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Nanostructured Metal Oxides and Sulfides for Lithium—

Sulfur Batteries

Xue Liu, Jia-Qi Huang, Qiang Zhang,* and Ligiang Mai*

Lithium—sulfur (Li-S) batteries with high energy density and long cycle life are
considered to be one of the most promising next-generation energy-storage
systems beyond routine lithium-ion batteries. Various approaches have been
proposed to break down technical barriers in Li-S battery systems. The use
of nanostructured metal oxides and sulfides for high sulfur utilization and
long life span of Li-S batteries is reviewed here. The relationships between
the intrinsic properties of metal oxide/sulfide hosts and electrochemical
performances of Li-S batteries are discussed. Nanostructured metal oxides/
sulfides hosts used in solid sulfur cathodes, separators/interlayers, lithium-
metal-anode protection, and lithium polysulfides batteries are discussed
respectively. Prospects for the future developments of Li-S batteries with

nanostructured metal oxides/sulfides are also discussed.

1. Introduction

Lithium-sulfur (Li-S) batteries have been strongly considered
in the last six years for their promising future in the practical
applications of electric vehicles, unmanned aerial vehicles, sat-
ellites, and other energy-storage areas working under harsh
conditions.”) The sulfur cathodes in Li-S batteries afford a
very high theoretical specific capacity of 1675 mA h g=! (more
than five times the capacity of the traditional LiCoO, cathode)
and the Li-S electrochemical pair possesses an energy den-
sity of 2600 W h kg™! or 2800 W h L™ (up to five times more
than conventional lithium-ion batteries at a significantly lower
cost).;34

A comparison of prototypes between Li-ion batteries and
Li-S batteries is shown as Figure 1a.! A typical Li-S cell under-
goes an overall reaction of 16Li + Sg — 8Li,S, where a series of
soluble intermediate Li,S, (4 < x < 8) are generated.?%”] The
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long chain polysulfides (Li,S, (4 < x < 8))
can easily dissolve in the liquid electrolyte,
while Li,S, and Li,S do not. Many efforts
have been devoted to research on the reac-
tion mechanism of Li-S batteries from
both experimentsf® and theoretical mod-
eling.”1% A widely accepted illustration
of the reaction process of Li-S batteries is
shown in Figure 1b.!Y The intermediate
reactions are complex with the considera-
tions of complicated reaction pathways of
different kinetics combined with parasitic
diffusion of polysulfides in a working
cell (Figure 1c).”! Up to now, a simpli-
fied reaction sequence of Sg — Li,Sg —
Li,Se/Li,S, — Li,S,/Li,S has Dbeen
accepted, while some other reaction routes
with the formation of S;7 and other polysulfide intermediates
through disproportionation/decomposition reaction have also
been suggested. There are three main obstacles impeding the
practical applications of Li-S cells: i) the insulating nature of
sulfur and lithium (di)sulfide; ii) the soluble polysulfides gen-
erated during the discharge/charge process of a working Li-S
cell, which results in the notorious shuttling of the polysulfides;
iii) the unstable structure of the Li anode and cathode caused
by huge volume fluctuation, which induces dendrite formation
and related safety issues.!'>~1°]

The first disadvantage influences the 3D continuous con-
ductance of electrons in the cathode. The shuttling effect of
polysulfides leads to a low Coulombic efficiency and the rapid
degradation of Li-S batteries. The long-chain polysulfides gen-
erated in the cathode diffuse to the lithium anode and form
short-chain polysulfides or a passive layer on the anode surface,
which is the corresponding self-discharge of a cell. The short-
chain polysulfides may diffuse back to the cathode and react
with elemental sulfur or long-chain polysulfides, which forms
a parasitic reaction cycle and lowers the Coulombic efficiency.
Meanwhile, the consumption of elemental sulfur in forming
the passive layer on the surface of the lithium anode leads to
the capacity degradation due to the loss of active materials.
The third one destroys the pristine structure of both the sulfur
cathode and the lithium anode, which gives rise to the failure
of the full cell.

The rational design of composite cathodes with a high sulfur
utilization and long life span is the first step to demonstrating
the potential of Li-S batteries. With the flourish of controllable
fabrication of advanced nanomaterials,l'®!7] the introduction
of sulfur to such nanostructures renders composite materials
with 3D interlinked electron pathways and interconnected ion-
diffusion channels. Conductive nanomaterials exhibit a small

wileyonlinelibrary.com

(1 of 25) 1601759


http://doi.wiley.com/10.1002/adma.201601759

1601759 (2 of 25)

ADVANCED
MATERIALS

ADVANCED
SCIENCE NEWS

www.advmat.de

size, large surface area, tunable porous structure, and unique
chemical binding with absorbents, which renders the compos-
ites with abundant interfaces where electron and Li ions can
meet with the active sulfur for multi-electron conversion reac-
tions. Therefore, the concept of rational design of conductive
nanostructured sulfur cathodes is strongly considered.

Herein, we divide the development of composite sulfur
cathode into three families. The first family is mainly on
the nanostructured carbon as a conductive host material for
sulfur, such as microporous carbon,*¥l mesoporous carbon,!!’l
micro-meso—macroporous carbon,?! carbon fibers,?!! carbon
spheres,?2l carbon nanotubes,?}l graphene,?l or their hybrids.!’!
Owing to their superb electron pathways and 3D interconnected
nature, the carbon materials are very effective to host sulfur and
to serve as physical barrier in C/S composite cathodes.>2% This
significantly improves the sulfur utilization and affords bulk
C/S cathodes for practical Li-S full cells. However, the conjugate
nonpolar carbon planes have limited sites to strongly anchor
polar molecules (e.g., lithium polysulfides and (di)sulfides).

To provide anchoring sites for chemically binding the poly-
sulfide intermediates, the introduction of polar sites onto carbon
planes has been proposed.””) Doped carbon with tunable polar
sites and effective electron pathways is assigned as the second
family. For instance, graphene oxides,?®! nanostructured carbon
(graphene, graphene oxide, carbon nanotubes and so on) mate-
rials doped with heteroatoms (N,2932 §132 B33 Q13034 and
PP)), as well as conductive polymers,3®l have been extensively
explored for Li-S batteries. The carbon chains contribute the
conductive scaffolds, and the doped sites or functional groups
on the conductive polymers render the chemical anchoring sites.

To further modulate the binding energy with polysulfides and
increase the tap density of electrodes, nanostructured polar inor-
ganic compounds, such as transitional-metal oxides, sulfides,
and carbides have emerged as polar host materials toward
lithium (poly)sulfides. This is the third family: scaffolds that
are constituted by nanostructured inorganic compounds. These
compounds (such as Ti,C,? TiC,P”) Ti,0,,383% and CoS,1’)
have much stronger adsorption ability to polysulfides and render
the Li-S cells with high sulfur utilization and long life span.
Nanostructured oxides and sulfides with a controllable exposed
surface and 3D nanoarchitectures are expected to afford efficient
and effective anchoring sites for polysulfides in working Li—S
Dbatteries. However, compared to energy materials employed in
the first two families, those in the third strategy are less investi-
gated at the moment. Moreover, the areal sulfur loading and rate
capability of Li—S batteries should be enhanced when nanostruc-
tured inorganic compounds are applied in a working cathode.

Here, recent advances in the use of nanostructured oxides
and sulfides for Li-S batteries are reviewed. Nanostructured
oxides and sulfides are demonstrated to be effective conductive
polar host materials that adsorb polysulfides efficiently during
the discharge and avoid the detachment of lithium (di)sulfides
into the electrolyte. Moreover, these inorganic host materials
can also render the possibility of accelerating the conversion
process of lithium polysulfides to lithium (di)sulfides or the
inverse process. We describe metal oxides as additives for solid
sulfur cathodes, focusing on their interactions with polysulfides
and briefly on the synthesis. We further follow up to discuss
sulfiphilic sulfide materials. Except for solid sulfur cathodes, the
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use of metal oxides and sulfides in related Li-S systems is also
included.

2. Nanostructured Oxides for Li—S Batteries

Metal oxides that typically contain an anion of oxygen in the
oxidation state of O%~ are always with a strong polar surface.
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Figure 1. a) Schematic representation of Li-ion batteries based on the intercalation reaction
(left) and Li-S batteries based on the conversion reaction (right). b) An ideal charge—dis-
charge curve with different sulfur-containing species at different stages, the inset presents
the polysulfide shuttling mechanism. c) lllustration of the dissolution and shuttling of
polysulfides in a Li-S cell. a) Reproduced with permission.l’! Copyright 2015, Wiley-VCH.
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Because of the strong binding between the
oxygen and the metal, metal oxides tend to
be insoluble in most organic solvents. Early
studies on the nonconductive polar oxides
used in Li-S batteries are all based on the
modifications of nanostructured carbon/
sulfur cathodes with oxides. For instance, the
nanosized Mg, ¢Ni; 4O additive was the first
reported oxide used in cathodes in absorption
of polysulfides for Li-S batteries.*!] SiO, has
been used as an effective polysulfide reser-
voir material*?l in CMK-3/sulfur cathodes to
improve the discharge capacity and cycling
performances of Li-S cells. Therefore, non-
conductive oxide nanostructures are directly
added to the cathode with the role of an addi-
tive (less than 10 wt%). Compared to nano-
structured carbon materials, metal oxides
afford abundant polar active sites for absorp-
tion of polysulfides. Attributed to the intrinsic
defects and unique band structures, some
metal oxides even have good conductivity.
Moreover, the volumetric energy density of
Li-S cells is significantly improved through
the engineering fabrication of nanostruc-
tured metal oxides and sulfur composites
because of the high intrinsic density of oxides
in comparison with nanocarbon materials.
Therefore, a few metal oxides are proposed
as conductive hosts for Li-S batteries. In this
section, we will review some typical metal
oxides (e.g., TiO,, Ti,O, MnO,, and NiFe,0,)
to demonstrate the potential of oxides for
Li-S batteries.

