REVIEW

'-) Check for updates

small

www.small-journal.com

Crystalline Multi-Metallic Compounds as Host Materials

in Cathode for Lithium—Sulfur Batteries

Yi-Cheng Jiang, Hafiz Muhammad Umair Arshad, Hao-Jie Li, Sheng Liu, Guo-Ran Li,*

and Xue-Ping Gao*

Lithium—sulfur (Li-S) battery is one of the most promising next-generation
rechargeable batteries. Lots of fundamental research has been done for the
problems during cycling like capacity fading and columbic efficiency reducing
owing to severe diffusion and migration of polysulfide intermediates. In the
early stage, a wide variety of carbon materials are used as host materials for
sulfur to enhance electrical conductivity and adsorb soluble polysulfides.
Beyond carbon materials, metal based polar compounds are introduced as
host materials for sulfur because of their strong catalytic activity and adsorp-
tion ability to suppress the shuttle effect. In addition, relatively high density of
metal compounds is helpful for increasing volumetric energy density of Li-S
batteries. This review focuses on crystalline multi-metal compounds as host
materials in sulfur cathodes. The multi-metal compounds involve not only
transition metal composite oxides with specific crystalline structures, binary
metal chalcogenides, double or complex salts, but also the metal compounds
doped or partially substituted by other metal ions. Generally, for the multi-
metal compounds, microstructure and morphologies in micro—nano scale
are very significant for mass transfer in electrodes; moreover, adsorption and
catalytic ability for polysulfides make fast kinetics in the electrode processes.

material realizing their full capacity is dif-
ficult in Li-S cells.2?l The low utilization
of active material results due to the insu-
lating nature of sulfur that impedes the
electron transfer during electrochemical
reactions, which stems from low con-
ductivity of sulfur™ Sulfur with high
resistances (=107° S cm™) experiences
a series of structural and morphological
changes during charge-discharge pro-
cess which involve the formation of high
order soluble intermediates lithium poly-
sulfides (Li,S,, 8 < x < 3) (LiPSs) and low
order insoluble sulfides (Li,S,/Li,S) in
the liquid electrolyte, resulting in severe
capacity fade because of unstable electro-
chemical contact within sulfur electrodes.
The higher order soluble intermediates
lithium polysulfides ions formed shuttle
between the anode and the cathode which
reduce energy output that lead to a rapid
decline in columbic efficiency.’! Further-

1. Introduction

Development of portable electronics and electric vehicles yearns
for rechargeable batteries with high energy density. Lithium-
ion batteries based on the insertion mechanism usually have
energy density of less than 200 Wh kg™'. Lithium-sulfur bat-
teries offer a theoretical energy density of 2600 W h kg™, and
currently a practical energy density up to 500-600 Wh kg is
available, which is about thrice as high as that of lithium-ion
batteries.! Even though sulfur cathodes have high theoretical
energy density however, there are several challenges for prac-
tical application because of physical and chemical properties
of sulfur, polysulfide intermediates, and great complexity in
the electrode processes that lead to low utilization of the active
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more, the conversion of sulfur to LiPSs

evolves not only structural and morpho-
logical changes but also repetitive dissolution and deposi-
tion, resulting in passivation layer of reactive species on the
electrodes, leading to low utilization of the active material as
realizing their full capacity is difficult in Li-S batteries. Due
to density differences between sulfur (2.03 g cm™) and Li,S
(1.67 g cm™), almost 80% of extra volume in cathode is neces-
sary to accommodate the precipitated Li,S (each mole of sulfur
can be transformed into eight moles of Li,S).”) The mor-
phology of precipitated Li,S is rate-dependent, where slower
discharge rate leads to lower nuclei density and formation of
larger crystallites, while at higher discharge rate more con-
formal and fine structure. The differences in the morphology
may also affect the final volume change. During charging pro-
cess where Li,$ is oxidized into soluble polysulfides and at the
end of charging, the total volume of the cathode is expected to
be lower than at the end of discharging process.®l These issues
result in poor cycle life and lithium anode corrosion, low utili-
zation of the active material, poor electronic conductivity, signif-
icant volume change, and system efficiency.*1% (Scheme 1) To
make efforts to solve these issues, the most common approach
is to physically confine sulfur in various carbon materials.
These carbon materials, keep abundant porous structures like
porous carbon, carbon fibers, carbon nanotubes (CNTs), carbon
spheres, graphene etc., which are prepared via calcination of
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Scheme 1. Problems of cathodes in Li-S batteries and progress of host
materials.

numerous carbonaceous materials, accompanied with a phys-
ical or chemical activation treatment."1® Such carbon mate-
rials usually adsorb the polysulfide intermediates through high
surface area, but usually offer weak interactions toward inter-
mediate polar LiPSs and poor catalytic ability for conversion of
polysulfides. That is why some surface chemistry techniques
with dopant atoms and functional groups on carbon host mate-
rials have been tried to improve performance of sulfur—carbon
composite cathodes.7-]

Beyond carbon materials, metal based polar compounds,
such as oxides, sulfides, nitrides, phosphides, and carbides have
been investigated as host materials for sulfur cathodes.[20-°
In some cases, these inorganic materials improve the cycling
performance obviously due to the strong polarity and adsorp-
tion to polysulfides. In addition, transition metal oxides as host
materials are helpful for obtaining a high volumetric capacity
because of high tap density.

Single metal oxides, like MnO,, Co;0, and NiO, usually
suffer from low electronic conductive (o,_) properties and unfa-
vorable stability that limit the performance of energy storage
system.}134  Nanostructures and composite engineering
are promising approaches to address issues of single metal
oxides.®! Lithium (Li) bond has been well established through
polar—polar interactions between intermediate polar LiPSs and
lithiophilic surface. Such material design and mechanist under-
standing are fruitful to explore the unique sulfur host materials
which are capable of simultaneously regulating intermediate
polar LiPSs crossover and Li,S deposition. To tune intermediate
polar LiPSs transport and regulate Li,S deposition, integration
of multi-metal component in one crystal is highly expected
since it potentially combines individual component func-
tions.[3* This is the reason that the recent rise of multi-metallic
compounds is given more consideration in energy storage
system because of their better electronic conductivity(c,._) and
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electrochemical activity performance. For example, spinel cobal-
tites M, Co;_,O4 (M = Ni, Mn, Zn, Cu) and FeCo,0,/CoFe,0, as
electrode materials revealed better characteristics for fuel cells,
super capacitors, and Li-ion batteries.[3:3!

In this review, we focus on the major development of multi-
metallic compounds as host materials in cathode for lithium-—
sulfur batteries, explaining design principles, structure and
properties, and electrochemical performances. Finally, some
future perspectives and directions are pointed out based on
literature, which will further significantly progress in lithium—
sulfur batteries.

2. Transition Metal Composite Oxides

Transition metal composite oxides involving binary or polynary
metal oxides usually show enhanced properties in electricity,
optics, and magnetics. According to crystal structure, transition
metal composite oxides can be assorted into different types:
spinel, perovskite, rock salt, etc. Generally, the transition metal
composite oxides have stable structure, relatively high specific
surface area, and strong metal-oxygen bonds, as well as electro-
catalytic activity of transition metals in some cases, which make
the multi-metal compounds preferred materials for sulfur host
for improving electrochemical properties.

2.1. Spinel

The general formula of spinel-type oxides is AB,0,, in which
oxygen anions form a face-centered cubic sublattice and two
kinds of interstitial sites are available for the cations: tetrahe-
dral and octahedral (Figure 1a). Twice as many octahedral sites
as tetrahedral sites are occupied by A or B cations. The crystal-
line phase provides robust structure, small volume change, and
various electrochemical properties.*’]

2.1.1. NiCo,0,

NiCo,0, is a mixed valence oxide with spinel structure, where
nickel cations occupy the octahedral sites, and cobalt cations dis-
tribute over both the octahedral and tetrahedral sites. NiCo,04
has intrinsic polarity, which enables its surface metal or oxygen
ions synergistically interact with S,2~ and Li* ions to immobi-
lize polysulfides and provide electrocatalytic activity.*’! Further-
more, the redox couples of Co**/Co?" and Ni3*/Ni?" coexist in
the structure resulting in significant electronic conductivity of
spinel NiCo,0,, which is superior to those of nickel oxides and
cobalt oxides by at least two orders of magnitude.'*l These
properties make NiCo,O, a promising host material for sulfur
cathode in Li-S batteries.

By nanotechnology, NiCo,0, with different structures
and morphologies in nanometer scale can be obtained for
increasing surface area, stabilizing structure, and shortening
diffusion path. Igbal et al. synthesized hollow microtubes con-
sisting of NiCo,0, nanosheets (Figure 2 a,b).*) The hollow
interior cavity provides structural stability by accommodating
volume expansion during cycling process, while outer NiCo,0,
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Figure1. The crystal structure of a) spinel, b) perovskite, and c) o~NaFeO,
type oxides.

nanosheets not only provide large amount of sulfur encapsu-
lation but also offer a relatively large functional surface for
chemically binding of polysulfides. As a cathode material used
in lithium—sulfur batteries, the S/NiCo,0, composite delivers
high specific capacity of 1274 mA h g™ at 0.2C rate and long
cycling performance and a reasonable capacity retention of 66%
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Figure 2. The SEM and TEM images of NiCo,O, as host materials for
sulfur cathodes. a,b) NiCo,0, hollow microtubes. Reproduced with
permission.% Copyright 2017, Elsevier. c,d) NiCo,0, nanofibers and
the corresponding SAED pattern. Reproduced with permission.H!
Copyright 2019, Wiley-VCH. e,f) NiCo,0, , oxide double-shelled micro-
spheres. Reproduced with permission.3l Copyright 2019, Wiley-VCH.

after 200 cycles at 0.5C rate. However, according to Table 1, the
sulfur content of the S/NiCo,0, composite (27%) is much lower
than that of the other sulfur composites. Recently, Liu et al.
introduced heavy NiCo,0, nanofibers as carbon-free sulfur
immobilizers to fabricate the sulfur-based composites.!l The
1D structure of nanofibers (Figure 2¢,d) can provide good con-
ductive networks and ion diffusion paths during dissolution—
deposition processes, thus the S/NiCo,0, composite offers a
high gravimetric capacity of 1125 mA h g™! at 0.1C rate with low
fading rate of 0.039% per cycle over 1500 cycles at 1C rate. Fur-
thermore, due to high tap density (1.66 g cm™), the S/NiCo,0,
composite delivers large volumetric capacity of 1867 mA h cm™=,
which is almost twice that of the conventional S/carbon com-
posites (850 mA h cm™3). As compared with carbon materials,
except electrical conductivity, the NiCo,0, has unique advan-
tages of high density, good adsorption capability, and good elec-
trocatalytic activity.

