IL electrolyte, and transitions between
S¢¥~ and insoluble low-order polysulfides are reversible, as
illustrated in Figure 14b.12%4 By replacing EMIMCI with 1-ethyl-
3-methylimidazolium bromide (EMIMBr), Li et al. reported a
new IL electrolyte, called EMIMBr-AICI;.12%] Al,Cl;Br~ served
as the dissociation reaction reagent, instead of AL,Cl;, in a
kinetically accelerated Al-S battery, which has a sulfur utiliza-
tion higher than 80%. In addition, Manthiram et al. reported
a Li*-ion mediation strategy to enhance the reversibility of RT
Al-S batteries. The electrolyte was prepared by mixing AICl;
and solid EMIMCI, followed by dissolving additional Li salt
(LiCF3S05) into the above IL.[?%l Experimental and theoretical
results suggested that the enhancement in reversibility can be
attributed to the presence of Li*, which promotes the formation
of soluble polysulfides and therefore reduces the kinetic bar-
rier for the reduction and oxidation of Al polysulfides. Thus,
the Al-S batteries exhibited an initial capacity of 1000 mAh g
and maintained a high specific capacity of 600 mAh g after
50 cycles. To further enhance the chemical stability of sulfur in
IL electrolytes, Bian et al. developed a new AlCl;/urea electrolyte
for Al-S batteries.””] Operating with this electrolyte, the Al-S
batteries displayed a high specific capacity of =700 mAh g
and retained 500 mAh g after 100 cycles.

Apart from IL-based electrolytes, several new electrolyte
systems have also been developed for Al-S batteries.20820]
For instance, Ji et al. fabricated a water-in-salt electrolyte
composed of a mixture of aluminum trifluoromethanesul-
fonate (Al(OTF);), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), and hydrochloric acid (HCl) in deionized water.?8]
The presence of LITFSI trapped the water molecules and inhib-
ited the hydrolysis of polysulfides in the electrolyte, whereas
the mildly acidic environment enabled repeatable oxidation/
reduction reactions at the anode. Moreover, AICl; was dissolved
in acetamide under stirring and was employed as the electro-
lyte in RT Al-S batteries (Figure 14c).?% XRD characterization
demonstrated the generation of aluminum sulfides, including
Al,S;, as the electrochemical conversion products. The Al-S
batteries delivered a specific capacity of 1500 mAh g and a
high rate capability (688 mAh g™ at 300 mA g).

6. Advanced Characterization Techniques

To gain an in-depth understanding of the electrochemical reac-
tions of non-lithium MSBs, advanced characterization tech-
niques, including in/ex situ XRD, Raman, X-ray photoelectron
spectroscopy (XPS), TEM, and energy X-ray absorption fine
structure (EXAFS), have been employed to provide useful infor-
mation regarding charge and discharge products.
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In situ characterizations monitor real-time electro-
chemical reactions, which help probe the generation of
intermediates and further conversion of metal polysulf
ides.[7>79.81,90-93,95,9899.10L102.153] Iy ity synchrotron XRD is a
powerful technique to probe the crystallographic intermediates,
which has been widely employed in the mechanistic studies
of MSBs.7>79:90.9195.99102] For instance, Dou et al. conducted in
situ XRD to track the conversions of intermediate polysulfides
under different working stages, as shown in Figure 15a.°Y They
showed that cobalt catalyzed Na,S, into elemental sulfur during
the charge process, whereas irreversible Na,S, species were
detected without the cobalt catalyst. With cobalt as the catalyst,
elemental sulfur can be fully converted into Na,S, resulting in
better sulfur utilization. To further explore the chemical conver-
sion reactions, Chou and co-workers monitored the phase evo-
lution of a core-shell structured multisulfiphilic cathode using
an in situ synchrotron XRD technique.l? The XRD patterns
revealed that the Sg molecules could be fully transformed into
long-chain polysulfides, followed by Na,S. Similarly, the in
situ XRD technique confirmed the catalytic functions of cobalt
atoms®! and metal sulfides.**%’]