2.1.TiO,

TiO, is a naturally occurring oxide of tita-
nium. Generally, it is sourced from anatase
(0+TiO,), rutile (B-TiO,), brookite (}-TiO,),
and Bronze B (Figure 2a).*¥l Titanium
dioxide nanomaterials with zero-dimensional
(0D), 1D, 2D, and 3D nanostructures have
been widely used in paint, sunscreen, photo-
catalysts, photovoltaics, sensors, lithium-ion
Dbatteries, biomedical applications, and so on.
Due to its polar surface, TiO, has also been
applied as a host material in Li-S batteries.
Oxide additives to the cathode in Li-S
batteries were primarily investigated by
Nazar and co-workers.™ Nanocrystalline
mesoporous ¢, 3, and §TiO, were proposed

b) Reproduced with permission.'"l Copyright 2013,
Royal Society of Chemistry. ¢) Reproduced with
permission.”l Copyright 2015, Royal Society of
Chemistry.

wileyonlinelibrary.com (3 of 25) 1601759




1601759 (4 of 25)

ADVANCED
MATERIALS

ADVANCED

SCIENCE NEWS

www.advmat.de

No Additive

a

Rutile Anatase

Brookite Bronze B

side view
IR
P /q.?‘?‘ A pagagagy

Jatatel
WIS

3.59V
uh, view

1%@ #
i

3.62eV

 topview

TiO,
=

coating

e
XX X X topview
X

4-0-000-

XXX X
X X W
X ]

1101

dlssolullon

www.advancedsciencenews.com

ratio and a superior initial specific capacity of
1201 mA h g! at 1.0C. Batteries with §-TiO,
as a cathode additive delivered a lower initial
and overall specific capacity. In contrast, cells
with §TiO, as the cathode additive exhibited
much worse cycling stability and lower initial
specific capacity. This is attributed to the poor
polysulfide absorption properties on -TiO,
particles, which reduces the anchoring effect
in retaining polysulfides. The worst battery
performance with ¥ TiO, as the cathode addi-
% tive hints at the strong anchoring of poly-

sulfides through chemical absorption.

TiO, Additive

Recent theoretical predictions!*®l on the
interactions between TiO, and Li,S indicate
that the binding strength of Li,S to the o-
TiO, (101) surface (3.59 eV) is a little smaller
than B-TiO, (110) (3.62 eV) (Figure 2c). The
binding energy of the sulfur-containing spe-
cies to the o~TiO, (101) surface (2.30 eV) is
higher than that on the B-TiO, (110) surface
(2.18 eV), and is much higher than that on
the surface of graphene (<1.0 eV). This is in
accordance with the similar electrochemical
performance of o-TiO, and B-TiO, applied in
Li-S cells. Further theoretical predictions on
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=1

—=— Charge
—=— Discharge

Capacity (mAh g—1

different polymorphs of TiO, for Li-S battery
applications are strongly considered.
Nanostructured TiO, with different mor-
phologies have then been investigated as
cathode host materials in Li-S Dbatteries,
such as mesoporous hollow TiO, spheres,*?!
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TiO, yolk-shell structure for the sulfur
cathode of Li-S Dbatteries was reported
by Cui and co-workers.*”l The core-shell
nanostructures (Figure 2d) were fabricated
through the hydrolysis of titanium diiso-
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Figure 2. The use of TiO, in the cathode for Li-S batteries. a) Four common polymorphs of
TiO,. b) A schematic diagram illustrating the concept of a Li-S cell with polysulfide reservoirs vs
no reservoirs at different stages of discharge. c) An adsorption configuration of Li,S on the sur-
faces of anatase-TiO, (101) and rutile-TiO, (110), obtained from DFT calculations. d) A typical
synthesis process and SEM, TEM characterizations of sulfur-TiO, yolk—shell nanostructures.
e) Electrochemical performance of sulfur-TiO, yolk-shell nanostructures and control sam-
ples. a) Reproduced with permission. Copyright 2016, Royal Society of Chemistry.*!l b) Repro-
duced with permission.l*] Copyright 2015, American Chemical Society. c) Reproduced with
permission.l*®l Copyright 2016, Royal Society of Chemistry. d,e) Reproduced with permission.*’]

Copyright 2012, Nature Publishing Group.

as polysulfide reservoirs (Figure 2b) and the role of surface
adsorption vs pore absorption has been demonstrated. ¢, 8, and
¥TiO, were controlled with a similar surface area but different
pore sizes. The sulfur cathode fabricated with the co-heating
of mesoporous carbon and sulfur at 155 °C with o-TiO, as the
additive exhibited the highest 82% C;40/C; (Where C;g9 and Cyy
mean the capacity at the 100th and the 10th cycles, respectively)

wileyonlinelibrary.com
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propoxide bis(acetylacetonate) in a colloidal
sulfur suspension with a low amount of
poly(vinylpyrrolidone) as surfactant. Toluene
was employed to dissolve part of the sulfur
in the core—shell particles to create yolk—shell
sulfur-TiO, nanoparticles. An initial specific
capacity of 1030 mA h g™t at 0.5C and a Cou-
lombic efficiency of 98.4% over 1000 cycles
with a capacity decay rate as small as 0.033%
per cycle after 1000 cycles were achieved
(Figure 2e). The superb electrochemical per-
formance is attributed to there being suffi-
cient free space to allow for volume expan-
sion of the sulfur and the effective function of TiO, with a
small pore size in minimizing the polysulfide dissolution. Both
hydrophilic Ti-O groups and surface hydroxyl groups in TiO,
are believed to bind favorably with polysulfide anions.
Hydrogen-reduced TiO, inverse opals have also been
employed as a host for sulfurl’? With TiO,_,-encapsulated
sulfur, the composite cathode delivered an initial specific

Adv. Mater. 2017, 1601759
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capacity of 1100 mA h g™! and a reversible specific capacity
of 890 mA h g! after 200 cycles at a charge/discharge rate of
0.2C. X-ray photoelectron spectroscopy (XPS) results confirm
the existence of Ti*" ions and oxygen vacancies, which result
in improved electrical conductivity (Figure 3a). There is no
Ti*/Ti** transformation during the lithiation/delithiation pro-
cess. The use of reduced TiO, brings several advantages: i) a
dramatic increase in electrical conductivity is achieved after
hydrogen reduction; ii) both the 3D framework and the thin
TiO, shell facilitate rapid electron and lithium-ion transport;
iii) the generated oxygen vacancies promote the interaction
between the TiO, and the sulfur, which renders the rational
integration of physical confinement and chemical absorption of
polysulfides in a working cell. An in situ visual-electrochemical
study on a sulfur/hydrogen-reduced TiO, (H-TiO,) electrode
(Figure 3b) demonstrated that H-TiO, is effective in restricting
and capturing polysulfides.>’]

Along this line, hydrogen-reduced hierarchical mesoporous
spheres constructed from anatase nanosheets have been
employed in sulfur cathodes.l*! With its highly exposed (001)

www.advmat.de

facets, a largest absorption energy of —2.93 eV between S,~ and
TiO, is revealed by the density functional theory (DFT) calcula-
tions (Figure 3c). S, is likely to be trapped at oxygen defective
sites and coordinate with two Ti** sites. This is the main reason
that TiO, can anchor polysulfides with the oxygen defects and
Ti** performs well as a cathode host material or a host in bar-
rier layers.

It should be noticed that conductive agents (e.g., carbon
black, and CNTs) have been always introduced for slurry prepa-
ration. If the TiO, is attached to nanocarbon directly, a TiO,/
carbon hybrid is achieved with conductive nonpolar substrates
with exposed polar oxygen on the surface of TiO,. For instance,
coupled with carbon nanotubes, hollow TiO, was webbed with
carbon nanotubes (HMT@CNT) and employed as a sulfur sup-
porter in the cathode of a Li—S cell.”* The composite material
after etching of TiO, was mixed with multi-walled CNTs and
then used as an interlayer (named DF-PCW). The high elec-
tronic conductivity (four-probe conductivity is 0.14 S cm™)
ensures high rate performances of Li-S cells employing an
HMT@CNT/sulfur composite as the cathode and DF-PCW

=== Reduced TiO2
== Control TiO2 o
s

Q

Ti2p 312

Ti2p 172

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

i+
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=== Control TiO2
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Figure 3. The polysulfide anchoring mechanism on TiO,. a) The normalized Ti 2p XPS spectra of reduced TiO, (red solid curve), control TiO, (black
solid curve), and their subtraction spectrum (green solid curve) (left) and polysulfides-treated TiO, (right). b) A visual confirmation of restricting and
recapturing polysulfides. c) Four optimized adsorption models illustrating the interaction between S,2~ and hydrogen-reduced TiO, (001) planes with
an O, oxygen vacancy. a) Reproduced with permission.’? Copyright 2014, American Chemical Society. b) Reproduced with permission.’*l Copyright
2014, Nature Publishing Group. c) Reproduced with permission.l*®l Copyright 2016, IOP Publishing.
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as the interlayer. 931 mA h g™! and 888 mA h g! at 5.0C and
7.0C rates were achieved, respectively. The polarization of the
cell was 383 mV and 485 mV at those rates, respectively. Other
TiO,-modified nanostructured carbon/sulfur materials were
also investigated afterward: carbon aerogels,®! active carbon, >l
3D hierarchical ordered mesoporous carbon,’”! hollow carbon
fibers,[?l and carbon paper.P®!

As one of most controllable and safe nanomaterials, TiO, is
the most investigated oxide host for Li-S batteries. Compared
with carbon and conducting macromolecules, S,* is likely to
be trapped at oxygen defect sites and coordinate with two Ti**
sites. The surface defects and terminated atoms play a decisive
role in strong anchoring of polysulfides. However, attributed
from the intrinsic poor conductivity of TiO,, conductive agents
have to be introduced rationally to afford efficient use of chem-
ical interactions between TiO, and polysulfides for Li-S cells
with high sulfur utilization and long life span.

2.2.Ti,0,

Based on the effective entrapment of polysulfides in sulfur
cathodes through defective TiO,, the sulfiphilic and metallic
oxide host Ti,O; was proposed and proven to be effectively
multifunctional when used in cathode of Li-S batteries.l?l
Nazar and co-workers introduced a high-surface-area Magnéli
phase oxide Ti,O; with a theoretical bulk conductivity of 2 x
10° S cm™ at 298 K (about three fold greater than graphite)
as a metallic and polar host for Li-S batteries. The Ti,O; has
a surface area of 290 m? g! and an electrical conductivity of
3.2 £ 0.1 S cm™’. Thanks to its superior intrinsic capability
to absorb polysulfides, the Li,S; (in tetrahydrofuran) solvent
with addition of Ti,O; became light yellow immediately, while
other samples remained intense yellow-gold (Figure 4a). There
is a 42.7 and +1.7 eV shift for St and Sp™!, respectively, in
the binding energy of XPS spectra (Figure 4b), indicating that
strong interaction of both the terminal and bridging sulfur in
the LiPSs with the Ti,O, surface results in the polarization of
electrons away from the sulfur atoms to the electropositive tita-
nium and/or oxygen vacancies at the interface. Comparative
operando X-ray absorption near-edge structure studies on the
Ti,O5/S electrode and VULCAN XC72 carbon/S (VC/S) elec-
trode corroborate that Ti4O; plays a vital role in the process of
surface-mediated reduction of the sulfide species (Figure 4c).
As shown in Figure 4d, the Ti,O;/S composites with 60 wt%
sulfur (TiO,/S-60) exhibited an initial specific capacity of
1069 mA h g! at 0.2C, an 88% capacity retention over 100
cycles at 0.5C, and a decay rate of 0.08% per cycle. Long-term
cycling testing of the Tiy;O;/S-60 cathode delivered an initial
specific capacity of 850 mA h g™! with only 0.06% decay per
cycle at 2.0C. An average Coulombic efficiency of ca. 96% for
the Ti,O,/S-60 composite (versus 80% for a VC/S-60 cathode)
was observed in cells without LiNO; additive.