In order to further enhance the electrical conductivity, Luo
et al. introduced abundant oxygen vacancies on octahedral sites
of NiCo,0, by defect engineering.’] The synthesized defective
spinel NiCo,O,_, oxide double-shelled microspheres (NCO-HS)
(Figure 2e,f) can homogenize the sulfur distribution as well as
buffer the volume variation, which enables high areal capacity
(6.3 mA h cm~?) and high utilization of sulfur (70 wt%). Hence,
as shown in Table 1, the S@NCO-HS composite exhibits

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Sl

www.small-journal.com

Table 1. Summary of studies on NiCo,0, and its conductive composites as cathode materials for lithium—sulfur batteries.

Materials Initial capacity Current Cycle Degradation rate Sulfur content® Rate performance®) Ref.
[mAhgT rate?) number per cycle [%)] [wt%] at1C[mAh g™
NiCo,0, microtubes 910 0.5C 200 0.170 27 608 [40]
NiCo,0, nanofibers 872 0.5C 400 0.065 75 =~7609) [41]
NiCo,0,_, microspheres 12219 0.2C 800 0.045 70 =10009) [42]
NiCo,04 nanosheet@CNTs®) 961 0.5C 1200 0.038 61.3 783 [44]
NiCo,0,/porous graphitic carbon 977 0.5C 500 0.062 68.9 727 [45]
NiO-NiCo,04@carbon hollow nanocages 10179 0.5C 500 0.059 73 8217 [46]
NiO-NiCo,0,@PPy hollow polyhedral 963 0.2C 100 0.3349 61.5 549 [47]

A1C = 1674 mA g'; P Mass percentage of sulfur on the whole cathode; 9Capacity of cathode at various C-rate; 9Data is estimated from the figure given by paper since
authors did not provide the specific value in the reference; ¥CNTs = carbon nanotubes.

outstanding capacity of 1221 mA h g! with low fading rate of
0.045% per cycle over 800 cycles at 0.2C rate. This proposed
strategy based on synergy engineering exposes a novel way to
improve electrochemical properties.

Although the electrical conductivity of NiCo,0, is higher
than that of individual Ni and Co oxides, but it is lower than
that of carbon materials and conductive polymers. There-
fore, some host materials have been developed by com-
bining NiCo,0, with highly conductive materials in order to
enhance the electrical conductivity and structural stability. In
this regard, Xiao et al. used 1D CNTs to provide a porous 3D
interconnected conductive network and then embed NiCo,0,
nanosheets into CNTs that provide strong binding sites for
polysulfide intermediates (Figure 3a).* With this rational
design, the NiCo,0,@CNT/S composite with sulfur content of
61.3 wt% exhibits specific capacities of 1311 and 575 mA h g™
at rates of 0.1C and 2C rate, respectively, and good cycle sta-
bility with low capacity fading rate of 0.037% per cycle over
1200 cycles at 0.5C. Moreover, Zhang et al. synthesized a
bimetallic-organic-framework-derived nanosulfur host con-
sisting of NiCo,0, coated with porous graphitic carbon layer,
in which the carbon layer acts as a highly conductive matrix
for ion transfer.[**) With a sulfur content of 68.9%, the cathode
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composite delivers a specific capacity of 977 mA h g! at 0.5C
rate after 500 cycles.

The NiO-NiCo,0, heterostructure can facilitate charge
transport and enhance the surface reaction kinetics due to the
internal electric field (EF). Hu et al. synthesized NiO-NiCo,0,
heterostructure@C hollow nanocage as sulfur host (Figure 3b),
which not only provide sufficient space for sulfur loading but
also mitigate volumetric variation of sulfur during cycling.[el
The as prepared S/NiO-NiCo,0,@carbon cathode exhibits high
specific capacity of =1017 mA h g™! compared with S/carbon
black (690 mA h g7!) at 0.5C rate and attains reversible capacity
of 716.9 mA h g™ with low fading rate of =0.059% per cycle
after 500 cycles. The outside thin carbon layer can improve the
electrical conductivity.

In addition, Xu et al. chose polypyrrole (PPy) as matrix
to prepare NiO-NiCo,O,@PPy hollow polyhedral structure
material which is an efficient sulfur immobilizer for Li-S bat-
teries.”] The NiO-NiCo,O,@PPy is synthesized using the
ZIF-67 diamond-shaped polyhedron as a precursor coated
with PPy layer on the surface of the hollow NiO-NiCo,0, via
in situ polymerization (Figure 3c). After loading sulfur, the S/
NiO-NiCo,0,@PPy composite exhibits a high initial discharge
capacity of 963 mA h g™ at 0.2C rate and retained discharge

NIO-NIC0,0, NIO-NIC0,0,@PPy  S/NIO-NIC0,0,@PPy

NiO-NiCo,0,

NIiO-NiC0,0,@C  S/NiO-NiC0,0,@C

Figure 3. The schematic illustrations of the preparation of NiCo,0,-S nanostructures. a) NiCo,0,@CNT/S composites. Reproduced with permis-
sion.l Copyright 2017, Wiley-VCH. b) S/NiO-NiCo,0,@PPy. Reproduced with permission.’l Copyright 2019, The Royal Society of Chemistry.
) S/NiO-NiCo,0,@C composite. Reproduced with permission.l*sl Copyright 2018, Wiley-VCH.
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capacity of 641 mA h g7 after 100 cycles, while the S/NiO-
NiCo,0, cathode without PPy layer shows initial discharge
capacity of 761 mA h g™ with retained discharge capacity of
410 mA h g! which is lower than that of S/NiO-NiCo,0,@
PPy composite. These results illustrate that the conductive PPy
layer significantly increases the electronic conductivity, and the
loose structure of PPy is able to alleviate the volume expansion
during the charge-discharge process.

From the summarized results in Table 1, it is clear that
NiCo,0, can be competent for hosting sulfur with high loading
by designing specific nanostructures and morphologies. Espe-
cially in the NiCo,0,_, double-shelled microspheres, increasing
the conductivity via defect engineering make them of higher
capacity and better cycle performance. Current research shows
that the formation of Li—O bond and metal-sulfur bond is
the main way to bind polysulfides in spinel NiCo,0,, which is
accompanied by the reduction of Ni** and Co*" ions. All of the
(311), (220), and (110) planes of spinel have sufficient binding
sites with polysulfides, among which the (311) plane is domi-
nant in all exposed planes, thus it has higher surface energy and
is more favorable to absorb LiPS. Besides lithium polysulfides,
there are also thiosulfate and polythionate complex formed in
reactions by the oxidation of NiCo,0,, which can be used as
mediator to alleviate the shuttle effect. Also, in NiCo,0, Ni
ions can catalyze the conversion and improve the conductivity
of the material in addition to chemically bind polysulfides.

2.1.2. NiFezo4

The spinel NiFe,O, is naturally abundant and environmen-
tally friendly, and has same crystalline structure as NiCo,O,.
Although iron oxides usually show disadvantages as electrode
materials such as low conductivity and poor lithiation activity,
it has been pointed out that the nanostructured NiFe,O, has
the synergistic effects through reinforcement or modifica-
tion between Ni and Fe to generate the higher electrochem-
ical activity.*®! Similar to NiCo,O,, the NiFe,O, is a good host
material for immobilizing and catalytically transferring the
polysulfide, as well as has good plasticity which facilitates the
construction of micro-morphology.

Because of the generally lower conductivity of iron oxides,
NiFe,0, is usually combined with carbon materials to improve
the conductivity of cathode-based materials. Zhang et al
anchored NiFe,0, nanoparticles on the carbon nanotubes
(CNTs), in which the 3D interwoven structure of CNTs can
ensure the uniform dispersion of Ni-Fe oxide nanoparticles and
good conduction of electrons.* (Figure 4a) NiFe,O, nanopar-
ticles are endowed with sulfiphilic sites to chemically confine
polysulfides. The sulfur nanoparticles are well dispersed in
the composite, resulting in the high sulfur content (80 wt%)
(Figure 5a). As a result, the S/NiFe,0,-CNTs composite delivers
capacities of 1282.7 and 551.4 mA h g at 0.1C and 5C, respec-
tively, and a stable cyclability with capacity degradation of
0.029% per cycle after 1000 cycles at 1C rate. As for the influ-
ence of micro-morphology on the performance of cathode,
Fan et al. used NiFe,04 nanosheets instead of nanoparticles
with carbon nanotubes (Figure 4b) which greatly improve the
electrochemical properties of the obtained NiFe,0,/CNTs-S
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Figure 4. SEM and TEM images of NiFe,O, as host materials sulfur
cathodes. a) NiFe,0,-CNTs hybrid. Reproduced with permission.[*]
Copyright 2018, Elsevier. b) Fine S nanoparticles coating CNT/NiFe,O,.
Reproduced with permission.’” Copyright 2015, American Chemical
Society. ¢) NiFe,04 hollow spheres. Reproduced with permission.!
Copyright 2019, American Chemical Society. d) NiFe,O, nanofibers.
Reproduced with permission.[’2 Copyright 2018, Springer Nature.

composite (Figure 5b), and show the discharge capacity of 1350
and 900 mA h g at 0.1C and 1C, respectively with low fading
rate of 0.009% after 500 cycles at 1C.°% As shown in Table 2,
the material prepared by nanosheet-shaped NiFe,O, has higher
capacity and better cycling performance due to higher efficiency
to trap the polysulfide intermediates and stabilizing the cycle
performance during charging/discharging process.