In situ Raman spectroscopy is another widely employed
tool for determining the detailed working mechanisms of non-
lithium MSBs.*29398101 With the hollow carbon sphere@MoS,
as the sulfur host, Xu et al. employed in situ Raman spectroscopy
to investigate polysulfide conversions.’®! Because MoS, and
sodium polysulfides have different Raman peaks, the appearance
and disappearance of Raman peaks at different charge/discharge
statuses reflect the evolution of intermediates, thus highlighting
the actual working mechanisms. As shown in Figure 15b, ele-
mental sulfur underwent a two-step conversion reaction pro-
cess, converting into long-chain polysulfides (Na,S,, 4 < x < 8),
followed by short-chain polysulfides (Na,S,/Na,S). Moreover,
Xu et al. probed intermediate polysulfide conversions in Na-S
batteries, when Ni hollow sphere@N-doped carbon fibers were
used as the sulfur host.*?! In situ Raman spectroscopy demon-
strated that the peaks of Sg molecules existed during the entire
discharge process. This observation indicated that Sg was not
completely reduced, which could be attributed to the sluggish
reaction kinetics of the Na—S batteries. During the charging pro-
cess, the polysulfides were partially oxidized to sulfur because of
the presence of both elemental sulfur and Na,S.

In situ TEM™3 and in situ ultraviolet-visible (UV-vis) spec-
troscopy® were also used to reveal the working mechanisms.
Xu et al. performed in situ TEM to examine the stability of
porous carbon nanofiber (PCNF)/S cathode during the potas-
siation/depotassiation processes.®¥ As shown in Figure 15c,
the diameter of the PCNF/S composite fiber increased from
180 to 240 nm, with an increment of 33% during the discharge
process. Impressively, the PCNF host maintained its initial
morphology and structure after the full depotassiation process,
indicating the excellent structural stability of the PCNF/S com-
posite. In contrast to the above discussions, Xia et al. conducted
in situ UV-vis spectroscopy to probe the working mechanisms
of an ultra-porous carbon host in Na—S Dbatteries.®! Notably,
Na,S was the only product during the whole discharge pro-
cess. During the charge process, the peaks corresponding to
elemental sulfur were measured, indicating one-step conver-
sion mechanisms in Na-S$ batteries.
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images of the PCNF/S cathode during potassiation/depotassiation processes. Reproduced with permission.>3 Copyright 2020, Royal Society of

Chemistry.

Ex situ characterizations, such as ex situ XRD, ex situ
Raman, and ex situ XPS, also provide useful information for
understanding the reaction mechanisms of non-lithium MSBs.
The ex situ XRD technique is an easily manipulated tool to
probe the generation of metal polysulfides during charge/
discharge cycles because different polysulfide intermediates
show distinct XRD peaks.*#13L18] For instance, Chou et al.
applied ex situ XRD to study the storage behavior of Bi,S;,
which was directly used as the cathode material for Na-S bat-
teries.®! As shown in Figure 16a, diffraction peaks attributed
to Na,S appeared when the cell was discharged to 0 V, whereas
the diffraction peaks of elemental sulfur were observed after
the first charge process, suggesting the conversion between
Na,S and elemental sulfur during the first cycle. Wang et al.
performed ex situ XRD to study the redox reactions in K-S
chemistry.”® The XRD results confirmed that the K-S batteries
underwent a multistep conversion between Sg molecules and
K,S; during charge/discharge processes, indicating that the
K,S; phase is an electrochemically stable product in the con-
centrated electrolyte, that is, 5 M KTFSI in diglyme.

Ex situ Raman spectroscopy has also been employed to probe
phase transformation in non-lithium MSBs.[31728384154155] gy
situ Raman spectra of Na—S batteries were collected during
the first two discharge and charge processes, as shown in
Figure 16b."2l The presence of the C-S peak and the disappear-
ance of the S-S peak implied the conversion of Sg molecules
into Na,S, which was confirmed by other studies that used
covalent polymer-sulfur cathodes.B3*151 Moreover, Kang
et al. conducted ex situ Raman spectroscopy to track the evolu-
tion of sulfur species during charge/discharge processes, and
their results demonstrated that solid Na,S was formed during
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the initial discharge process, which could not be fully oxidized
during the following charge cycle because of the poor kinetics
for transferring the short-chain polysulfides.® It has also been
reported that Na,S, (4 < x < 8) can be generated from Na,S in
the presence of 157, because the peak intensity of Na,S, remains
strong even after charge/discharge cycles.