Cui and co-workers reported a series of Ti,0,,_; nanomate-
rials with strong sulfur binding and conducting Magnéli phase
for improving Li-S batteries.’3 After hydrogen reduction of
the as-prepared TiO, nanotubes, the Magnéli phase TigOy,
of high purity, in a deep purple powder, was obtained. Deep
black Ti,O; powder was fabricated at a higher temperature. The

wileyonlinelibrary.com
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reduction degree enables fine-tuning of the electrical conduc-
tivity, showing either semiconductor (TizOq;) or metallic (Ti,O)
behavior at room temperature. The surface Ti atoms and O
vacancies on defective TiO,_, are absorbing sites for the oxide
or oxygen species.’?) There are many differences in the most
stable surface structures of Magnéli phase Ti,O; and rutile TiO,.
As shown in Figure 5a, the coordination numbers of Ti on the
surface of (1-20) plane of Ti,O; are 4(Tiy), 5(Tis), and 6(Tig)
and the ratio of Tig is only 37.5%. Namely, there are 62.5% sur-
face Ti atoms with unsaturated chemical bonding, whereas on
the surface layer of TiO, (110), the ratio of Tis. and Tig is 1:1.
For Magnéli phase Ti O,, the ensemble of low-coordinated Ti
(such as Tis) arranges in step sites on Ti;O; (1-20). They are
easily accessible, to form external chemical interactions. Mean-
while, for rutile TiO,, the through line Tis. on TiO, (110) exists
at the terrace sites. The most stable surface structure endows
Ti,O7 (1-20) with the strong binding between sulfur and poly-
sulfide species. Ti,O; is the most suitable among the three
chosen materials for cathode anchoring materials. Ti,O,—S
and TigO;—S exhibited higher discharge capacities of 1108
and 1342 mA h g! and a high initial Coulombic efficiency of
91 and 96% at 0.02C in the electrolyte without LiNO3, respec-
tively. An obvious overcharge was detected on the TiO,—S elec-
trode. The TiO)—S cathode exhibited a discharge capacity of
824 mA h g! and a Coulombic efficiency of 78%. Moreover,
the Ti;O,—S composite afforded a very high volumetric capacity
of 1580 mA h cm™. Prolonged cycling of Ti,O,~S sample at
0.5C displayed an initial discharge capacity of 623 mA h g!
and retained capacity as high as 604 mA h g! after 250 cycles
with the capacity decay of only 0.012% per cycle. As shown in
Figure 5b, Nyquist plots for the three samples with different
titanium oxides confirmed that Ti,O,—S sample exhibits the
minimum charge-transfer resistance compared with TigO;—
S and TiO,-S, which is attributed to the higher conductivity
of Ti,O;. Figure 5c shows DFT calculation results of bonding
properties of S, (x =1, 2, and 4) and Li,S, (x =1, 2, and 4)
on Ti Oy (1-20) and TiO, (110). The low-coordinated Ti on tita-
nium oxide can stabilize sulfur clusters, whereas oxygen-rich
titanium oxide can stabilize metal clusters due to the formation
of strong chemical bonding.

The metallic Magnéli phase Ti O, affords a sulfiphilic sur-
face, which is a promising polar host for the complex multi-
electron Li-S conversion reaction. The low- coordinated Ti sta-
bilizes the sulfur clusters, whereas the oxygen-rich area anchors
lithium polysulfides and (di)sulfides due to the formation of
strong chemical bonding. However, the fabrication of Ti O is
still very complex: a high-temperature reduction at over 1000 °C
is always required. How to guarantee the nanostructures of pre-
cursors and achieve Magnéli phase Ti Oy is little studied as yet.
The assembly of Magnéli Ti,O; into 3D interconnected conduc-
tive and flexible frameworks is still a huge challenge.

2.3. MnO,

The brown MnO, is the main ore of manganese. It has been
widely applied in alkaline batteries and the zinc—carbon bat-
teries. There are @, B, % and -MnO, phases (Figure 6a).° The
o~polymorph of MnO, has an open structure with “channels”
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Figure 4. The use of Magnéli titanium oxide for Li-S batteries. a) A scheme showing the electron-density transfer between Li,S, and TiO,, (yellow =S,
green = Li, blue = Ti, red = O) (left) and a visual polysulfides-absorption test (right) of Li,S4 (in tetrahydrofuran) before and after contact with nothing
(1), graphite (2), VC carbon (3), and Ti,O; (4). b) High-resolution XPS data of S 2p spectra of Li,S,, Li,S,/VC carbon, and Li,S,/ Ti,O5; c) Operando
XANES results of Li-S cells with Ti;O,/S-60 and VC carbon/S-60 cathodes. d) The electrochemical performance of Ti;O,/S electrodes. a—d) Reproduced

with permission.® Copyright 2014, Nature Publishing Group.

that can accommodate metal atoms. 3-MnO, is with three-coor-
dinate oxide and octahedral metal centers, while 6-MnO, is
a poorly crystallized form of MnO, characterized by a two-
dimensional layered structure consisting of edge-shared MnOg
octahedra in which cations and water molecules occupy the
interlayer region. MnO, is always characteristically nonstoichio-
metric and is deficient in oxygen atoms.

Using MnO, as a host material has been proposed recently.
Liang et all®® firstly designed a highly efficient polysulfide
mediator monoclinic potassium birnessite -MnO, for Li-S
batteries. A one-step facile method using GO as the template
was applied to fabricate 6-MnO, nanosheets. The as-obtained
75S/MnO, nanocomposite (containing 75% sulfur) cathode
displayed an initial capacity of =1300 mA h g at C/20,
1120 mA h g! at C/5, and 950 mA h g at 1.0C. An in situ
visual-electrochemical investigation with 75S/MnO, and a con-
trol sample 75S/KB (75% sulfur and 25% Ketjen Black) elec-
trode was conducted. Figure 6b illustrates that the electrolyte in
the 75S/KB cell changes from colorless to bright yellow-green
on partial discharge of the cell over 4.0 h. At the end of the

Adv. Mater. 2017, 1601759

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

discharge (12.0 h), the electrolyte is still yellow, indicating the
polysulfides remain in solution. In contrast, in the 75S/MnO,
cell, the electrolyte exhibits only a faint yellow color at 4.0 h.
On full discharge, the electrolyte is rendered completely color-
less. The comparative experiment reveals that MnO, is effec-
tive in conversion of polysulfides into insoluble reduced species
of Li,S,/Li,S. XPS study of the interaction of lithium (poly-)
sulfides and MnO, nanosheets is shown in Figure 6¢. Two are
terminal and bridging S environments, which are the same
as in Li,S4. The S 2p;;, peak at 167.2 eV corresponding to the
S = O sulfur in thiosulfate ([SSO;]?") arises from a surface redox
reaction between Li,S, and 6-MnO,. The peak at 641.4 eV is
from the Mn** contribution in the Mn 2p;, XPS spectrum and
two additional Mn 2p;,, peaks arising at lower energy (640.4
and 639.4 eV) are readily attributable to Mn?*. The existence of
thiosulfate and the reduction of Mn ions in 6-MnO, confirm
the reactions between the polysulfides and the 6-MnO,.
6-MnO, nanosheets can chemically bind polysulfides
strongly. However, -MnO, nanosheets cannot afford physical
confinement of sulfur species. Through construction of hollow
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pink = O). b) Nyquist plots of Li-S cells with Ti;O;-S, TigO;1-S, and TiO,—S samples. c) DFT analysis of the adsorption of S species on Ti,O; (1-20)
and TiO, (110) surfaces. a—c) Reproduced with permission.1°) Copyright 2014, American Chemical Society.

structures, Lou and co-workers pioneeringly designed and
fabricated a 1D composite nanoarchitecture, namely hollow
carbon nanofibers filled with sodium monoclinic birnessite
MnO, nanosheets as the host for sulfur.%2l This provides an
efficient sulfur host and 3D interconnected conductive network
for cathode structure engineering with both physical confine-
ment and chemical adsorption (Figure 6d). The hollow carbon
nanofibers filled with MnO, nanosheets (MnO,@HCF) have
a high specific surface area of approximately 460 m? g™! and
hierarchical mesoporous texture. Figure 6e displays nano-
structures of MnO,@Si0,@C, MnO,@HCF, and MnO,@
HCEF/S. The cathode material MnO,@HCEF/S composite has
a sulfur loading of 71 wt%. In order to achieve high energy
density, an areal sulfur loading of approximately 3.5 mg cm™
was employed. As shown in Figure 6f, the MnO,@HCEF/S com-
posite delivered an initial discharge capacity of 1147 mA h g7},
and more importantly, it was able to maintain a stable cycling
performance for 100 charge/discharge cycles at 0.2C. A pure
MnO, @HCF composite without sulfur as the cathode of a Li-S
cell was tested to confirm that the MnO,@HCEF has almost neg-
ligible capacity contribution. In the voltage range of 1.7-2.8 V,
a capacity of <10 mA h g™' at 0.1 A g™! was observed, indicating
that the MnO, @HCEF host has almost no capacity contribution
to the Li-S battery.

Very recently, a unique core-shell sulfur-MnO, composite
with a high sulfur loading up to 85 wi% was proposed by
Liang and Nazar.®y The thickness of the shell was determined
to be 50 + 30 nm. The birnessite MnO, existed in the form of
K,MnO, ;s (x = 0.15), which has negligible capacity contribu-
tion in the voltage window of 1.8-3.0 V (vs Li/Li*). A Li-S cell
with sublimed sulfur/MnO, composite as the cathode delivered
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an initial capacity of 780 mA h g! and a retained capacity
of 480 mA h g! after 800 cycles at 2.0C, corresponding to a
decay rate of 0.048% per cycle. A high sulfur loading of 2.8 and
4.1 mg cm™ can be cycled with more than 600 mA h g! in
200 cycles at C/5. This is a pioneer study for high sulfur utiliza-
tion with black semiconductor MnO, coating.

Besides the effective adsorption and conversion of poly-
sulfides of 6-MnO,, like TiO,, different polymorphs of MnO,
have been investigated in Li-S cells, such as a-MnO, nano-
wiresl®! and ordered mesoporous B-MnO,.°l However, the
mechanism of the MnO, in the sulfur cathodes was not clearly
elucidated. The interactions between the polysulfides and
MnO, with different crystal phases should be further explored
by theoretical and experimental investigations. The good com-
bination of intrinsic insulating MnO, with conductive scaffolds
is strongly required to demonstrate the potential of the oxide
for robust use of active sulfur in a working Li-S cell.