Besides, designed morphology of nanostructured NiFe,O,
can improve the adsorption capacity for polysulfides to improve
electrochemical performance of cathode. Wang et al. designed
a NiFe,O, hollow spheres (Figure 4c) to bind sulfur physically
and absorb the soluble polysulfides chemically.® NiFe,O,

© 2021 Wiley-VCH GmbH
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Figure 5. The schematic illustrations of the preparation of NiFe,O,-S nanostructures. a) NiFe,0,-CNTs hybrid. Reproduced with permission.t* Copy-
right 2018, Elsevier. b) CNT/NiFe,0O4S. Reproduced with permission.’® Copyright 2015, American Chemical Society. c) Flexible NiFe,0,@S/C elec-
trodes. Reproduced with permission.’!l Copyright 2019, American Chemical Society. d) NiFe,O4 nanofibers and S/NiFe,O, composites. Reproduced

with permission.’? Copyright 2018, Springer Nature.

hollow spheres are synthesized through an ion adsorption—
annealing method, then sulfur is diffused into the NiFe,0,
hollow spheres. Finally, the NiFe,0,@S composites are intro-
duced into a flexible and conductive skeleton composed of
CNTs and reduced graphene oxides (rGO) (Figure 5c). The as-
prepared NiFe,0,@S/rGO—CNT composites as sulfur cathode
exhibit high capacity of 1193 mAh g! at 100 mA g! with low
fading rate of 0.059% after 500 cycles at 500 mA g~!, which is
about 1/4 of the S/C electrode under the same condition. This
strategy considers as synergism of the physical confinement,
polar chemical adsorption, and catalytic conversion, which pro-
vides an idea for the preparation of flexible sulfur electrode.

NiFe,0, nanofibers are prepared and used as host materials
by Zhang et al. (Figure 4d).”? In this case, the nanofibers of
poly vinylpyrrolidone (PVP) with nickel and iron inorganic salts
are prepared by electrospinning and obtain hollow NiFe,0,
fibers after calcination with completely removed PVP tem-
plate (Figure 5d). The 1D nanostructured S/NiFe,0, complex
is obtained by introducing sulfur with high sulfur content of
82.5 wt%. By comparison as can be seen in Table 2 that the
gravimetric capacity of S/NiFe,0, composite at 0.1C rate is
963.6 mA h g with fading rate of 0.152% per cycle, which is
much higher than others. With high tap density, the S/NiFe,0,
composites show high volumetric capacity of 1281.7 mA h cm™3
at 0.1C rate.

Similar to NiCo,04 NiFe,O4 also binds LiPs mainly
through the (311) plane, in which the absorption energy of
Li,Sg is 1.23 eV. Li—O bonds are formed when NiFe,0, binds
LiPs with high Li/S ratio, but S—O bonds are formed when
NiFe,0, binds LiPs with low Li/S ratio, which is slightly dif-
ferent from NiCo,0,. And the interface charge transfer resist-
ance (R.) and Warburg impedance (W,) are slightly larger than

NiCo,0,, making it slightly lower in initial capacity. Moreover,
in NiFe,0,, Ni ions mainly play the role of binding polysulfide
and electrocatalysis.

2.1.3. ZnCo,0,

Unlike the spinel NiCo,0, where octahedral sites are occupied
by both Ni** and Co*', in spinel ZnCo,0, Zn?* only occu-
pies tetrahedral sites, while octahedral sites are fully occupied
by Co**, so ZnCo,0, has a regular structure and Zn?* has an
invariable oxidation state.>*] Although ZnCo,0, is isomorphic
to the Co;0, crystal structure, the substitution of Co?* by Zn?*
makes it cheaper and more environmentally friendly. In addi-
tion, ZnCo,0, has narrow energy bandgap and low valence/
conduction band.’¥ Because of these unique properties,
ZnCo,0, and its modifications are widely used in lithium-ion
battery, supercapacitors, catalysts, and other fields.>>->!

Similar to Co;0, the ZnCo,0, is not as conductive like
NiCo,0,, so it also needs to be combined with other conductive
materials to make composites and used as electrode material. Sun
et al. prepared ZnCo,0,@N-RGO composite as sulfur host mate-
rial with sulfur content up to 82%.1°% (Figure 6) They fabricate
a N-doped graphene oxide (N-RGO) which serves as conductive
network and steady scaffold and then integrates ZnCo,0, with
N-RGO. The N-RGO sheets not only exhibit a large surface area,
which ensures uniform distribution of ZnCo,0, nanotube and
high sulfur loading, but also present a large interface with active
sites with ZnCo,0, to effectively binding sulfur and polysulfides
by forming polar N—Li and Zn/Co—S bonds. The ZnCo,04/N-
RGO composite exhibits a discharge capacity of 1061 mA h g™ at
800 mA g! with high initial columbic efficiency of almost 100%.

Table 2. Summary of studies on NiFe,O4 and its conductive composites as cathode materials for lithium—sulfur batteries.

Materials Initial capacity Current Cycle Degradation rate Sulfur content? Rate performance® Ref.
[mAhgT rate?) number per cycle [%] [wt%] at1C[mAh g™

NiFe,O,4 nanoparticles/CNTs®) 1282.7 0.1C 1000 0.029 80 824 [49]

NiFe,O, nanosheet/CNTs® 1350 0.1C 500 0.009 76 900 [50]

NiFe,0, hollow spheres/CNTs®-rGO" 11939 0.06C 500 0.0599 70 703(at 1.2C)% [571]

NiFe,O4 nanofibers 963.6 0.1C 200 0.152 825 625.9 [52]

A1C = 1674 mA g'; P Mass percentage of sulfur on the whole cathode; 9Capacity of cathode at various C-rate; 9 Data is estimated from the figure given by paper since
authors did not provide the specific value in the reference; ®CNTs = carbon nanotubes; 7rGO = reduced graphene oxides.
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Figure 6. Morphology, structure, and electrochemical evaluation of the ZnCo,0,@N-RGO(l) hybrid. a) Schematic illustration of the synthesis of
ZnCo,0,@N-RGO and ZnCo,0,@N-RGO/S. b) The optimized atomic geometries of Li,S, adsorbed on ZnCo,0,4 (111) crystal plane. Sulfur: yellow,
lithium: purple, Zn/Co: blue and grey, oxygen: red. c,d) FESEM and HRTEM image of the ZnCo,0,@N-RGO(I) hybrid showing the distinguishable
microstructures. e) Cycling performance at a current density of 0.8 A g™'. Reproduced with permission.>® Copyright 2018, Wiley-VCH.

After 200 cycles, the capacity remains at 614 mA h g with fading
rate of 0.210% per cycle. In general, the properties of ZnCo,O,
are very similar to that of Co;0, and as a sulfur host material, the
ZnCo,04 mainly reduces the shuttle effect by forming chemical
bond with polysulfide. Besides, the ZnCo,0, has cost effective-
ness and less toxicity as Zn?" replaced Co?", as well as the better
stability due to spinel structure.

Different from the former two materials, the spinel ZnCo,0,
mainly binds LiPs on the (111) plane with a binding energy of
—3.1 eV. The main bonds formed are Zn—S bonds and Co—S
bonds, which effectively bind polysulfide in the cathode. More-
over, the discharge voltage of Li-S battery with ZnCo,0, as
sulfur host is slightly lower than that of the other two mate-
rials, implying more severe polarization caused by the sluggish
kinetics of ions.

2.2. Perovskite

The general formula of perovskite oxides can be expressed as
ABO;, where A is a rare-earth or alkaline-earth cation coordi-
nating with 12 oxygen ions and B is a transition-metal cation
coordinating with six oxygen ions. In the perfect perovskite, A
cations and O anions form a cubic packing, and B cations are
filled with octahedral sites of the body center.®! (Figure 1b)The
skeleton connected by oxygen octahedral with common vertex
has large voids that allow it to maintain structural stability even
if it produces a large number of defects or is filled with other
types of cations. However, the crystal structure may be distorted
to tetragonal, orthorhombic, or thombohedral structure because
of the variation or substitution of A and/or B cations with dif-
ferent sizes and valences.[®] The partial replacement of cations
at A and/or B sites with other metal ions can greatly change the
properties of perovskite oxides, such as conductivity or catalytic
activity, so that it can better adapt to the requirements of different
host materials while retaining the original structural properties.