Apart from the above-mentioned in/ex situ characterizations,
new characterization techniques, such as EXAFS, were also
conducted in non-lithium MSBs.l%l According to the EXAFS
results, Chou et al. proposed that the released electronegativity
of phosphorus and the electron delocalization of Co in the
CoP-Co composite was responsible for the high electrocata-
lytic activity of sodium polysulfide conversions (Figure 16c).1%!
Moreover, porous hollow structures and highly active het-
erostructures promote polysulfide adsorption and electron
transfer, whereas CNTs offer a highly conductive network and
provide synergistic effects of physical confinement and chem-
ical anchoring of polysulfides.

7. Conclusions and Perspectives

Non-lithium MSBs have attracted considerable interest because
of their high energy densities, high specific capacities, and low
costs. Unfortunately, the severe shuttle effect of polysulfides,
the low electronic conductivity of sulfur and polysulfides, the
large volume expansion of elemental sulfur, and the sluggish
reaction kinetics have restricted their commercial applications.
Numerous efforts have been devoted to circumventing these
challenges, including the modulation of nanostructured cath-
odes, optimization of electrolyte formulas, and utilization of
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Figure 16. a) Ex situ XRD patterns of the Bi,S; electrode charged or discharged to different states. Reproduced with permission.[¥!l Copyright 2016,
Wiley-VCH. b) Ex situ Raman study of the sulfur cathode at fully discharged and charged states of the first and second cycles. Reproduced with per-
mission."2 Copyright 2020, Wiley-VCH. c) EXAFS characterization of the heterostructure of the CoP-Co composite. Reproduced with permission.'0°l
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functional separators. In this review, the latest developments
on non-lithium MSBs have been systematically summarized
in terms of the rational design of battery materials and com-
ponents to enhance their electrochemical performance. Among
different non-lithium MSBs, Na—S batteries would be the most
promising candidate for replacing the conventional Li-S owing
to the low price and abundance of Na reservoir. Compared with
Na-S batteries, K-S batteries show a lower discharge capacity
and energy density due to the sluggish reaction kinetics. In
addition, K metal is more active than Na, causing severe safety
concerns. For multivalent MSBs, the study is still in its infancy.
Various critical challenges need to be addressed to promote the
commercialization of non-lithium MSBs. Future research direc-
tions are proposed with the aid of experimental, theoretical, and
computational capabilities for the advancement of non-lithium
MSBs, as outlined below.

(1) To prevent the shuttling of polysulfides, the rational design of
cathode hosts is the most frequently adopted approach. Simi-
lar to Li-S batteries, highly conductive carbon matrices, such
as graphene, CNTs, and CNFs decorated with polar inorgan-
ic components, such as metal clusters, metal oxides, metal
sulfides, metal nitrides, and MXenes are selected as sulfur
hosts. In such a design, carbonaceous materials with vari-
ous architectures (e.g., hollow, porous, yolk-shell, core-shell,
etc.) allow the physical confinement of polysulfides and boost
electron transfer, whereas polar components chemically ad-
sorb the soluble polysulfide intermediates and promote the
conversion reactions of sulfur. The synergy between carbon
materials and polar species can suppress the shuttle effects
of polysulfides, resulting in a much better electrochemical

(2)

3)

performance. Notably, the sulfur content in hosts should be
well optimized because the area capacity of the sulfur cathode
is determined by the sulfur content and utilization. There-
fore, high sulfur content and utilization should be achieved
to increase the energy density of MSBs. In this regard, the
sulfur host should have a high pore volume and high elec-
tronic conductivity with a low mass. The integration of polar
components that can catalyze the conversion of sulfur and
polysulfides to the carbon matrix is desired to accelerate re-
dox reactions. More importantly, facile and large-scale syn-
thesis methods with good consistency should be developed.
New electrolyte systems, especially for multivalent MSBs,
should be carefully explored. As mentioned, multivalent met-
als are not compatible with conventional electrolytes used
in alkali MSBs; therefore, the exploration of compatible and
cheap electrolytes that facilitate reversible metal deposition
and fast ion transfer is crucial for multivalent MSBs. Metal
salts dissolved in RT ILs are widely adopted in Mg/Al-S bat-
teries; however, the high viscosity and costs hinder the prac-
tical applications. Recently, all-solid-state electrolytes have
been developed for Li-S batteries to eliminate polysulfide
dissolution, but the reaction kinetics are still poor owing to
the large contact resistance and the slow ionic diffusion in
solid-phase reactants. In this context, further research should
pay more attention to the exploitation of new electrolytes and
additives.