2.4. Ni Fe204

Spinels are a class of crystals of A**B3*,0%, that crystallize in
a cubic system with the cations A/B occupying the octahedral
and tetrahedral sites and the oxygen anions arranged in a cubic
close-packed lattice. As a stable oxide crystal, the use of spinels
has also been explored.

Coupled with nanostructured carbon materials, NiFe,0, was
recently used as an anode material for lithium-ion batteries.[”!
Wang and co-workers demonstrated a ternary hybrid material
consisting of highly conductive CNTs as an electron-conduction
framework, nonconductive spinel NiFe,O, as a polysulfide
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MnO,@HCF, and MnO,@HCF/S. f) The prolonged cycling performance of MnO,@HCF/S at 0.5C and the corresponding Coulombic efficiency.
a) Reproduced with permission.[®] Copyright 2015, Royal Society of Chemistry. b,c) Reproduced with permission.[®% Copyright 2015, Nature Publishing

Group. d—f) Reproduced with permission.52 Copyright 2015, Wiley-VCH.

absorber, and sulfur as the electrochemical active material.[%8l
The 2D metal oxide nanosheets afford strong binding sites for
polysulfides and thus restrict shuttling. At 0.1C, the cell with
the CNT/NiFe,0,-S ternary material as the cathode exhibited
a high reversible specific capacity of 1350 mA h g~1. Reversible
specific capacities at different current densities of 0.1, 0.2, 0.5,
1, and 2C were 1350, 1200, 1050, 900, and 700 mA h g™!, respec-
tively. Long-term cycling performance of the ternary material
was tested. A specific capacity higher than 850 mA h g™! was
retained after 500 recharging cycles, corresponding to a capacity
decay as low as 0.009% per cycle with excellent Coulombic effi-
ciency higher than 99.2%.

Spinel represents a group of oxides with controllable com-
positions and nanostructures. The insulating nature of spinel
requires conductive agents to introduce the electron to the
active sites. The combination of spinel with carbon through
mixing or in situ carbon deposition has been explored. How-
ever, the rational chemical anchoring of polysulfides onto spinel
phases has rarely been considered up to now. With the consid-
eration of stability and facile component modulation on spinels,
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there is enough space to be explored to recognize the complex
interfacial interactions in a working Li-S cell to achieve the best
material with the spinel phase for bulk applications.

2.5. Other Oxides as Host Materials for Li-S Batteries

The use of an oxide host for Li-S batteries is also of wide interest.
There are some other metal oxides, such as Mg ¢Ni, 40,*1:6970]
Mg, sCug,0,71 Si0, 4272 Sio,, 3! ALO3,7+77
La,03,78 M00,,7 V,04,1638 v,0,,161 VO[3l Sn0, 81 CeO,, 18
710,89 $i/Si0,,54 Fe, 05,155 MgO,5) Zn0,8687 Co,0,,1%¥) have
been explored as host materials for Li-S batteries. For example,
Mg ¢Nig 4O was synthesized by the self-propagation high-tem-
perature synthesis method and then it was mixed with poly-
acrylonitrile; sulfur was infiltrated into the composite through
the melt-diffusion method. At different processing condi-
tions, we can achieve diversified ternary sulfur/polyacryloni-
trile/Mg, ¢Nig 4O (S/PAN/Mgy¢Ni40) composite.” The cell
demonstrated enhanced reversibility, resulting in a discharge
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capacity of about 1223 mA h g at the second cycle and it
retained almost 100% of this value over 100 cycles. This extraor-
dinary performance is attributed to the addition of Mg ¢Nij,O
and the formation of the stable structure between sulfur and
PAN.® Through employing absorption of the intermediate
polysulfides by a porous silica embedded within the carbon—
sulfur composite, the initial discharge capacity of the cell with
SBA-15 was 960 mA h g~! and the 40th cycle discharge capacity
was 650 mA h g7! at a current rate of C/5.

Most oxide nanostructures are coupled with conductive poly-
mers or carbon materials to enhance the overall conductivity
of the cathode rather than relying on the intrinsic conductivity
to attain the best service performances in the Li-S batteries.
Al,0; was coated on carbon/sulfur cathode materials through
the ALD method,” the casting method,” and the mixing
method.”® These studies provide new materials for considera-
tion to effectively anchor polysulfides in the cathode of a Li-S
battery.

2.6. The Use of Oxides in Separators, Interlayers, and the Anode
in a Li-S Cell

The dissolution of polysulfides benefits the high utilization of
large sulfur particles and release the volume expansion of the
sulfur cathode, and a high electrolyte/sulfur ratio is required.
However, too much electrolyte decreases the energy density of a
Li-S cell. When a practical cell is assembled, a high areal sulfur
loading of more than 6.0 mg cm™ and an electrolyte/sulfur
ratio of less than 4 are required to attain the energy density of a
pouch cell with an energy density larger than 350 W h kg=1.°0
In this case, the shuttling of polysulfides is stronger in than the
coin cell with a low areal sulfur loading of 0.3-2.0 mg cm™.
In this case, both shuttling of polysulfides and corrosion of the
Li-metal anode should be strongly considered at a cell scale
to build a safe Li-S cell with high energy density. If the poly-
sulfides can be effectively anchored by oxide and other polar
substrates, intermediate diffusion is therefore retarded, and the
corrosion of Li metal anode is alleviated. Therefore, anchoring
the polysulfides is also very important for anode protection and
reducing the amount of electrolyte in a working cell. Novel bat-
tery configurations, which have been confirmed as effective
measures afterward, are needed to control the shuttling of poly-
sulfides induced by multi-electron conversion reactions.

The introduction of permselective separators and inter-
layers contributes to an outstanding enhancement in the Li-ion
storage performance of a Li-S cell.®! The concept of an inter-
layer to trap soluble polysulfides was firstly proposed by Man-
thiram’s research group and is very important for a practical
cell.’?l The application of a solid electrolyte of Nafion,** gra-
phene oxide,®*%! and composite permselective layers®®’! in
an organic electrolyte was proposed to block the polysulfides
and reduce parasitic reactions on the Li anode. Nanostruc-
tured oxides can be incorporated into the interlayer/separator
to retard the shuttling of polysulfides and enhance the cell with
novel configurations.

Attributed to the high Li-ion diffusion rate in V,05, a microm-
eter-scale V,0s layer on conventional porous separator (Cel-
gard 3401) was created by Li et al. and it served as a separator
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that is both lithium-ion-conductive and soluble-polysulfides-
impeditive (Figure 7a,b).°®! The adhesion of a V,0s layer on
the polymer separator is reasonable and no delamination was
observed at the fractured interface. The discharge capacity of
the Li-S cell with a V,Os-layer-coated separator is higher than
that with a routine porous separator. The V,0s layer reduces the
loss of sulfur. In contrast, the charge voltage of the cell without
a V,0s layer did not rise above 2.35 V, corroborating the idea
that the shuttling factor is strong enough to make the charging
process proceed infinitely.’] The effective function of the V,05
layer is in mitigating the shuttling of polysulfides. Even though
the V,0s layer is effective in alleviating the “shuttling effect” of
a Li-S cell, it increases the cell resistance at the same time. The
thickness of the barrier layer on the separator needs to be engi-
neered in order to make a compromise between the effective
polysulfide shuttling and rapid lithium-ion diffusion.

TiO, also significantly contributes as an interlayer employed
in Li-S cells. Coupled with graphene, a mesoporous anatase-
TiO,/graphene thin film was coated on porous CNT/sulfur
cathodes (PCNTs-S@G/3%T, TiO, accounts for 3 wt%).%’l
Figure 7c shows a comparison of the cell configuration with
a coated graphene/TiO, film in a Li-S cell and a conven-
tional one. The homogeneous TiO, is distributed on the
interconnected and overlapping graphene sheets, as shown
in Figure 7d. A Li-S cell with this kind of hybrid structure
was found to deliver specific capacities of 1121, 1050, and
881 mA h g! at 0.2, 0.5, and 1.0C, respectively. At 0.5C, an
initial specific capacity of 1050 mA h g! was obtained and
1040 mA h g! was achieved over 300 cycles. Long cycling tests
of PCNTs-S@G/3%T show that 630 and 535 mA h g™ were
still achieved at 2.0 and 3.0C after 1000 cycles, respectively
(Figure 7e). A binder-free TiO,-nanowires/graphene hybrid
membrane (TiO, NW/G) was used in lithium-polysulfide bat-
teries.’% Fourier transform infrared (FTIR) spectroscopy
testing of the hybrid after cycling in a lithium polysulfide cell
showed that a new peak appears at 522 cm™, which is ascribed
to the interaction of LiPSs and TiO, forming a S-Ti—O bond.
XPS tests revealed that the TiO, NW/G-LiPSs electrode has
higher binding energy relative to graphene-LiPSs at the ter-
minal/bridging sulfur peaks, which also confirms the strong
interactions between the TiO, and the LiPSs. Coupled with
an activated-carbon/sulfur cathode, needle-shaped TiO, with
the rutile phase on carbon nanotube paper was used as a poly-
sulfides barrier in Li-S cells.l'%2l Peaks at around 163 eV in the
XPS spectra correspond to Ti-S bonding. DFT calculations
show that the binding energy between the Li,S, and the rutile
TiO, (110) plane is 2.02 eV, which is in accordance with pre-
vious reports discussed above.[*¢!