2.2.1. BaTiO;
BaTiO; is one of the most widely used ferroelectric mate-

rials, which can induce “spontaneous polarization” due to
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its asymmetric crystal structure under suitable conditions.
The “spontaneous polarization” causes internal electric field
and induces macroscopic charges on the surface of ferroelec-
trics, which chemically adsorb the outside polar molecules to
screen these charges.[°2%3 Therefore, the use of BaTiO; as an
additive or host material for Li-S batteries can enhance the
entrapment of polar polysulfides and improve the stability of
Li-S batteries. Xie et al. first added BaTiO; as an additive to the
cathode materials.l*y By adding 10 wt% of BaTiO; nanoparti-
cles, the Li-S cell with S/C electrodes exhibits an initial capacity
of 1143 mA h g at 0.2C rate and maintains a reversible dis-
charge capacity of 835 mA h g after 100 cycles. In contrast,
the cell without any additive exhibits similar initial capacity at
0.2C rate but retains discharge capacity is only 407 mA h g
after 100 cycles, which is less than half that of with addition of
additive. This indicates that the polysulfides can be anchored
by adding BaTiO; nanoparticles into cathode material, which
effectively improves the rate and cycle performance of Li-S bat-
teries. In order to enhance the binding capacity of internal elec-
tric field, Wang et al. combined TiO, and BaTiO; into coherent
nanosized junctions using for sulfur host materials for Li-S
batteries.[®! The obtained porous TiO,/BaTiO; heterostructure
not only binds the polysulfide, but also creates an internal elec-
tric field at the interface due to the misaligned energy levels of
the conduction and valence bands of TiO, and BaTiOj;, which
enhances the electron’s transportation and charge separation at
the junction interface. After sulfur loading, the TiO,/BaTiOs-S
composite demonstrates high initial capacity of 898 mA h g!
which decreases to 541 mA h g! after 500 cycles with a capacity
retention rate of 60% and low fading rate of 0.08% per cycle,
showing better capacity and cycle performance of TiO,/BaTiO;-S
than that of BaTiO3-S. It is proved that the internal electric
field created by TiO,/BaTiO; heterostructure can suppress the
shuttle effect, increasing the Li*/electron transportation and the
separation at their interface, which can efficiently improve the
conversion kinetics of polysulfides and rate performance.

The hybridization between titanium 3d states and oxygen
2p states gave BaTiO; the property of “spontaneous polariza-
tion,” which creates an internal electric field within the par-
ticles that can absorb polar polysulfides.l®® This offers a new
polysulfide trapping strategy to suppress the polysulfide shuttle
effect. Moreover, this kind of “spontaneous polarization” of

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

ferroelectricity exists not only in BaTiO3, but also in many other
perovskite oxides, so there is still a lot of room for exploration
in the future.

2.2.2. Lanthanum Strontium Okxides

Lanthanum strontium oxides are a class of perovskite-type heavy
metal oxides with electrocatalytic properties, which means that
they usually have high mass density. To increase the conduc-
tivity, Hao et al. proposed a novel perovskite LagSry4CoO3_ s
nanofibers which is composed of interlinked nanoparticles,
and then coat it with CNTs.) Laj ¢St 4CoO5_5 (LSC) is the
most conductive material of La;_,Sr,CoO;_5 (x = 0-1) family.
Lag ¢S 4C00;_g not only exhibits strong immobilization capa-
bility for polysulfides via Co—S bonds but also facilitates the
electrochemical redox process of the insulating S through the
high conductivity provided by oxygen vacancies. The cell com-
posed of electrospun of Lag ¢St 4C00;_s nanofibers-CNTs com-
posites delivers an average capacity of 996 mA h g™ at 0.5C
rate with low fading rate of 0.039% per cycle over 400 cycles.
The 1D structure of Lag¢Sry4CoO;_s nanofibers not only
have interconnected conductive channels that promise high-
efficiency electron and ion transfer, but also can stabilize the
electrode structure and therefore improve the cycling stability
with high sulfur content (5.4 mg cm™). This work provides
a good starting point to use the chemically stable perovskite
oxides with tunable component as sulfur host materials. More
recently, Liu et al. prepared 1D nanofibers with a high theoret-
ical density of LaygSry,MnO; by electrospinning. Benefitting
from its high density (1.69 mg cm™2), the S/ LaygSry,MnO;
composite shows an extremely high volumetric energy density
of 2727 Wh L™ y04e With a high sulfur loading of 6.2 mg cm™2,
which is more than twice that of S/carbon cathode. Moreover,
as LajgSry,MnO; is electrochemically stable in the Li-S battery
operation window, the S/ LaggSry,MnO; composite exhibits a
relatively good capacity of 792 mA h g and cycle stability of
0.21% degradation per cycle at 0.1C. This research is an effec-
tive attempt at high energy density Li-S batteries.*8]

The transition metal ions in the lanthanum strontium
oxide can adsorb polysulfides through the change of valence
state, which is usually concentrated on the (110) plane. And Sr
doping can enhance the adsorption energy of transition metal
ions through valence variation along with oxygen vacancy, thus
enhancing its absorption of polysulfides.

2.2.3. Complex Peroyskite Oxides

Complex perovskite oxides are generally doped with a
variety of cations, hence the general structure is changed to
AA"_B,B",05_5! The metal cations in the perovskite nano-
particles (PrNPs) with complex composition can be combined,
reduced and re-oxidized without any limitation, thus producing
a large number of active sites and oxygen vacancies, which is
favorable for the entrapment of polysulfide. Therefore, adding
PrNPs into conductive carbon materials can effectively bind
polysulfide and reduce the shuttle effect. Kong et al. prepared
a kind of BaysSrq5CoggFe),03 s perovskite nanoparticles as
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promoters to immobilize the polysulfide and guide Li,S deposi-
tion.*®l These nanoparticles contain large numbers of binding
sites (Sr) and oxygen vacancies that promote the surface inter-
actions of polysulfides and PrNPs, as well as variable and high
valence transition metal ions (Fe and Co ions) that capable to
further benefit the LiPSs regulation. Cell with 10 wt% PrNPs
exhibits an initial capacity of 793 mA h g at 0.5C rate which
decreases to 695 mA h g after 200 cycles with fading rate of
0.062% per cycle. In contrast, cell without PrNPs (CNTs/S elec-
trode) exhibits an initial capacity of 835 mA h g™! at 0.5C rate,
but after 200 cycles the capacity decreases to 437 mA h g~! with
fading rate of 0.23% per cycle, which is about four times that
of the cell containing PrNPs. The resulting carbon material
with PrNPs presents a plenty of electron-conductive and LiPSs
adsorptive interfaces to promote the nucleation and growth
of Li,S, which results more Li,S deposits in the electrode dis-
charge profiles and leads to improve the cycle performance.
In order to enhance the polysulfides entrapment, Chen et al.
added flower-like MoS,, BaMngoMg, ;03 perovskite nanoparti-
cles and CNTs layers on the carbon cloth (DCC).) The MoS,
can endow ample polar active sites to suppress polysulfide
shuttle effect and achieve long-term cycle stability. However,
since a single polar host like MoS, cannot meet the high sulfur
loading requirements owing to the limited number of absorp-
tion sites, BaMny Mg, ;03 perovskite nanoparticles need to be
crosslinked to MoS, layer to overcome this shortcoming. Sub-
sequently, the conductivity and flexibility of the composites are
enhanced by the CNTs layer. With excellent binding ability and
ultrahigh sulfur loading of 5.2 mg cm~2, the DCC@MoS,/PNP/
CNTs/S composite delivers a discharge capacity of 871 mA h g!
at 1C with low fading rate (0.02%) per cycle over 800 cycles.

In complex perovskite particles, A ions are usually heavy
Ba or Sr ions, which endow PrNPs with the larger tap density
to increase its volume energy density, and the B ions are usu-
ally variable- and high-valence transition metal ions to absorb
polysulfides and catalyze its conversion. Therefore, PrNPs can
effectively promote the conversion of LiPs and improve the
electrochemical properties of cathode through the synergistic
effect of these two kinds of ions.

2.3. NaFeO,-Type Oxides

The NaFeO,-type oxides have a general formula of ABO,, where
A(I) is alkali cations and B(III) is transition-metal cations. There
are two common structures of NaFeO,-type oxides, o+NaFeO,-
type and -NaFeO,-type. The monovalent and trivalent cations of
o-NaFeO,-type oxides occupy the octahedral position in the dense
cubic packing of oxygen-anion, and are ordered along the [111]
direction of the rock salt lattice, resulting in a 2D layered struc-
ture.”! (Figure 1c) As for SNaFeO,-type oxides, monovalent and
trivalent cations regularly occupy the divalent cation site, and all
cations are in fourfold and tetrahedral coordination to oxygen
atoms.” o-NaFeO,-type oxides are widely used in lithium-ion
Dbattery because of their stable framework and structure that allow
the ions to move between layers, which lead to structural stability
and better electrochemical performance while the fNaFeO,-type
oxides have become a potential semiconductor material because
of their bandgaps with a wide range of energies.”"7?
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LiCoO, is one of the most widely used o-NaFeO,-type mate-
rial, which has high operating voltage and stable cycle perfor-
mance due to its favorable 2D plane structure through which
lithiation and delithiation can occur.”?! However, it also has
some shortcomings like high cost and poor stability. By doping
with other metal cations, the capacity, rate capability, and oper-
ating voltage of o+NaFeO, can be increased effectively and the
cost can be reduced. Currently, the most commonly used mixed-
cations composites, such as LiNi,CoMn;_,,0, (NCM) and
LiNi,Co,Al;_,,0, (NCA), can improve the performance of the
electrode by overlithiation. Due to high tap density of commer-
cial NCM, Wang et al. combined LiNijgCoy;Mny,0, (NCM811)
microspheres with sulfur to prepare a carbon-free sulfur
cathode of Li-S batteries.” The structure of the microspheres
establishes stable conductive frameworks and porous channels
to facilitate the electron transfer and effective ions diffusion.
The composition of Ni, Co, and Mn in NCM not only has been
proved to be sulfiphilic, which can reduce the shuttle effect by
bonding with polysulfide, but also promotes the conversion of
polysulfide because of high electrochemical catalytic ability. With
this carbon-free S/NCM811 composite, cell cycled over 500 times
showed a low decay rate of 0.057% per cycle at 0.1C rate. In
addition, the relatively low exposed surface area and moderately
stacked porosity by high tap density result in a large volumetric
capacity of 1601.9 mA h cm™, which is 2.3 times higher than
that of S/carbon composites. Shi et al. used LiNij gCoq15Al 50,
(NCA) powder formed with sulfur for electrode as trapper and
accelerator of polysulfides.” The electronic conductivity and
Li* diffusion coefficient (Dy;,) of the electrode with S/NCA com-
posite in Li-S batteries are significantly improved. The active
sites and variable-valence of Ni and Co promote the transfer of
ions and enhance the redox activity of LiPSs, resulting in excel-
lent cycling and rate performance as well as low self-discharge
behavior. S/NCA composite exhibits a high discharge capacity of
755.4 mA h g! at 1C rate and a low capacity fading rate of 0.02%
per cycle over 500 cycles. The usage of NaFeO,-type oxides pro-
vides a convenient and effective strategy for enhancing the elec-
trochemical performance of Li-S battery.