The formation of metal dendrites and their reactions with
polysulfides deserve more attention. In non-lithium MSBs,
metal dendrites would be certainly generated during reit-
erative plating/stripping processes, which greatly hinder
the stability, durability, and safety of MSBs. Meanwhile, the
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crosstalk of polysulfides in the battery makes the situation
more complicated. The soluble polysulfides would be re-
duced on the metal anode, which not only removes sulfur ca-
pacity on the cathode but builds up highly resistive layers that
passivate the metal anodes. Therefore, substantial efforts are
needed to attain a sufficient level of performance for metal
anodes to be used in non-lithium MSBs. For example, op-
timizing electrolyte formulas, constructing composite metal
anodes, and building artificial SEIs can improve the stability
and reversibility of metal anodes to a large extent.21%2!1 With
respect to multivalent metals, the careful design of appro-
priate electrolytes that render a passivation-free surface and
reversible operation need more attempts. Moreover, other
battery components, including separators, interlayers, and
binders, need to be further optimized to improve the inhibi-
tion of polysulfide shuttling.

(4) The differences between non-lithium MSBs and Li-S batter-
ies remain elusive and need to be further explored. For ex-
ample, it has been recognized that even with a small amount
of active contaminants, a compact passivation film is formed
on multivalent metals, which renders the anode useless ow-
ing to its insulating characteristics and consequently results
in large impedance, unlike alkali metals. Compared with
Li/Na-S batteries, the reaction mechanisms of multivalent
MSBs are still ambiguous because of the complex reactions
between sulfur and metals as well as the complex structures
of electrolytes. To this end, advanced in situ/ex situ character-
ization techniques and computational simulations should be
combined to elucidate the fundamental mechanisms. Theo-
retical studies, including ab initio MD and DFT calculations,
are powerful tools for correlating the computational results
with experimental findings. They can offer new insights into
battery performance and help to optimize the design of novel
electrode materials.

(5) For practical applications, several important parameters
including the E/S weight ratio, sulfur content, areal sulfur
loading, negative/positive capacity ratio, CE, and testing pro-
tocols should be carefully evaluated. The energy density of
non-lithium MSBs depends largely on the sulfur loading and
sulfur utilization in the cathodes. Regarding the low electrical
conductivity of sulfur, the rational design of sulfur compos-
ites with a high sulfur content and excellent electrically con-
ductive network is of great importance to obtain high energy
density. Meanwhile, the non-active components such as the
binder, the conductive agent, and the current collector need to
be investigated and optimized to realize high sulfur loading
and respectable sulfur utilization. All the while, the E/S ra-
tio also strongly affects the performance of batteries. In most
current studies, this crucial parameter for non-lithium MSBs
is often ignored. Without a means of decreasing the E/S ra-
tio, the non-lithium MSBs are unlikely to compete with the
current LIBs and lithium metal batteries with a conventional
cathode in terms of gravimetric energy density. Therefore,
we encourage future publications to specify these metrics to
inform and direct future research efforts. For example, Mul-
doon et al. calculated that a prototype Li-S battery requires a
sulfur loading of >3 mg cm™2, an E/S ratio <3, and a sulfur
utilization >75% to deliver 400 Wh kg .12l Therefore, for
non-lithium MSBs, similar requirements should be fulfilled
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to highlight their competitiveness and commercial visibility.
In terms of negative/positive capacity ratio, the amount of
metal anode should be controlled without compromising the
energy density of non-lithium MSBs. Currently, non-lithium
MSBs are normally operated with excessive metal anodes to
avoid exacerbating the challenges. However, in such a man-
ner, the energy density of the battery will decrease dramati-
cally. Therefore, improving the stability and reversibility of
metal anodes is another intractable issue to be resolved to
allow the use of an excess-free or a limited excess metal
anode without penalizing cell performance. Currently, the
vast majority of research on non-lithium MSBs is based on
the testing of coin cells. Considering the increase in battery
size and safety concerns for practical applications, practical
pouch-type cells should be designed and tested in detail.

In summary, non-lithium MSBs have attracted increasing
attention in the energy storage field. Although impressive pro-
gress has been made in the past several years, the development
of non-lithium MSBs is still not mature enough to meet the
practical requirements. Therefore, more experimental and the-
oretical studies are urgently required. Given the rapid develop-
ment of sulfur cathodes, anodes, separators, and electrolytes,
commercial applications of non-lithium MSBs will be expected
in the near future.
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