Through simply coating Al,0; powders on routine separa-
tors, a high initial capacity of 976 mA h g™! and a large revers-
ible capacity of 593.4 mA h g! after 50 cycles was achieved
at 0.2C in a working Li-S cell.l'%l The lithium-ion transfer-
ence number of the electrolyte in the Al,O;-coated separator
is 0.93, which indicates that it is difficult for polysulfides to
diffuse through the separator. However, a comparative test of
super-P-, TiO,—super-P-, and Al,Os;—super-P-coated separa-
tors used in Li-S cells'® illustrates that a uniform coating on
the separator is required if metal oxide nanoparticles are
employed. Otherwise, cells without oxide-coated separators
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Figure 7. The use of nanostructured oxides as separators for Li-S batteries. a) A schematic of a Li-S battery containing a V,0s-coated separator.
b) Cross-section SEM of a V,0s-coated porous polymeric separator. c) A schematic of the electrode configuration of a Li-S cell with (left) and without
(right) a graphene/TiO, coated film. d) The front-view SEM image of graphene/TiO,-coated film (left) and neat graphene-coated film (right). e) The
prolonged cycling test of PCNTs—S@G/3%T cathode at 2 and 3C. f) Photographs of separators (close to the lithium side) and lithium electrodes (in
the negative can) from the Li-S cells with PP, Al,0;/PP, CNT/Al,O3/PP after 100 cycles at 0.2C. a,b) Reproduced with permission.® Copyright 2014,
American Chemical Society. c—e) Reproduced with permission.’® Copyright 2015, Wiley-VCH. f) Reproduced with permission.'% Copyright 2015,
Springer.

degrade rapidly and fail to display a long cycle life. Micro-sized  cell using CNT/Al,0;/PP demonstrated 807.8 mA h g™' (63%
Al,0; and CNTs were coated in sequence on polypropylene (PP)  capacity retention) after 100 cycles. Photographs of separators
to make a trilayer separator for Li-S cells.l'%] Initial capacities  and lithium after discharge are shown in Figure 7f.

of batteries with PP, Al,05/PP, and CNT/Al,O;3/PP separators Atomic-layer-deposited Al,O; was coated on an active carbon
were 1066, 1233, and 1287 mA h g}, respectively, at 0.2C. The  cloth (Al,0;-ACC) and the composite acted as an interlayer in a
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Li-S cell.l'%] The cathode was made of a sulfur-infiltrated active
carbon cloth, which had a high sulfur loading of 12 mg cm™.
The surface area of the Al,0;~ACC samples was 1692 m? g7},
compared to 1734 m? g~! for ACC samples. The Al,0;~ACC
interlayer was found to be more effective in re-collecting and
reactivating the polysulfides generated in the discharge of Li-S
batteries than an ACC interlayer. An initial specific capacity of
1136 mA h g! was obtained for a Li-S cell with an Al,05;-ACC
layer and 766 mA h g™! (70%) was achieved after 40 cycles.
Moreover, Al,O;3 is an effective additive in interlayer!'® and
lithium-anodel'%l modifications in Li-S batteries.

Complex inorganic oxides materials (e.g., ceramics,
and glass fibers!'®)) were tried to modify separators for Li-S
cells. Effective ion separators were demonstrated by coating
montmorillonite on the surface of separators.1%l Glassy
fiber'%! was added between the cathode and microporous sepa-
rator in a Li-S battery, which delivered more than 500 mA h g!
(60% retention) even after 500 cycles at a 2C rate. Besides, a
glassy separator modified by nonstoichiometric Magnéli phase
W13049 nanowires was used as a polysulfides barrier in Li-S
cells. (19

When a Li-S cell with high areal sulfur loading was built,
not only shuttling of polysulfides, but also anode corrosion and
dendrite formation are widely observed to hinder the full dem-
onstration of a Li-S cell with high energy density. Controllable
guided deposition of Li ions onto Li metal is a very critical issue.
When a Li-metal foil is applied, an unstable solid electrolyte
interphase (SEI) is built in an ether-based electrolyte with poly-
sulfides.!311 This induces low utilization of the Li metal with
low Coulombic efficiency and continuous decomposition of
organic electrolyte. The formation of Li dendrites even induces
safety issues. Therefore, the construction of a very stable SEI
through the LiNOj; additive,?l LiNOj-polysulfides,'13] Cs*
salt,"" Lil,'"% LiF,1 high-concentration salt,''”] trimethyl-
silyl chloride,l''® and Li;PO, artificial SEI' are applied. The
addition of insulating BN or an amorphous carbon layer!!2%
is also effective for protecting the Li anode from continuous
corrosion. When a nanostructured conductive scaffold (e.g., Cu
nanowires,'?!l Cu foam,['?l graphene,['>123 graphene oxide,['*4l
3D porous carbon matrix with “lithiophilic’ coating,'*’! and
Li;By fibers!2%) was applied, the local current density was sig-
nificantly decreased and the Li ions preferred to deposit onto
the position where the local electrical field was strong. Recently,
Archer and co-workers!'?”] combined the advantages of a nano-
structured solid and a liquid electrolyte by grafting electrolyte
molecules into the SiO, nanoparticles. The use of SiO,-con-
taining gel electrolyte that fixes the position of negative charges
in the cell and an uneven deposition of Li metal is achieved.

The Li ions were shuttled between the Li-metal anode and
the sulfur cathode in a working Li-S cell. The separator pro-
vided diffusion channels for controllable transfer of Li ions.
The introduction of oxide as a solid electrolyte is another effec-
tive route to protecting the Li-metal anode. For instance, when
glass fibers (GFs, SiO,) are introduced as solid electrolytes by
Cheng et al.'?® in a Li metal cell, the GF-based separator is
afforded with plenty of polar functional groups between the Li-
metal anode and a routine polymer separator (Figure 8a). The
polar functional groups of SiO, can adsorb considerable num-
bers of Li ions to compensate the electrostatic interactions and

[107,108]
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concentration diffusion between Li ions and protuberances of
conventional Cu foil anode, avoiding the accumulation of Li
ions around the protuberances. Consequently, dendrite-free Li-
metal-based batteries are obtained. Molecular simulation indi-
cated that an elevated binding energy of 3.99 eV is generated
between the SiO, and the Li, relative to 2.85 eV for Cu and Li.
The finite-element method confirmed that the evenly distrib-
uted Li ions caused the extra 1.14 eV (Figure 8b,c). After elec-
trochemical tests, Cheng and co-workers discovered that large
dendrites with a diameter of 5.0 um and length of 20-40 pm
formed on a conventional Cu foil current collector. In con-
trast, a dendrite-free morphology was obtained for an anode
with GF modification. The dendrite-free morphology led to
the enhancement in Coulombic efficiency. Under the current
densities of 0.5, 1.0, 2.0, 5.0, and 10.0 mA cm~2, GF-modified
cells were found to deliver enhanced Coulombic efficiencies
of 98, 97, 96, 93, and 91%, respectively. When Al,O; parti-
cles were applied with graphene in a separator (Figure 8d), a
trilayer graphene/PP/Al,O; separator was achieved by Li and
co-workers.['?] Herein, Al,0; enhances the thermal stability
and safety of a Li-S battery, since Li metal can be deposited
onto the anode uniformly. When an atomic-layer-deposited
Al,O5 was attached to the lithium anode,3" the Al,O; coat-
ings served as protective barriers against corrosion of the Li-
metal anode upon air, sulfur, and even organic-solvent expo-
sure (Figure 8e). The first-cycle capacity loss in a working Li—S
cell is decreased due to the effective prevention of anode cor-
rosion in the presence of polysulfides. Recently, complex metal
oxides such as a membrane based on 3D garnet nanofiber net-
works['31 with high lithium-ion conductivity acted as a poten-
tial solid electrolyte for Li-S batteries. The surface polarity
modification affords an emerging method to inhibit dendrite
growth by molecular interactions. The use of polar oxide solid
electrolyte efficiently and effectively tunes the Li-ion distribu-
tion and evenly distributed Li ions are achieved to inhibit den-
drite growth.

Up to now, the modified separator/interlayer system has
mainly focused on the blocking of polysulfide shuttling, a rapid
transfer pathway for lithium ions, and the effective protec-
tion of the lithium metal in a working Li-S cell. The role of
the oxide is not fully understood yet. Some metal oxides have
very high diffusion rate for Li ions, which is preferred for them
to be embedded into the porous polymer matrix to achieve
an efficient interlayer/separator for Li-S batteries. There are
obvious disadvantages with the introduction of oxide-based
interlayers, although it can block polysulfide shuttling. Both
charge-transfer resistance and internal resistance are undoubi-
edly increased when oxide-based interlayers or separators are
applied in a working battery. Fortunately, compared to separa-
tors, interlayers can reactivate dead sulfur species, which can
effectively decrease the internal resistance of the batteries. At
the same time, it can contribute to the overall practical capacity
at a cell scale.

In summary, nanostructured metal oxides are the most
strongly considered inorganic compounds to anchor poly-
sulfides in a complex Li-S battery (Table 1). Nanostructures
with abundant interfaces and a tunable exposed surface afford
the possibility of significant enhancement in a Li-S cell. These
oxides can also be incorporated into the separator/interlayer to
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render a cell with a novel configuration. This not only retards
the shuttling of polysulfides, but also protects the anodes.
However, the exact role of oxides in the Li-S system is not well
understood yet. Operando characterization of the phase struc-
ture, interfacial chemistry, and the dynamics of metal oxides is
highly recommended to provide direct evidence. The modelling
and theoretical calculation of oxide-containing Li-S batteries is
another effective way to gain new insights of energy chemistry
from the scale ranging from the bonding formation to bulk
diffusion.
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3. Sulfides as Host Materials in Cathodes for
Li-S Batteries

Metal sulfides exist widely in nature. Pyrite is the predomi-
nant structural type of metal disulfides, which are composed of
infinite three-dimensional networks of the metal and discrete
S,%~ units. It can be described as a distorted NaCl-type structure
in which the rod-shaped S,?~ units are centered on the Cl posi-
tions but are oriented so that they are inclined away from the
cubic axes.[13]
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Table 1. Different oxides and sulfides employed in cathodes for lithium—sulfur batteries.?