NCM and NCA have a similar mechanism of interaction
with polysulfides. The adsorption of polysulfides mainly occurs
on (104), (003) and (110) planes, where (104), (003) planes
mainly form Li—O bond and (104), (110) planes mainly form
Co—S bond. The (110) planes have the largest adsorption energy
to polysulfides. With the increase in Ni content, the amount of
Ni* ions increases gradually, which is a bifunctional carrier
with adsorption and catalytic functions, so the electrochemical
performance of cathode is gradually improved. The layered
structure of o-NaFeO,-type material can keep the stability in the
layer while transferring and diffusing ions between the layers,
which allows it to be a strong host as well as a good conductor.
It is a potential material for preparing cathode without adding
conductive carbon material.

2.4. lon-Substituted Metal Oxides
The substitution of ions in single oxides can maintain the sta-

bility of the crystal while destroying the short-range structure of
crystal, resulting in more defects and oxygen vacancies, which
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improve the internal conductivity of the material. Because of
variable valence and large ionic radius of transition metal cat-
ions, the electrical conductivity and electrocatalytic activity of the
ion-substituted oxides are increased correspondingly, thereby
enhancing their electrochemical properties. Due to their hydro-
philic nature and presence of hydroxyl groups on surface, MgO
nanoparticles are capable to absorb polysulfides. Furthermore,
Mg as alkaline earth metal, has higher electropositivity than
other transition metals such as Mn and Ni, so Mg oxides can
be used as additives to improve the capacity and cycle stability
of Li-S batteries.’®l Replacing Mg cations with other transition
metal cations, the MgO structure improves not only its conduc-
tivity but also electrochemical catalytic ability.”?! Therefore, the
ion-substituted magnesium oxide is an ideal additive to improve
electrochemical performance of Li-S batteries.

2.4.1. Mg06N104O

Mg 6Nig4O is one of the earliest oxides proposed as an additive
for Li-S batteries. Early in 2004, Ahn and co-workers increase the
initial capacity of Li-S batteries by adding Mg, ¢Niy 4O (15 wt%)
nanoparticles (30-50 nm) to sulfur based cathode.” The nano-
sized Mg ¢Nij 4O has the same crystal structure like MgO, which
means it can absorb polysulfide and keep liquid electrolyte like
MgO, while the substitution of Ni cation gives catalysis of dis-
sociating chemical bond. The initial capacity is increased from
741 mA h g! (without additives) to 1185 mA h g™ (more than
60%), by improving rate capability as well as porosity of the
sulfur electrode, which means that the addition of Mg ¢Nij,O
can effectively prevent the polysulfide to mix with electrolyte
that reduce the shuttle effect. Although the electrochemical
performance has been improved, the capacity decreased to
=1000 mA h g after 50 cycles which indicate poor cycle durability
and polysulfide retention of the cathode. Subsequently, Tang et al.
used Mg sNij 4O hollow nanofibers (100-200 nm in diameter) as
additives to improve the electrochemical properties of Li-S bat-
teries, due to 1D structure of nanofibers, larger surface area, and
excellent pore connectivity.”® Sulfur is mixed with Mgy ¢Nij 4O
nanofibers to form composites and calcines at different tempera-
tures. The results show that the calcined Mg, ¢Ni, 4O at 700 °C
improves the initial capacity from 595 to 910 mA h g! but
keeps revisable capacity of 554 mA h g after 20 cycles, exhib-
iting that there is no significant improvement in cycle stability.
To solve this problem, Zhang et al. added Mg ¢Ni,O nanopar-
ticles (20-50 nm) to the S/polyacrylonitrile (PAN) due to its high
sulfur utilization and excellent initial capacity.”) The S/PAN/
Mg ¢Nig4O composite as cathode material not only delivers
a higher initial capacity of 1223 mA h g at 0.1C rate, but also
maintains around 100% capacity after the first 100 cycles, greatly
improving the cycle durability as compared with other works.
Despite of its high polysulfide retention, the low sulfur content
(32 wt%) of this composite still needs to be improved.

2.4.2. MgQSC“O.ZO
Cu?* cation has nearly the same radius as Mg?" cation but

better conductivity, Therefore the substitution of Cu?* cation
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with MgO not only keeps the structure stability but also gains
higher conductivity.®] Zhang et al. used nanosized Mg, sCu,,0
for Sjcrystalline vanadium pentoxide (c-V,0s) cathode to
restrain the dissolution and aggregation of the polymer and
sulfur®l The cathode, containing 10 wt% additive and 38 wt%
sulfur, exhibits an initial capacity of 545 mA h g~! and a capacity
retention rate of 775% (422 mA h g7) after 30 cycles, while the
S/c-V,05 cathode without additive shows the initial capacity of
400 mA h g! and maintains at 227 mA h g after 30 cycles.
The results show that the addition of Mg, sCu,,0 powder can
improve the rate performance and cycle stability of the cathode.
However, the effect of crystalline vanadium pentoxide used as
sulfur host is not clear in this study.

The adsorption of ion-substituted MgO mainly takes place
on (111), (200), and (222) planes, where Mg?" mainly plays the
role of adsorbing electrolyte and catalyzing the dissociation of
S—S single bonds, and the substituted transition metal ions can
combine with polar polysulfides to reduce the shuttle effect.
Using ion-substituted MgO as an additive can effectively reduce
the interface Ry of cathode and shorten the voltage gap of
redox potential, thus reducing the polarization and enhancing
kinetics.

3. Multi-Metal Chalcogenides

S, Se, and O are all members of VIA group, so the physical and
chemical properties of metal sulfides and selenides are similar
to those of oxides. However, the metal M—S and M—Se bonds
are weaker than the M—O bonds, therefore metal sulfides and
selenides have higher kinetic reactivity and better rate capability
than corresponding oxides.[®? Excellent skeleton flexibility gives
sulfides and selenides various nanostructure, but generally
poor conductivity also limits their further application. There-
fore, most of the current research has designed them with spe-
cial nanostructures or combined them with carbon materials.

3.1. Sulfides

Recently, with the development of various synthetic methods,
the metal sulfides have been applied as sulfur host materials
of Li-S batteries. Metal sulfides have strong affinity to sulfur-
containing species, and their low lithiation voltage can avoid
overlap in the working voltage window of Li-S batteries.[®3 In
addition, metal sulfides have more metallic phases and better
structural flexibility than oxides, which can be designed as
more complex and fine microstructures. Due to special struc-
tures of nanosized transition metal sulfides with excellent con-
ductivity, polysulfide absorption, and electrocatalytic activity,
they are considered as potential candidates for Li-S battery.

3.1.1. NiCo,S,

The transition metal sulfides used as host materials are usu-
ally mono-metal sulfides. Common ones are CoS, and NiS,
due to strong reaction with polysulfide and facilitate the redox
kinetics, which can improve the conductivity of the electrode.®
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By combining two materials, bimetal sulfide NiCo,S, is used as
a sulfur host to bind the polysulfides and reduces the shuttle
effect. Because of the large volume change and excellent flex-
ibility of NiCo,S,, complex secondary microstructures are usu-
ally designed as nanoscale electrochemical reaction vessels to
immobilize and catalyze the LiPSs.

Tan et al. firstly designed the hollow NiCo,S, sphere with an
egg yolk—shell (Figure 7a) that can both load sulfur and mitigate
volumetric variation of sulfur during cycling via facile anion
exchange method (Figure 8a).8%l The S/NiCo,S, composite with
70 wt% sulfur maintains a capacity of 318.9 mA h g at 0.5C
rate with fading rate of 0.074% per cycle after 500 cycles. In
the same year, Wu et al. synthesized NiCo,S, with a distinctive
urchin-like structure.®® The spikes of the urchin-like structure
with a diameter of about 100 nm are composed of dotted porous
primary particles (Figure 7b), which can load large amounts
of sulfur while leaving space for volume changes (Figure 8b).
The NiCo,S,/S composite loaded with sulfur (sulfur content =
48.5 wt%) provides an initial capacity of 1028 mA h g at 0.1C
rate and decreases to 421 mA h g after 100 cycles, which
shows a poor cycle stability. To improve cycle stability, Dai et al.
constructed a 2D Chinese knots-like network with 1D nano-
structured NiCo,S, nanotubes (Figure 7c).’”] The internal con-
nectivity of the special hollow structure not only accommodates
the volumetric expansion of sulfur, but also provides structural
encapsulation for polysulfide (Figure 8c). The hollow structure
of the NiCo,S, nanotube with high sulfur content of 71 wt%
exhibits a high capacity of 932 mA h g! at 1C rate with a low
fading rate of 0.02% per cycle over 1000 cycles, which signifi-
cantly improves the cycle performance of S/NiCo,S, compos-
ites. Another attempt recently proposed by Li et al. was using
self-assembled NiCo,S, granule with secondary open-hole
tubular structures as an efficient sulfur host (Figure 7d).[8!
The hollow structure with 3D holes provides not only a large
number of channels for intimate interaction between the elec-
trolyte and active sulfur but also an internal area to contain
sulfur and polysulfides by physical adsorption (Figure 8d). As a
result, with high sulfur loading up to 8.9 mg cm™2, the high ini-
tial capacity of 1387 mA h g™ at 0.2C rate decays to 816 mA h g!
after 350 cycles.