Polar host Synthesis Morphology Sulfur loading & (sulfur Voltage Electrochemical performance Sulfur infiltra- Ref.
material method content in cathode window (initial capacity [mA h g”'] and tion method
by weight) (vs. Li") [V] cycles) & decay rate claimed
[mg cm™] & [%)] (per cycle)
o-TiO, Sol-gel and soft- Particles (4 wt% in N/A & (=48%) 1.5-2.8 1201 (73% Cy00/Cro) at C/2 & Melt-diffusion [45]
(anatase) template method mesoporous carbon) (N/A)
B-TiO, (rutile)  Commercial product Particles (4 wt% in N/A & (=48%) 1.5-2.8 1135 (62% Cy00/Cro) at C/2 & Melt-diffusion [45]
mesoporous carbon) (N/A)
¥TiO, Sol-gel and annealing Particles (4 wt% in N/A & (=48%) 1.5-2.8 1094 (44% Cy00/Cr0) at C/2 & Melt-diffusion [45]
(brookite) method mesoporous carbon) (N/A)
B-TiO, (rutile)  Hydrothermal method Nanotubes 0.6-1.8 & (=59%) 1.5-3.0 701 (58% after 100 cycles) at Melt-diffusion [39]
C/10 & (N/A)
TiO, Sol-gel method Yolk-shell (with 0.4-0.6 & (=53%) 1.7-2.6 1030 (67% after 1000 cycles) at Chemical [47]
(amorphous) sulfur) C/2 & (0.033%) co-precipitation
TiO, Atomic layer deposition Ultrathin layer (on 1.3-1.8 & (59%) 1.7-2.8 1070 (=86% after 500 cycles) at ~ Melt-diffusion [46]
(ALD) nitrogen-doped 1C& (N/A)
graphene/sulfur)
TiO,_, (mixed  Sol-gel, template and Inverse-opal 3D =0.8 & (=45%) 1.8-2.6 1098 (81% after 200 cycles) at ~ Melt-diffusion [52]
phases) annealing structure C/5& (N/A)
Ti4,Oy Hydrothermal, Particles 0.6-1.8 & (=51%) 1.5-3.0 623 (97% after 250 cycles) at Melt-diffusion [39]
template method and C/2 & (0.012%)
annealing
Ti O Sol-gel and annealing Nanoparticles 1.5-1.8 & (=48%) 1.8-3.0 850 (70% after 500 cycles) at 2C  Melt-diffusion [38]
& (0.06%)
TigOm Hydrothermal, Nanowires 0.6-1.8 & (=52%) 1.5-3.0 713 (89% after 100 cycles) at Melt-diffusion [39]
template method and C/10 & (N/A)
annealing
6MnO, Chemical Nanosheets 0.7-1.0 & (=56%) 1.8-3.0 1120 (=92% after 200 cycles) at ~ Melt-diffusion  [132]
co-precipitation C/5 & (0.04%)
6-MnO, Hydrothermal, tem- Nanosheets (filled in 3.5-3.9 & (=50%) 1.7-2.8 920 (72% after 300 cycles) at Melt-diffusion [62]
plate and annealing carbon nanofibers) C/2& (N/A)
method
6-MnO, Chemical Yolk-shell =1.5 & (=59%) 1.8-3.0 780 (61.5% after 800 cycles) at  In situ reaction  [64]
co-precipitation (microsized) 2C & (0.048%)
Yolk—shell ~1.5& (~64%) ~1000 (=31.5% after 1700
(nanosized) cycles) at 2C & (0.039%)
NiFe,O, Two-step water bath Nanosheets 1.0-1.2 & (=55%) 1.7-2.6 =900 (nearly no capacity loss Chemical [68]
and hydrothermal after >500 cycles) at 1C & co-precipitation
method (0.009%)
NiFe,O, Two-step water bath Nanoparticles 1.0-1.2 & (=55%) 1.7-2.6 ~1150 (N/A) at 0.1C Chemical [68]
and hydrothermal (=0.0314%) & (N/A) co-precipitation
method
Mg 6Nig 4O SHS method Nanoparticles (4 wt% 1.0-3.0 & (<61%) 1.0-3.0 1545 (79% after 100 cycles) at ~ Melt-diffusion [70]
dispersed in S/PAN 0.1C& (N/A)
composites)
Mg 6Nig 4O Electrospinning Hollow nanofiber 1.2-1.5 & (=53%) 1.0-3.0 913 (61% after 20 cycles) & Melt-diffusion [69]
(N/A) (calcined at 700 °C)
La,03 Annealing Nanoparticles (19 N/A & (48%) 1.5-3.0 1043 (76% after Melt- [78]
wt% dispersed in 100 cycles) diffusion
mesoporous carbon) at 1C & (N/A)
SiO, Template and annealing Platelets (10 ~0.72 & (60%) 1.5-3.0 ~980 (66% after 40 cycles) at Melt- [42]
method (SBA-15) wt% in the sulfur C/5& (N/A) diffusion
composites)
Al,O; ALD Ultrathin layer (on =1 & (<64%) 1.5-2.8 750 (82% after 100 cycles) at Chemical [75]
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Table 1. Continued.

Polar host Synthesis Morphology Sulfur loading & (sulfur Voltage Electrochemical performance Sulfur infiltra- Ref.
material method content in cathode window (initial capacity [mA h g”'] and tion method
by weight) (vs. Li") [V] cycles) & decay rate claimed
[mg cm™?] & [%)] (per cycle)
Co;0,4 Hydrothermal and Particles 1.2-1.5 & (64%) 1.8-3.0 0.34% decay rate per cycle over  Melt-diffusion [63]
annealing method (on graphene) 250 cycles & (N/A)
Zn0O Hydrothermal and Laminates N/A & (60%) 1.0-2.8 1414 (47% after 100 cycles) at ~ Melt-diffusion [87]
annealing method C/5& (N/A)
ZnO ALD Ultrathin layer (on 1.0-1.2 & (55%) 1.5-2.8 949 (89% after 100 cycles) at Chemical [86]
graphene/Sulfur) C/5 (w/o LiNO3) & (N/A) co-precipitation
MgO ALD Ultrathin layer (on 1.0-1.2 & (55%) 1.5-2.8 923 (83% after 100 cycles) at Chemical [86]
graphene/Sulfur) C/5 (w/o LiNO3) & (N/A) co-precipitation
V,05 Sol-gel and annealing Particles (on 1.2-1.5 & (64%) 1.8-3.0 =1000 (76% after 150 cycles) at  Melt-diffusion [63]
method graphene) C/2& (N/A)
V,05 Hydrothermal and Hollow spheres 1.2-1.5 & (60%) 1.8-2.5 1000 (82% after 300 cycles) at ~ Melt-diffusion [63]
annealing method C/5& (N/A)
VO, Sol-gel and annealing Particles (on 1.2-1.5 & (64%) 1.8-3.0 ~1000 (74% after 150 cycles; Melt-diffusion [63]
method graphene) stabilize at =400 mA h g™ up to
1000 cycles) at C/2 & (N/A)
MoO, Template and annealing  Mesoporous particles =0.32 & (32%) 1.7-2.8 1100 (62% after 100 cycles and ~ Melt-diffusion [79]
method 52% after 250 cycles) at C/10
& (0.19%)
CogSg Microwave-assistive Nanosheets 1.5 (typical) & (60%) 1.8-3.0 863 (75% after 400 cycles) at 1C Melt-diffusion ~ [133]
solvothermal method & (N/A)
2.5-4.5 & (60%) Average 4.3 mA h cm™2 for
150 cycles & (N/A)
CoS; Solvothermal Microsized particles 0.4 & (=60%) 1.7-2.8 1368 (73% after 150 cycles) at Melt-diffusion [40]
(15 wt% mixed with C/28 (N/A)
graphene)
2.9 & (=60%) Average 2.5 mA h cm™2 for
30 cycles & (N/A)
FeS, Commercial Microsized particles 2.0£0.1 & (62%) 1.7-2.8 1129 (62% after 200 cycles) at ~ Melt-diffusion  [134]
C/6.7 & (N/A)
SnS, Chemical vapor 5-7 nm nanoparticles N/A & (48%) 1.8-3.0 1237.5 Wet- [135]
deposition (10 wt%) distributed (=75% after 200 cycles) impregnation
method in hollow carbon at 0.2C & (N/A)

nanospheres

AThe electrolyte of tested batteries is made up of 1 m lithium bis (trifluoromethanesulphonyl)imide (LiTFSI) in a 1:1 volume of 1,2-dimethoxyethane (DME):1,3-dioxolane

(DOL) with varied amounts of 0-5 wt% LiNOj in different articles.

With the enrichment in synthesis methods of two-dimen-
sional dichalcogenides in recent two years, metal sulfides have
been explored for Li-S batteries. Metal sulfides have several
intrinsic benefits in: i) the strong sulfiphilic property to sulfur-
containing species and ii) low lithiation voltages vs Li/Li*, which
can avoid overlap in the working voltage window of Li-S bat-
teries. Compared to metal oxides, there are a large number of
metallic or half-metallic phases of metal chalcogenides, such as
pyrite, spinel, and NiAs structures.['*®l Great progress has been
made in metal chalcogenides for hydrogen-evolution reactions.
With the same demand for nanostructured metal sulfides with
high conductivity, many kinds of metal sulfides have swarmed
into Li-S batteries. Sulfiphilic cathode materials with strong
affinity for lithium (poly)sulfides are a promising new group of

Adv. Mater. 2017, 1601759
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candidates to control dissolution/precipitation reactions in the
cell. In this section, the research progress on the use of sulfides
as the host material for Li-S batteries is reviewed.

3.1. COgSs

The use of two-dimensional sulfide, TiS,, nanosheets in a Li,S
cathode™®”] and inspiring computational predictions!'*®! pro-
mote a wide interest in metal sulfides employed in solid sulfur
cathodes. Metal sulfides with high theoretical conductivity are
diverse. CooSg is a member of the Pentlandite family, with a
particularly high room-temperature conductivity of 290 S cm™.
A unique graphene-like CoySg material with interconnected
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Figure 9. The use of nanostructured sulfides for Li—S batteries. a) The cell voltage profiles of CogSg/S75 electrodes at various C rates. b) The pro-
longed cycling of the discharge capacity retention of CogSg/S75 electrodes at C/2, 1C, and 2C rates over 400 cycles. c) DFT calculations of interactions
between Li,S; and graphitic carbon, and CogSg (002), (202) and (008) surface. d) High-resolution XPS spectra of Li 1s and Co 2p;; for Li,S, and CogSg
(top) and after their contact (bottom). e) A schematic illustration of the discharge process in Li-S cell with CoS,-incorporated carbon/sulfur cathode.
f) Polarization curves of symmetrical Li,S¢-Li,S cells with different electrodes. a—d) Reproduced with permission.[33 Copyright 2016, Royal Society of
Chemistry. e,f) Reproduced with permission.“l Copyright 2016, American Chemical Society.

nanosheets that form 3D networks was synthesized through a
microwave-assisted solvothermal method by Pang et al.l'33]

The CoySg/S75 sulfur composite was prepared via a simple
melt-diffusion method at 155 °C for 12 h. The coupled inter-
action of CoeSg with Li,S, relies on S,>~Co% and Li*-S% (of
CooSg) binding. It has a surface area of 108 m? g™' and a very
large pore volume of 1.07 cm? gL Illustrated in Figure 9a, high
initial discharge capacities of 1130, 890, 895, and 863 mA h g~!
were achieved at 0.05, 0.5, 1.0, and 2.0C, respectively. No
capacity decrease was observed upon a rate increase from 0.5
to 2.0C (Figure 9b), indicating the highly favorable power capa-
bility, owing to the metallic properties of the CoySg. As shown in
Figure 9¢, in order to evaluate the contributions of the Co atoms
and the S atoms on the surface in binding LiPSs, three repre-
sentative surfaces (002), (202), and (008), which exhibit different
surface Co/S ratios, are chosen. The (002) and (202) surfaces
have Co/S ratios of 1:4 and 5:4, respectively. (008) is terminated

wileyonlinelibrary.com
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entirely with Co atoms. The binding energies of S,2—Co®" and
Li*-S% are interesting. In contrast to the previously reported
observation of only Li-S (Li-O) binding between Li,S, and lay-
ered metal sulfide (oxide), herein a strong synergistic binding
effect from both the metal and the sulfide ions is witnessed.
The binding of Li* to the S of Co¢Sg and the terminal S to Co (if
available) completely dominates the interaction between CooSg
and Li,S,, whereas the bridging “neutral” sulfur participates
only on the Co-rich surface (008). This binding energy (6.93 eV
with van der Waals interactions included) is the highest
reported for a Li,S on a host surface to date. Comparative
XPS tests of pristine CogSg, pristine Li,S,, and CogSg-Li,S,
solid powders reveal that electron transfer from the Li,S; mol-
ecules to the Co atoms results in a shift to lower binding energy
of the Co 2p;; spectrum, and electron transfer from the CooSg
surface to the Li ions results in 0.5 eV shift to lower binding
energy (54.9 eV) of the Li 1s spectrum (Figure 9d). Prolonged
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cycling of the electrodes at all rates exhibited almost identical
capacity owing to the metallic properties of CogSg.