As the use of carbon materials as conductive network and
sulfur host can effectively improve the electrochemical perfor-
mance of Li—S batteries, Lu et al. prepared sulfur host materials
with excellent electronic transportation capacity and conduc-
tivity by combining CNTs with NiCo,S,® The structure of
NiCo,S,@CNTs composites are similar to that of thin branches
filled with densely packed small leaves, in which the branches
are CNTs and the small leaves are porous flake-shaped NiCo,S,
(Figures 7e and 8e). The NiCo,S;@CNTs/S composite with
higher specific surface area and lower resistance exhibits an
initial capacity of 780 mA h g! at 0.6C rate with fading rate of
0.0489% per cycle over 1000 cycles and the columbic efficiency
of each cycle is about 99%.

However, most of the hollow tubes and 2D sheet structures
of polar metal sulfides are easily damaged during punching
and filming process, resulting in the reduction of sulfur utili-
zation. Recently, Yang et al. innovatively synthesized NiCo,S,,
Co3S,4/NiS;, and Ni—Co sulfide on Ni-foam (Figure 7f) via one-
step hydrothermal synthesis, avoiding the destruction of the
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Figure 7. SEM and TEM images of NiCo,S, as host materials for sulfur.
a) NiCo,S, spheres. Reproduced with permission.®l Copyright 2019,
Springer Nature. b) Urchin-like NiCo,S, precursor. Reproduced with per-
mission.®l Copyright 2018, Springer Nature. c) Knot-like NiCo,S, matrixes.
Reproduced with permission.[®’l Copyright 2018, Elsevier. d) Self-assembled
NiCo,S, granules. Reproduced with permission.® Copyright 2020, Else-
vier. e) Thin branches-like NiCo,S,@CNTs. Reproduced with permission.[®]
Copyright 2018, Elsevier. f) NF@NCS-30 nanosheets and the inset of CosS,
particle. Reproduced with permission.?® Copyright 2019, Elsevier.
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original structure by the reaction process (Figure 8f).°% The
electrochemical performance of the foam-like S/Ni-foam@
Ni—Co sulfide (S/NF@NCS) deliveries an ultrahigh initial
capacity of 1920 mA h g! at 0.1C rate, as well as a high capacity
of 1352 mA h g at 1 C after 10 cycles, which decreases to
=500 mA h g after 100 cycles, showing the poor cycling perfor-
mance of S/Ni-foam@Ni-Co.

In addition, other nickel-cobalt sulfides similar to NiCo,S,
can also effectively bind polysulfides and reduce shuttle effect.
Recently, Liao et al. had embedded Ni,Co;_,S, nanocrystals with
high polarity on a 3D porous nitrogen-doped carbon nanosheet,
which promotes efficient utilization of sulfur. It has been
proved that the Ni?" and Co>* sites on Ni,Cos_,S, nanocrystals
surface can act synergistically with N sites on N-doped carbon
nanosheet in anchoring polysulfides.’!Also, the diffusion bar-
rier of Li* ions at the Ni,Co;_,S,/N-doped graphene interface
is much lower than pure Ni,Cos_,S, surface, which means that
combining with carbon materials gives composite an overall
better reaction kinetics. The obtained composite demonstrates
excellent cycle stability by an initial capacity of 1162 mA h g
and low capacity degradation of 0.14% per cycle in 400 cycles
at 1C, proving the good anchoring effects of the Li,S, on the
bimetallic polar materials. Besides the sulfur host, another
effective attempt to use CoNi,S, as additive was proposed by
Bhardwaj et al.’? By simply adding CoNi,S, powder to sulfur
cathode, the specific capacity of CoNi,S,/S at the end of the first
discharge cycle increases to 1570 mA h g, which is very close
to the theoretical capacity of sulfur cathode. After that, although
the capacity decreases rapidly to 1000 mA h g~! within 10 cycles,
it still remains 90% after 100 cycles. Compared with sulfur host
materials, this cobalt-nickel sulfide additive effectively makes
the assembly of metal-sulfur batteries considerably simpler
and promotes the commercialization of sulfur cathode con-
taining bimetallic sulfides.

Similar to NiCo,0, the (311) crystal plane is the main
exposed crystal plane in NiCo,S, and it has the strongest ability
to adsorb polysulfides, in which the high valence Ni and Co
ions are the main components that bond with LiPs. The spe-
cial secondary structure of NiCo,S, can also effectively bind
the sulfur inside the cathode. However, nickel cobalt sulfides
have better conductivity attributed to denser electron atmos-
phere and unique band structures compared with oxides.
As shown in Table 3, because of the electrical conductivity of
NiCo,S, is =100 times that of NiCo,O,, the NiCo,S, shows high
conductivity even without addition of any carbon material, so it
generally has higher sulfur content and initial capacity at high
rate when used as sulfur host.”)l However, as the sulfur bond
is weaker than oxygen bond, the cyclic stability of the S/NiCo,S,
composite cathodes still need to be improved.

3.1.2. Cu3BiS;

Cu-Bi-S composites are very stable at room temperature and
are composed of abundant and cheap elements, so Cu;3BiS; as
one of the Cu-Bi-S materials was used by Gao et al. as sulfur
host of Li-S batteries to absorb polysulfide.* The Cu;BiS;
is synthesized by solvothermal method and has a flower-like
structure with a diameter of 1.5-3 um, which is composed of
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Figure 8. The schematic illustrations of the preparation of NiCo,S4-S nanostructures. a) S/NiCo,S, yolk—shell hollow spheres. Reproduced with permis-
sion.1®% Copyright Springer-Verlag GmbH Germany, part of Springer Nature 2019. b) Urchin-like NiCo,S,/S composites. Reproduced with permission. (¢l
Copyright Springer Science+Business Media, LLC, part of Springer Nature 2018. c) Knot-like S@NiCo,S, composites. Reproduced with permission.[®”)
Copyright 2018, Elsevier. d) Hollow acicular-like NiCo,S,/S composites. Reproduced with permission.®8 Copyright 2020, Elsevier. e) Thin branches-
like NiCo,S;@CNTs. Reproduced with permission.l®%l Copyright 2018, Elsevier. f) NF@NCS-30 and NF@NCS-10. Reproduced with permission.?l
Copyright 2019, Elsevier.

oriented 2D thin nanosheets, resulting in a junction with poros-  performance compared with the ZnCo,0,/S. This study shows
ities between these nanosheets and exhibiting a hierarchical  that the sulfur host materials with appropriate binding energy
nanostructure. Cu;BiS3;/S composite as a cathode with 80 wt%  have better effect of reducing shuttle effect than sulfur host
sulfur content exhibits an initial capacity of 1343 mA h g!  materials with high binding energy.

at 0.2C rate and maintains the capacity of 487 mA h g after

100 cycles, which shows good electrochemical performance

while the cycle performance still needs to be improved. 3.2. Selenides

Compared with metal sulfides, the high structural flexibility
3.1.3. ZnCo,S, and inherent metallic properties of metallic selenides bring

good cycle performance and good conductivity, which make
ZnCo,S, has a similar structure and ability to form polar bonds  them promising electrode materials with wide range of applica-
with polysulfide as ZnCo,0,, while ZnCo,S, has a smaller Li  tion prospects.[*’l
ion diffusion barrier energy than ZnCo,0,, which benefits Li Due to the synergistic effect of Ni and Co bimetals which can
ion transportation during charge—discharge. Thus, Zhang et al.  significantly enrich the electronic reaction process and improve
tried to grow ZnCo,S, nanoflakes derived from a metal-organic  the conductivity, Zhang et al. used highly conductive and polar
framework (MOF) on conductive carbon cloth as a binder free  bimetallic selenide NiCo,Se, (NCSe) with a tubular structure
electrode.” According to calculations, although ZnCo,0, has  to prepare urchin-like S/NCSe composites as cathode mate-
a higher binding energy than ZnCo,S,, it also causes more  rials for Li-S battery.””] The S/NCSe composite with low sulfur
decomposition of polysulfides. In addition, ZnCo,S, exhibited  loading exhibits a reversible capacity of 480 mA h g™ at 3C
lower bandgap, indicating that Li ions migrate more readily on  rate with fading rate of 0.016% per cycle after 1000 cycles, and
ZnCo,S, than on ZnCo,0,. The prepared ZnCo,S,/S delivers  with higher sulfur loading of 3.2 mg cm™? exhibits a reversible
an initial capacity of 1146 mA h g™' and a capacity of 531mAh g capacity of 557 mA h g™ with fading rate of 0.043% per cycle
at 0.5C after cycling 200 times, while the ZnCo,0,/S cathode  after 600 cycles, which shows good cycle stability with both
shows a capacity of only 413 mAh g after 200 cycles at 0.5C,  high and low sulfur content. In addition, cytotoxicity tests show
proving that the ZnCo,S,/S composite presents a more stable  that NCSe has an excellent biocompatibility. This research not

Table 3. Summary of studies on NiCo,S, composites with variable secondary structure as cathode materials for lithium—sulfur batteries.

Materials Initial capacity Current Cycle Degradation rate Sulfur content®) Rate performance®) Ref.
[mA hg™] rate?) number per cycle [%] [wt%] at 1C [mA hg™]
NiCo,S, yolk-shell hollow spheres =506 0.5C 500 0.074 70 387 [85]
Urchin-like NiCo,S, 759 1.0C 300 0.180 45.8 567 [86]
Chinese knot-like NiCo,S, nanotubes 932 1.0C 1000 0.020 n 926 [87]
Self-assembled NiCo,S, granules 1387 0.2C 350 0.1179 67 816 [88]
Foam-like Ni-foam@Ni-Co sulfide 1352 1.0C 100 0.6309) N/A 430 [90]
Branch-with-leaves-like NiCo,S,@CNTs® 780 0.6C 1000 =0.049 66 660 (at 1.2C) [89]

A1C = 1674 mA g'; P Mass percentage of sulfur on the whole cathode; 9Capacity of cathode at various C-rate; 9 Data is estimated from the figure given by paper since
authors did not provide the specific value in the reference; CNTs = carbon nanotubes.
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only expands the application of metal selenides, but also pro-
vides a new strategy for the preparation of long-life and high-
rate Li-$S batteries.

Due to the lower bond energy of metal sulfur bond and metal
selenium bond compared with metal oxygen bond, transition
metal sulfides and selenides have better structural flexibility
and worse structural stability than metal oxides, therefore,
when used as host materials, they generally have higher initial
capacity and poor cycle stability. Moreover, their various micro-
structures benefiting from structural flexibility have led to a
growing number of studies on them in recent years.

4, Others

4.1. MO3Ni3N

Metal carbides as sulfur host materials have physical/chemical
absorptivity similar to that of metal oxides but conductivity
much higher than that of oxides, but the low sulfur loading
(<2.0 mg cm™) and serious shuttle effect caused by the weak
polysulfide binding ability. In order to solve this problem, Liu
et al. used branch-like Mo3;Ni;N/Mo,C nanoparticles anchors on
carbonized bacterial cellulose film (CBC) to prepare a kind of
free-standing 3D carbon/inorganic multi-component matrix as
sulfur host material for Li-S batteries, in which 1D CBC fibers
form a porous highly conductive network.’®) Mo,C is mainly
used to enhance its conductivity and Mo;Ni;N can effectively
bind the dissolved polysulfide. The cathode containing hybrid
material of Mo;Ni3;N/Mo,C-CBC/S membrane not only achieves
70 wt% sulfur content with area sulfur loading of 15.5 mg cm™,
but also exhibits the initial capacity of 823 mA h g at 1C rate
and reversible capacity of 519 mA h g after 500 cycles. On the
other hand, the cathode without Mo;Ni;N exhibits much lower
capacity, which proves that MosNi;N plays an important role for
better battery performance.

4.2. Prussian Blue (MOF)

As an alternative to sulfur-based materials, the large number
of open coordination metal sites in MOF materials act as
soft Lewis acids that can effectively coordinate polysulfide
anions through Lewis acid-base bonding effect. However,
the poor conductivity of MOF gets it less attention. Prussian
blue analog (PBA) is a porous coordination polymer with a
large open framework for sulfur storage, which is similar to
MOF. Su et al. used PBAs as sulfur host of Li-S batteries by
combining Na,Fe[Fe(CN)¢] with conductive polymer poly(3,4-
ethylenedioxythiophene) (PEDOT).” Na,Fe[Fe(CN)s] nano-
particles have a cubic morphology with highly uniform size of
=150 nm, in which iron ions are in the center of Fe[Fe(CN)q]*
and are coordinated by six cyanate radicals to form octahe-
drons. The inserted sulfur occupies only the large interstitial
sites rather than the external surface of the Na,Fe[Fe(CN)¢]
nanocrystals, avoiding the blocking of electrical current trans-
porting paths and resulting in a higher sulfur content (82 wt%).
The S@Na,Fe[Fe(CN)sJ@PEDOT composite delivers a high
initial capacity of 1291 mA h g at 0.1C rate and remained at
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1101 mA h g after 100 cycles, while the revisable capacity of
S@Na,Fe[Fe(CN)g] cathode only remains at 763 mA h g after
100 cycles at 0.1C rate, which shows that PEDOT coating layer
could greatly accelerate the electron transport, resulting in Li*
ion diffusion and therefore improving the cyclability of battery.
This study provides a new idea for the application of PBAs and
MOF in the cathode of Li-S battery.

4.3. LiFePO,

Olivine-type LiFePO, (LPF) is widely used as a host material in
lithium-ion battery due to its high theoretical capacity (about
170 mA h g™}, acceptable operating voltage, low cost, low toxicity,
and thermal stability. The results show that (010) planes of LPF
have 1D Li* diffusion channels and therefore lower Li migration
energy and higher Li diffusion coefficient, which gives the LPF
better rate capability. When LPF is applied in Li-S batteries, it
exhibits an emerging metallic property at the LFP/Li,S interface
with improved electronic conductivity, as well as excellent polar
property and high redox potential, making it a potential sulfur
host material.l'®%1% However, the application of LPF as the elec-
trode materials for lithium-sulfur battery is limited.

Kim et al. first coated the sulfur with a layer of LPF through
mechano-fusion technique, avoiding multi-step solution pro-
cesses commonly used to make sulfur composites, improving
the specific gravity and sulfur content of cells, so the volu-
metric energy density also increases accordingly.'?l The as-
prepared S-LPF composite exhibits a capacity of 1200 mA h g™
at 0.1C rate, which is higher than the pristine sulfur electrode,
as well as a high specific energy and energy density. Lee et al.
used nanosized LiFePO, as a hard template to design triple-
heteroatom (P, O, and N)-doped hollow carbon-on-graphene
nanosheets (PONHC/G), which have a high surface area
(655.2 m? g™, efficient active sites, and excellent conduc-
tivity given by graphite nanosheets.'®l The S@PONHC/G
cathode exhibits a higher initial capacity of 825 mA h g7 at
1C rate, which decreases to 711 mA h g after 200 cycles and
to 607 mA h g after 500 cycles. The result proves that LPF
as a sulfur host can provide effective physical sulfur binding
(sulfur content =70 wt%) and considerable chemical affinity
with LiPSs. Recently, Wang et al. reduced the shuttle effect and
optimized the electrochemical reaction process by combining
LPF and holey graphene (HG) to fabricate the HG/LFP/S
cathode composites with a yolk—shell structure, which provide
both physical and chemical absorption for LiPSs.'* The HG/
LFP/S cathode with a unique heterostructure (74.7% sulfur con-
tent) provides an initial capacity of 1066 mA h g at 1C rate
and a reversible capacity of 831 mA h g after 500 cycles with
the fading rate of 0.044% per cycle, which exhibits impressive
rate and cycling performance compared with 483 mA h gt of
HG/S electrode without LPF nanoparticles after 500 cycles at
1C rate. The excellent electrochemical properties of LPF make
it attractive for researchers, but its low conductivity often limits
its further application. In order to solve this problem, LPF is
usually combine with conductive carbon materials to provide
high conductivity and fast electron’s transportation as well as
a beneficial synergistic effect by forming heterostructure with
carbon materials.
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4.4. NiCoP

Metal phosphides have better electrical conductivity than their
oxides and sulfides counterparts, and some of them even have
superconductivity, which facilitates redox reaction kinetics and
increases sulfur utilization. Moreover, the synthesis of phos-
phide is much simpler than that of nitride or carbide. However,
the application of metal-phosphide materials has been limited
by its low surface area and areal sulfur loading.”! Recently,
Duan et al. prepared metal phosphide NiCoP with hollow quasi-
polyhedron structure by acid etching method to load sulfur, in
which the open and fold architecture as a nanoscale reservoir
can effectively provide physical adsorption for polysulfides.[1°]
In addition, the oxide layer on the surface of NiCoP nanoparti-
cles can activate Ni/Co sites to chemically bind polysulfides in
electrolyte. A large discharge capacity of 815.3 mA h g7! in the
initial cycle at 0.1C is obtained by NiCoP/S composite cathode
with 70 wt% sulfur, and maintains at 620.1 mA h g after
200 cycles. The study also proves that P atoms can regulate
the interfacial electron transfer dynamics and synergistically
improve the electrochemical performance of sulfur cathode
with transition metal ions.