3.2. CoS,

Pyrite CoS, has been proven to have high catalytic activity in
polysulfide reduction by Song and co-workers.[3*"! The pyrite-
type CoS, crystal possesses an appreciable conductivity of
6.7 x 10> S cm™ at 300 K. Yuan et al. reported a kind of sulfiph-
ilic half-metallic pyrite CoS, electrocatalyst to power Li-S
battery performance by propelling polysulfide redox.*’ The
concept is illustrated in Figure e.

In detail, CoS, and graphene material were mixed to con-
struct the CoS, (15% or 30%) + graphene (named G) mate-
rials. The CoS, clusters of ca. 1 um in size are attached to a
highly crumpled graphene substrate, forming electron path-
ways from the conductive framework to the heteropolar CoS,
surface. As shown in Figure 9f, cyclic voltammetric tests in the
voltage range of —0.7 to 0.7 V were performed for symmetrical
Li,S¢—Li,S¢ cells. The current density significantly increases by
an order of magnitude as the weight ratio of CoS, rises from 0
to 30%, demonstrating that CoS,—polysulfide interactions not
only statically exist but also dynamically accelerate the electro-
chemical reactions of lithium polysulfides.?) EIS testing indi-
cated that R (the resistance of charge transfer) was 1202, 436,
and 116 Q for graphene, CoS, (15%)+G, and CoS, (30%)+G,
respectively, indicating that charge transfer at the CoS,—poly-
sulfide interface is much more rapid than at the graphene-
polysulfide interface, and the redox kinetics of polysulfides in
liquid phase (Li,Sg <> Li,S¢ <> Li,S,) were improved by intro-
ducing highly sulfiphilic CoS, hosts.*) The CoS, is an effec-
tive electrocatalyst to tune the redox reaction of polysulfides in
a working Li-S cell.

At a low sulfur loading (0.4 mg cm™2), for CoS, (30%)+G
hosts, the initial discharge capacity was 1174 mA h g1, for CoS,
(15%)+G hosts, it was 1368 mA h g!, 62% higher than for a
S/G cathode, which means that 82% of the sulfur was utilized.
After 150 cycles, 1005 mA h g! was preserved for the CoS,
(15%)+G host. Employing a 3D CNT paper, a high areal sulfur
loading of 2.9 mg cm™2 and a high capacity of 1131 mA h g!
were attained at 0.1C, corresponding to an energy density of
1098 W h kg™! based on all the components excluding the sepa-
rator and electrolyte.

Recently, hierarchically porous CoS,/carbon paper has been
applied as an interlayer for capturing polysulfides through
physical absorption and chemical bonding in a working Li-S
cell.'* The composite CoS,/C/S cathode delivers a high initial
utilization of 74% at 0.2C and a long cycling life.

3.3. FeS,

Pyrite FeS, (fool's gold) is the most abundant of all sulfur
minerals. It does not contain Fe(IV) but is composed of Fe(II)
and S,?" ions in a distorted rock-salt arrangement. Recently,
Zhang and Tran!'** took advantage of commercial FeS,
powder to investigate pyrite FeS, as an efficient adsorbent of
lithium polysulfide for improved lithium-sulfur batteries. In-
depth Raman characterization has revealed a blueshift in the
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absorbance spectrum, which confirms the FeS,-Li,S, interac-
tions (which may be written as Li,FeS,,,) by the S-S covalent
bonds. Using a sulfur cathode with a 77 wt% of sulfur con-
tent in a sulfur loading of 2.0 mg cm™, the Li-S cell deliv-
ered an initial capacity of 1129 mA h g! and the second
and third cycle discharge capacity were reduced to 940 and
881 mA h g! respectively in a voltage window of 2.8-1.7 V
at 0.5 mA cm™2. The FeS, was also directly used as cathode
materials in an ether electrolyte. It should be noted that FeS,
is intrinsically semiconductive. Therefore, the conductivity of
the FeS, should be greatly improved by the introduction of
nanocarbon materials, which is similar to other metal oxide
electrodes for Li-ion batteries. When the pyrite FeS, is applied
in an ether electrolyte, the sulfiphilic surface provides abun-
dant anchoring sites for polysulfide intermediates. However,
a detailed molecular mechanism for the interactions between
the polysulfide and exposed surface of FeS, has not been
explored yet.

3.4.TiS,

TiS, was the earliest intercalating cathode to be used in sec-
ondary lithium batteries.l'”] TiS, exhibits a large electronic con-
ductivity and a high diffusion rate of lithium ions. Attributed
to its polar surface nature, Archer and co-workers proposed a
TiS,-supported sulfur cathode.l'*!l Different sulfur loadings of
4.6 mg cm™? (TSF5), 21 mg cm™ (TSF10), and 40 mg cm™
(TSF15) within TiS,-coated titanium foam delivered initial
specific capacities of 20, 25, and 30 mA h cm™ respectively
at 2.0 mA cm™2. A capacity of up to =17 mA h cm™ can be
achieved with a TSF15-based cathode after 100 cycles. It should
be noted that no characteristic peak of either Li,S or LiTiS,
is observed in the XRD spectra of the discharged electrode,
which is attributed to the disturbance of lithium insertion into
the structure of Li,S and LiTiS,. This indicates the chemical
interaction between LiPSs and TiS,. Another study, investi-
gated lithium insertion compounds!'*? such as VO, and TiS,
employed in a sulfur cathode.

The high conductivity and compatibility of TiS, with
electrolytes means that it is a good candidate in sulfur-
cathode materials. However, the mechanistic insights into the
nature of polysulfide anchoring onto TiS, are not clear yet. The
rational design of sulfide/sulfur cathodes can be realized if the
interfaces between polysulfides and TiS, are more understood.

3.5. Other Sulfides

Various other sulfides have been used as host materials for
Li-S batteries, such as MnS,*3 CuS,!'*4 ZnS [145] Sn§, [135.146]
NiS,,["*] and so on. Due to the poor electrical conductivity of
sulfides, nanocarbon is always introduced. For instance, a
chemical vapor deposition (CVD) method and a wet-impreg-
nation approach was used to synthesize tin-sulfide-anchored
sulfur-hollow carbon nanospheres (S/AHCNS-SnS,).l'3 The
S/AHCNS-SnS)-10 sample (with 10 wt% SnS,) delivered an
initial capacity of 1237.5 mA h g! and retained a capacity of
943.3 mA h g after 200 cycles at 0.2C.
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Based on previous research, we have summarized nano-
structured metal oxide and sulfide host materials employed
in Li-S batteries and they are listed in Table 1. Metal oxides
have been strongly considered as polar substrates to anchor
polysulfides, while the application of sulfides is still at an
early stage. The use of metal oxides and sulfides affords a
cell with a high sulfur utilization and a long span life, which
is a significant enhancement over C/S cathodes. Both metal
oxides and sulfides have a much higher tap density than rou-
tine porous carbon, which leads to the possibility of highly
packed electrodes for Li-S cells with ultrahigh volumetric
energy density.

However, it should be noted that most of the reports on
oxide-/sulfide-based cathodes were with an areal sulfur loading
of 0.3-1.5 mg cm™?, which is far less than the requirement
of 5.0 mg cm™ for practical cells with high energy density of
more than 300 W h kg .1°%148] The bulk diffusion quantityof
polysulfides and internal resistance in the electrode hinders the
effective use of sulfur materials. The good integration of a 3D
electrode with long range CNT and graphene current collec-
tors[1001%] is a promising way to further combine oxide/sulfide
cathodes for Li-S cells with high energy density and long cycle
life.

Besides metal oxides and sulfides, other promising mate-
rials such as metal carbides®>15% hydroxides,>!l and metal-
organic frameworks (MOFs)32 have been widely researched
in Li-S batteries, but these will not be discussed in detail in
this review.

4. The Use of Oxides and Sulfides in Related Li-S
Systems

As the solid sulfur cathode has come into a blossoming period,
many new systems based on multi-electron Li-S redox couples
such as Li/PS batteries,>>1%5 and Li,S-cathode-based Li-S
cells, 137156l have emerged.

Compared to traditional lithium-ion batteries, a routine
porous separator is unable to block the flood of soluble poly-
sulfides, and multifunctional separators!®?7194157] are highly
demanded. The fact that the shuttling of polysulfides cannot be
avoided, but can be alleviated in Li-S cells, impels us to employ
soluble polysulfides in organic solvents directly. Cui and co-
workers first proposed a proof-of-concept Li/PS battery.'>*] This
concept makes use of lithium as the anode, a high concentration
soluble polysulfides dissolved in a mixture of organic solvents
as the electrolyte, and conductive host materials as the cathode
materials (Figure 10a). For example, Yao et al.'*® devised a
model system for the spatial control of the deposition of S spe-
cies using the coexistence of polar and nonpolar electrode sur-
faces by creating a regularly patterned tin-doped indium oxide
(ITO) glassy carbon planar electrode, and have found the more
effective selective deposition of Li,S species onto ITO than on
glassy carbon (Figure 10b). In order to investigate the effective-
ness of the conductive tin-doped indium oxide nanoparticles on
adsorbing lithium polysulfides, electrochemical experiments
were conducted. The ITO-C hybrid-nanofiber-based electrode
delivered reversible specific capacity above 1000 mA h g after
300 cycles at C/5 with a capacity decay of 0.04% per cycle, while
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a carbon-nanofiber electrode with the same electrode mass
and mass loading of Li,Sg exhibited a lower specific capacity of
around 700 mA h g'. Recently, Cui and co-workers also pre-
sented a magnetic-field-controlled lithium-polysulfide semi-
liquid battery with ferrofluidic properties, employing y-Fe,O;
nanoparticles in the polysulfide electrolyte.[5%

Impeded by the sluggish developments of lithium anodes, it
is not practical for Li-S batteries to be applied on a large scale
in a short time period. Lithium sulfide has been selected as the
cathode material, and it may work together with other mature
anode technologies, such as a nanostructured silicon anode.
From this point of view, Seh et al. used Li,S@TiS, nanostruc-
tures as a cathode material™3”) and achieved a specific capacity
of 503 mA h g! at 4.0C (based on Li,S) and an areal capacity
of 3.0 mA h cm™? with high mass loading (5.3 mg cm™2 based
on Li,S) (Figure 10c). They also employed two-dimensional zir-
conium disulfide (ZrS,) and vanadium disulfide (VS,) as fur-
ther examples to be used in the Li,S cathode. Li-S cells with
Li,S@TiS, and bare Li,S cathodes were first charged to 3.8 V
(vs Li/Li*) and then discharged to 1.8 V (vs Li/Li*). As shown
in Figure 10d, only the underlying carbon substrate could be
observed, rather than the pristine particles on the substrate
for the bare Li,S particles on a sample with a carbon-fiber
substrate. Irregular-shaped Li,S particles were formed on the
electrode surface rather than the original Li,S particles at the
end of the discharge. However, little change could be observed
from after charging and at the end of discharge for the Li,S@
TiS, cathode. As illustrated in Figure 10e, ten points at various
depths of discharge (DoD) and states of charge were chosen
to probe the sulfur content in the organic electrolyte. The
percentage of total sulfur loss in the electrolyte of the Li,S@
TiS, cathode (<20% at all ten points) is much less than that for
the bare Li,S cathode (up to 91% at point 3) at all chosen points.

5. General Principle for Rational Design of Polar
Substrates for Li-S Batteries

Both metal oxides and sulfides are typical polar substrates to
effectively host sulfur and anchor polysulfides in a Li-S cell.
However, there are thousands of metal oxides and sulfides with
quite different nanostructures and exposed surfaces for electro-
chemical conversion chemistry of the Li-S system. A general
understanding of the rational design of the oxide/sulfide host
is strongly required.

Within the complex electrochemical reaction, the interac-
tions between the metal oxides/sulfides and polysulfides are
the most important factor. For example, TiO, is the most fre-
quently used material in Li-S cells. XPS, FTIR, and Raman
spectroscopy tests of the TiO, sample, after interaction with
polysulfides, have been applied. They are effective tools to
probe the formation of Ti-S bonding. Moreover, the visualizing
of host materials-Li,S, before and after contact is a vivid way
to confirm the interactions between metal oxides/sulfides and
polysulfides. The electrochemical titration of S,%” is an effi-
cient way to vary the capability to absorb polysulfides of various
materials.[133160]

DFT calculations can give hints on the strength of bonding
between hosts and Li,S,, (1 < x < 8).31161 The DFT method has
been widely applied to probe the complex interactions between
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Figure 10. The use of oxides and sulfides in Li/PS battery. a) A schematic illustrating the structure of the Li/PS battery (left) and the magnified scheme
(right) showing the SEI passivation layer on lithium with high resistance toward the internal reaction between PS and lithium due to the presence
of LINO;. b) A demonstration of selective deposition of Li,S on ITO relative to glassy carbon. c) Typical discharge—charge voltage profile at various
DoD and SoC and the corresponding percentage of sulfur in the electrolyte relative to total sulfur mass on the electrode for Li,S@TiS, and bare Li,S
cathodes. d) SEM images of bare Li,S (top) and Li,S@TiS, (bottom) at electrochemical states. e) Electrochemical performance of Li,S@TiS, cathodes
with high mass loading. a) Reproduced with permission.[> Copyright 2013, Royal Society of Chemistry. b) Reproduced with permission.['33 Copyright
2014, Nature Publishing Group. c—e) Reproduced with permission.l3”] Copyright 2014, Nature Publishing Group.

the polysulfides and oxides. For instance, Nazar and co-workers  be formed in the polythionate complex (Reaction (2)). However,
reported that MnO, has catalytic power in the conversion of  the bi-polythionate complex (I) is preferentially generated due
polysulfides, through the combination of theoretical calculation  to its known stability in aqueous media.

and XPS analysis.l'3? Two proposed reactions are listed below.
Polysulfides catenate to the thiosulfate by inserting into the

o o o
S-S single bond to create a polythionate complex (I) and short- I . Il I 5 )
chain polysulfide (i.e., Li,S; or Li,S) (Reaction (1)) through an IO—ﬁ—S] * LS == [°—ﬁ—(s)x4y_3—ﬁ—°l ) * LSy (x24:y<3) (1)
internal disproportionation reaction. Only one —SO3 group can 0 0

Adv. Mater. 2017, 1601759 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (19 of 25) 1601759




1601759 (20 of 25)

ADVANCED
MATERIALS

ADVANCED

www.advmat.de

a

b

Non-polar conductor

SCIENCE NEWS

www.advancedsciencenews.com

Redox to
thiosulfate

MnO,

i) weak binding
ii) sluggish surface reaction

iii) high nucleation

- z
b barrier

o «

| — =]
Polar insulator/semiconductor

.w:lg binding

iii) extra surface

y ~ diffusion
v) limited S e
sites ii) impeded charge r ‘&
iv) nucleation at S~ e
Polar conductor

iii) nucleation on the
conductive polar surface

.‘@}ng binding

o ¢ WM H [

o)
<7

Non-polar

Adsorption ix
conductor

Diffusion ‘r \

Carbon

Polar insulator
/semiconductor

Polar
conductor

Polysulfides

Lithium sulfides
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(e} o

A “Goldilocks” principle after testing a series of oxides was
proposed by Nazar and co-workers to search the best metal oxides
(Figure 11a).1% The metal oxides are divided into three classes in
terms of their redox potential versus Li/Li*. Materials with a mod-
erate voltage (vs Li/Li*), which form surface-bound thiosulfate
via redox, are the most suitable for the cathode host of Li-S cells.
6-MnO, is one of these. The conductivity of the material deter-
mines the kinetics of electron transfer, which significantly influ-
ences the extent of the final conversion of sulfur to Li,S.

A family of oxides and sulfides affords active sites to strongly
anchor polysulfides within the cathode. If the anchoring sites
are with superb intrinsic electrical conductivity, the absorbed
polysulfides can receive electrons, which facilitates the redox
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reaction of the polysulfides (Figure 11b).1’”] Therefore, an ideal
polar substrate is expected to be conductive, which facilitates
both the liquid-liquid transformation of the polysulfides and
the liquid—solid nucleation/growth of the Li,S. Some polar
substrates (e.g., CoS,*)) can even serve as an electrocatalyst to
reduce the overpotential of the polysulfide redox reaction and
improve the utilization of the sulfur cathode. However, an elec-
trocatalyst to enhance the redox reaction between Li,S and Li,S,
is currently still lacking.

If we consider the poor conductivity of most metal oxides,
the absorbed polysulfides should be transferred from the sur-
face to the conductive substrate to undergo the electrochem-
ical reaction. According to pioneering work carried out by
Tao et al., the balance optimization between polysulfide adsorp-
tion and diffusion on the surface of the metal oxides is neces-
sary (Figure 11c).l'%” Composite cathode materials based on the
MgO, CeO,, and La,0; exhibited high discharge capacity and
excellent cycling performance. If one intends to select an oxide
and other insulating polar substrate, polar hosts with strong
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binding with polysulfides, high surface area, and extraordinary
surface diffusion properties are preferred.

Besides, nanostructures play an important role in the proper-
ties of materials. For instance, surface area, pore distribution,
and pore volume are highly dependent on the nanostructures
of metal oxides and sulfides, which also regulates the adsorp-
tion capability of polysulfides. It is interesting that Li,S is likely
to deposit on the edges of MoS, rather the terraces.['*3l The size
of a catalyst has a substantial impact on its performance. Metal
oxides and sulfides with smaller sizes, even down to the scale
of quantum dots, may have much better capability in Li-S cells
compared to present materials above. There is plenty of room
for research on the interaction mechanism between nanostruc-
tured metal oxides and sulfides and Li,S, (1 < x < 8) in Li-S
cells.

6. Conclusions and Perspectives

Recent advances in the use of nanostructured oxides and
sulfides or their composites as host materials for advanced
Li-S batteries are reviewed here. Several factors influencing
the relationships between the properties of the materials and
the performance of lithium-sulfur batteries are concluded:
i) the adsorption ability to polysulfides; ii) the conductivity of
the intrinsic materials or the composites; iii) the catalytic capa-
bility in contributing to the mutual conversions of lithium
polysulfides (Li,S, (4 < x < 8)) and lithium (di)sulfides; iv) the
nanostructures that determine the surface area, the 3D mor-
phologies, and the exposure of active sites. Both nanostructured
oxides and sulfides have demonstrated outstanding ability to
render a composite cathode with high sulfur utilization and
long cycle life.

However, selecting the best one among many probable
suitable materials is also a grand challenge of Li-S Dbatteries.
New characterization methods can speed up this process and
save a lot of time and cost compared to routine trial and error
methods. Moreover, theoretical approaches are highly required
to search, predict, and guide the future developments of Li-S
batteries.!*164 From the first-principles theory aspect, the
binding energy between the host material (or anchoring mate-
rial) and lithium polysulfides or lithium (di)sulfides plays a
critical role, and the partial density of states near Fermi energy
level is an indicator of the theoretical conductivity of a material.
At the same time, it follows the trends of the materials genome
initiative.['%]

Toward the practical applications of Li-S batteries, abun-
dant factors should be carefully considered to provide a
holistic solution. Besides these cutting-edge matters, some
old obstacles, such as the low areal sulfur loading amounts,
large electrolyte volume/sulfur ratio, and subsequent low
volumetric energy density, should be overcome gradually.
Areal loadings of sulfur in cathodes with nanostructured
metal oxides or sulfides as additives are mostly in between 0.3
and 2 mg cm™2. There is a long way to go in a high-sulfur-
loading cathode with oxide or sulfide additives. Nanostruc-
ture engineering or conductive carbon recombination may be
a rational solution. The former can sometimes alleviate the
volume change.
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The polysulfide dissolution and subsequent shuttling
problem are highly related to the electrolyte. Sulfur redox-
based flow batteries have been developed by taking advantage
of the critical disadvantages of the solid-state sulfur cathode.
Non-solvent room-temperature ionic liquids are expected to
serve as a compromise solution, for the reason that ionic lig-
uids can suppress the solubility of polysulfides while having
low Li*-ion diffusion coefficients. In the future, regarding
cathode research, great attention must be paid to the con-
version mechanism of soluble polysulfides and insoluble
(di)sulfides on different host materials including pristine/
doped carbon, and conductive polymers, as well as 3D inor-
ganic compounds. Some of them may afford an electrocata-
lytic effect to mediate the redox reaction of the polysulfides.
Also, the solid-state conversion of Li,S, to Li,S should be
highly considered, since the redox between Li,S, and Li,S con-
tributes a high theoretical specific capacity of Li-S batteries
if the Li,S is produced all through the Li,S,. It is expected
that the achievements in Li-S batteries will have guidance in
other related areas, such as Li-Se batteries, sulfur/polysulfides
redox chemistries, and so on.
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