5. Mechanism

The most conventional technique to suppress the dissolved
LiPSs species is “physical adsorption.” Although the physically
composite sulfur with conductive materials can trap the LiPSs,
but it is inevitable that the impregnated sulfur can still be get
into the electrolyte because of the penetration effect. During the
lithiation process, the highly soluble LiPSs can diffuse across
the physical barrier since weak interactions between host mate-
rials and LiPSs can only hold for a short time.'”7"% Because of
the weak van der Waals force, the physical absorption method
cannot restrict the long-term diffusion of LiPSs and the LiPSs
cannot efficiently be combined with the host materials due to
the strong electric field of the driving force for the diffusion of
LiPSs and therefore, the host active materials loss which cause
the serious polysulfides shuttle effect."""131 A novel type of
compounds have been developed which provides chemisorp-
tion on sulfur species that can inhibits the diffusion of lithium
polysulfide species. Sulfur species are covalently bonded to the
host materials, by reacting with the functional groups on the
surface to completely stop the diffusion of LiPSs. This is so-
called “chemical adsorption.”3] The “chemical adsorption”
significantly helps to suppress the diffusion of LiPSs and can
be held within the cathode via strong chemical bonds, there-
fore the polysulfides shuttle can be efficiently eliminated which
improve the cycle stability and columbic efficiency. Simply, the
key difference is that the “physical adsorption” method is based
on van der Waals force that usually forms a multi-molecular
layer and “chemical adsorption” method is based on chemical
bonding force that can form a mono-molecular layer on the
surface.™ Lewis acid-base interaction could be an alterna-
tive strategy which is introduced for a chemical and structural
synergistic immobilization of polysulfides.">l One approach
that leads to an occupied lower energy level, accounts covalent
interaction between the highest occupied molecular orbital of
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a Lewis base and lowest occupied molecular orbital of a Lewis
acid."™! This level is considered to be a combination of the
highest occupied molecular orbital of the Lewis base and the
lowest occupied molecular orbital of the Lewis acid which lead
to an effective charge transfer from Lewis base to Lewis acid
(Figure 9a)."8 Another strategy to suppress the higher order
dissolution polysulfides is polar-polar interactions.'31291 The
polar bonds exist in the polar molecules due to the difference
in electronegativity between the bonded atoms. The interac-
tion between polar molecules by dipole-dipole intermolecular
forces and hydrogen bonds which is much stronger than the
interaction between polar and nonpolar molecule. The chem-
ical affinity in polar—polar interaction with respect to anchoring
Li,S, species is more favorable. The polar materials show
strong interaction with polysulfides without any doping due to
intrinsic polarity, absorbing polar polysulfides, and suppressing
shuttle effect."” The polar materials owing to their stronger
interactions with polar polysulfides and share positive attributes
that contribute to enhanced electrochemical performance of the
Li-S Dbatteries. The polar materials have not only strong ability
to absorb and trap the polysulfides to suppress the shuttle
effect but also proven to accelerate the transformation process
between lithium polysulfide and polysulfide because of their
higher reactivity and large surface sites. All these features pro-
vide better stability, improved reversibility, and longer lifespan
for Li-S batteries (Figure 9b).8! During lithiation the dissolved
lithium polysulfides themselves can also be used as a cathode,
and their high solubility is attractive for a new type of flow bat-
tery. However, it is necessary to induce precipitation of solid to
obtain high capacity in nonaqueous solvents. Due to insulating
nature of Li,S, a conductive material is added to facilitate the
charge transfer and provide a substrate for the electrodeposition
reactions. Through nucleation and growth, the Li,S precipita-
tion on conductive substrates takes place by the reduction of the
polysulfide at three boundary stages between the existing Li,S
precipitate, conductive substrate, and solution phase. Nuclea-
tion needs higher driving force than growth, since surface
energy barriers must be overcome. In electrodeposition, lower
energy barrier for growth than for nucleation is expected which
has been observed for the precipitation of Li,O, in lithium—
oxygen batteries.?l The length of these three boundary stages
reaches a maximum during nucleation and growth which van-
ishes when the precipitates fully impinged. Because of the con-
ductivity limitation, the thickness growth cannot occur by bulk
chemical diffusion via Li,S layer, but occurs through surface
diffusion at Li,S—electrolyte interface and the Li,S thickness
is depend on the total growth time available. For electrodepos-
ited materials, the current instead increases monotonically and
asymptotically reaches a maximum value that assumes no dif-
fusion limitation.”??% Depending on the current rate, the
Li,S precipitation produces different morphologies which in
turn determines over potential. Large over potentials produce
a high nuclei density at high C-rates, so the continuous mor-
phology composed of various small crystallites is obtained but
Lower C-rates produce fewer but larger precipitates. Through
Li,S precipitation, the high storage capacities can be realized
by controlling the surface area of conductive substrate, choice
of solvent, and proper electro-kinetic control of the nucleation
and growth process."” The lithium bond between LiPSs and
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Figure 9. a) Lewis acid-base interaction. Reproduced with permission.[*l Copyright 2019, Elsevier. b) Polar—polar interactions. c) The uniform atomic
doping of B ions in the oxide host assures fast electrical conduction, while the creation of O rich vacancy enables easy access of oxygen ions into the

oxide host with a low energy barrier.

lithiophilic surface has well established via polar—polar interac-
tions. Integration of multi-metal components in one crystal is
highly expected to tune transportation of LiPSs and regulate the
lithium sulfide (Li,S) deposition simultaneously.'?*! Such con-
figuration of material design and mechanistic understanding
are fruitful for sulfur hosts.

As compared with simple metal oxides, the multi-metal
components encompass rich oxygen vacancies and improve
the surface interactions (Figure 9¢).?l These oxygen vacancies
enhance the metal activity and the oxygen component shows
lithiophilic site to bind the LiPSs that provides stable opera-
tion of lithium-sulfur batteries. The multi-metal components
expose abundant active sites and the highly catalytic nature of
multi-metal components loaded on the conductive surface that
facilitate the redox kinetic reactions of the LiPSs. Multi-metal
components introduce variable and highly valence transition
metal ions which regulates the redox kinetic reactions between
LiPSs and Li,S that enhance the electrochemical performance
of lithium-sulfur batteries. Also, the higher tap density of the
multi-metal compound confers a higher volumetric capacity of
sulfur cathode compared to carbon materials (Table 4). Due to
their unique ferroelectric, piezoelectric, and ferroelastic prop-
erties, the multiferroelectric materials also provides a novel
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polysulfide trapping strategy to conquer the polysulfide shuttle
effect.'”] For photovoltaic and photocatalysis, the ferroelec-
tricity “spontaneous polarization,” caused by asymmetric crystal
structure, offers new opportunities.l'?l The “spontaneous polar-
ization” is helpful to build an internal EF and induces charges
on the surface of ferroelectric materials, resulting in a plenty
of polar molecules from the outside will be chemisorbed on
the surface of ferroelectric materials to screen these surface
charges.l”””! The heteropolar polysulfides can be anchored
because of the originated EF from the “spontaneous polariza-
tion” of ferroelectrics that is important to solve the shuttle effect
problem. There is another strategy which is called “bottom-up
strategy.” Multifunctional 3D polar composite electrode which
is established via in situ epitaxial growth is a viable method-
ology to provide both LiPSs immobilization and conversion
capabilities to alleviate the shuttle effect as well as improve the
electrochemical performance of lithium—sulfur batteries.

6. Conclusion and Outlook

In conclusion, we systematically discussed strategies and recent
development in multi-metal-based compounds as host materials

© 2021 Wiley-VCH GmbH
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Table 4. Summary of studies about the high volumetric capacity of multi-metal oxides and its comparison with carbon materials.

Materials Initial capacity Current Tap density Volumetric capacity Ref.
[mAhgT rate? [gcm™ [mAhcm™]
NiCo,0O, nanofibers 872 0.5C 1.66 1447 [47]
NiFe,O4 nanofibers 963.6 0.1C 1.33 1281.7 [47]
NCM8&11 microspheres 1264.3 0.1C 1.81 1601.9 [75]
Lag gSro,MnO; nanofibers 792 0.1C 1.69 1338.5 [68]
Carbon nanofibers 654 0.5C 0.96 628 [47]
Carbon nanotubes 1044.3 0.1C 0.64 668.4 [47]

NC=1674 mA g™

to demonstrate the main parameters related with polysulfide
adsorption capability and energy barriers of lithium-sulfur
batteries. For better electrochemical performance, researchers
have developed different structures and morphologies of multi-
metal-based compounds that could efficiently constrain the
dissolution of polysulfides into liquid electrolyte and volume
expansion during discharge process. Furthermore, the multi-
metal-based compounds as cathode material for lithium-sulfur
batteries show lower over-potential, higher energy density,
better cycling stability, and improved columbic efficiency. The
intrinsic metallic conductivity and reduction—oxidation cata-
lyzing ability facilitate the transportation of Li ion and strong
interaction with LiPSs, and accelerated surface redox reaction
of multi-metal-based compounds are critical to reduce energy
barrier and improve the battery performance.

There are still many challenges to fabricate the sulfur-based
cathode materials for lithium-sulfur batteries to fulfill all prac-
tical requirements. To fully exploit, it is critical for researchers
to optimize the synthesis parameters as well as material prop-
erties. Here some recommendations are summarized that may
provide deeper insights and pathways for the development of
sulfur host materials of lithium—sulfur batteries.

i) For practical applications, low cost materials should be se-
lected. Naturally abundant organic molecules and non-noble
metal compounds can be considered.

ii) The gravimetric fractions of electrode-based materials

should be minimized. In the range of operating voltage,

some materials are electrochemically inactive and decrease
the gravimetric energy density. Thus, an optimized point is
required to maximize the energy density.

More work emphasized for the fabrication of novel structures

and morphologies to confine LiPSs and further improve the

electrochemical activities. The design of materials should be
based on a mechanistic understanding of different param-
eters. In catalytic activities, the adsorption energy effect with

LiPSs, electrical conductivity, diffusivity of the lithium ion

(Li*) and the coordination of unsaturated atoms should be

further considered.

iv) Current applied approaches for the fabrication of elec-
trode—materials were limited to some classical methods.
Thus, a deeper understanding of electrocatalytic interaction
and chemical anchoring should be required by combining
electrochemical testing with advanced in situ characteriza-
tion methods, like X-ray powder diffraction (XRD), X-ray

iii

=
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photoelectron spectroscopy (XPS), Raman spectroscopy, and
microscopy techniques.
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