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Anode Improvement in Rechargeable Lithium-Sulfur

Batteries

Tao Tao,* Shengguo Lu, Ye Fan, Weiwei Lei, Shaoming Huang, and Ying Chen*

Owing to their theoretical energy density of 2600 Wh kg, lithium—sulfur
batteries represent a promising future energy storage device to power electric
vehicles. However, the practical applications of lithium—sulfur batteries suffer
from poor cycle life and low Coulombic efficiency, which is attributed, in part,
to the polysulfide shuttle and Li dendrite formation. Suppressing Li dendrite
growth, blocking the unfavorable reaction between soluble polysulfides and
Li, and improving the safety of Li-S batteries have become very important for
the development of high-performance lithium sulfur batteries. A comprehen-
sive review of various strategies is presented for enhancing the stability of the
anode of lithium sulfur batteries, including inserting an interlayer, modifying
the separator and electrolytes, employing artificial protection layers, and alter-

native anodes to replace the Li metal anode.

1. Introduction

A rechargeable lithium-sulfur (Li-S) battery comprises a
lithium metal anode and a sulfur cathode. It has a high theo-
retical specific energy (2600 Wh kg™!), and a higher specific
capacity (1675 mAh g!) based on the electrochemical reac-
tion of 16Li + Sg — 8Li,S. Sulfur is environmentally friendly,
low cost, and in natural abundance.l!l Li-S batteries are one of
the most promising next-generation devices for high-energy-
density storage, which is needed urgently to power electric
vehicles. However, there are significant problems with Li-S
rechargeable batteries which hinder their practical application,
mainly their low S utilization and short cycling life. The poor
electrical conductivity of elemental sulfur (=5 x 107%° S cm™!
at room temperature) is responsible for the low utilization
of active materials and poor performance of Li-S batteries.?!
The dissolution of intermediate polysulfide products formed
during the charge and discharge processes and the resulting
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shuttle  phenomenon cause severe
capacity fading and a lower Coulombic
efficiency (Figure 1).5) A large volume
change (80%) between sulfur and Li,S
during the charge and discharge pro-
cesses results in the structural collapse
of the electrode and rapid capacity decay.
Metallic Li anode forms mossy metal
deposits and dendrite, causing low Cou-
lombic efficiency, poor cycling life, and
serious safety concerns.

Significant progress has been achieved
recently in hindering the dissolution
of polysulfides into electrolyte and
improving the conductivity of sulfur
by using various types of host cathode
materials including carbonaceous nano-
materials (e.g., porous carbon, carbon nanotubes, carbon
nanofibers and graphene), polymers and yolk-shell nano-
architectures (e.g., sulfur-TiO, and sulfur-polyaniline), and
optimizing the electrolyte composition, and configuring a
new cell structure with polysulfide-blocking interlayers.>*!
Although, these strategies can mitigate the shuttle effect of
lithium polysulfides, and accommodate the volume expansion
of sulfur, none of them has fully addressed the key challenges
of Li-S Dbatteries.

Lithium metal is an ideal anode material for the develop-
ment of Li-S batteries with high energy densities because of
its high theoretical capacity (3860 mAh g7), its light weight
and electro-negative potential (-3.04 V versus standard
hydrogen electrode).” However, during cycling, the corrosion
reaction occurs and the formation of Li dendrites was found
on the surface of lithium metal, leading to safety hazards, bad
cycling stability and low Coulombic efficiency, crippling the
commercialization of lithium-sulfur batteries (Figure 2).5-10
A significant research effort has been devoted to resolving
these problems.l''~13] Three strategies have been proposed:
(i) designing novel cell configurations to mitigate the pas-
sivation of the lithium metal anode; (ii) introducing stable
artificial interfaces to protect the lithium metal anode; and
(iii) employing polymer and ceramic solid electrolytes to pre-
vent dendrite penetration. Based on the developments made
by these strategies, practical application and more improve-
ments of Li-S batteries may be achieved by focusing on
advanced anode designs.

In this review, we summarize the recent research progress
made in the anode of Li-S batteries (Figure 3). Some effective
strategies to protect the lithium metal anode will be discussed.
The design, synthesis and characterization of other novel
anodes of Li-S batteries will be also presented.
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Figure 1. Schematicillustrations of a) shuttle effect and b) capacity fading
of an Li-S battery. a) Reproduced with permission.l b) Reproduced with
permission.s Copyright 2012, Nature Publishing Group.

2. Li Metal-Based Anodes in Li-S Batteries

As for lithium sulfur battery systems, the Li metal anode
is highly reactive in the electrolyte and reacts easily with the
shuttled soluble intermediate lithium polysulfides to form an
unstable solid electrolyte interface (SEI) layer. The unstable
SEI could not prevent the shape and volume changes of the
lithium anode during cycling, leading to the dendritic growth
of the Li metal. Furthermore, due to the breakdown of unstable
SEI, the exposure of the fresh lithium surface to the electrolyte
and parasitic reactions forming a new SEI layer, these decrease
the efficiency of the lithium cycling. Therefore, the success of
Li-S batteries depends on a reliable lithium metal anode. Many
efforts have been made to improve the stability of the lithium-
metal anode, such as designing novel cell configurations and
introducing protective layers to the surface of the lithium
anode. Recent key improvements are summarized below.

2.1. Interlayer Insertion

The insertion of a polysulfide-blocking interlayer between the
Li anode and the S cathode has been demonstrated to be a
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Figure 2. SEM images with different magnifications showing decom-
posed Li metal anode in an Li-S cell after 1000 cycles: a) low magnifica-
tion and b) high magnification. Reproduced with permission.?l Copyright
2014, Nature Publishing Group.

(a)

Effectof artificial
protection films

—

Limetal based — — Lithium metal free
anode protection anodes

www.advmat.de

successful approach to significantly prevent the corrosion of the
Li anode in an Li-S battery, including efficiently blocking the
migration of polysulfides from the S cathode to the Li anode,
thereby mitigating the passivation of Li anodes. A number of
carbon-based interlayers have been found to improve the cycling
stability of Li-S cells, including microporous carbon papers,!**l
porous carbon nanofiber papers, ! carbon fiber cloth,['® N,S-
codoped graphene (SNGE) films,'”) carbon nanofiber/poly-
vinylidene fluoride composite membranes,'® TiO,/graphene
films,*! conductive multiwalled carbon nanotube (MWCNT)
films, 20211 Fe;C/carbon nanofiber webs,??l Al,O; coated nano-
porous carbon cloth,?3 porous CoS,/carbon papers? and gra-
phene films®! (Figure 4). It is believed that the thin interlayer
of carbon materials can not only localize the soluble polysulfides
and prevent the shuttle effect but also works as an upper current
collector to improve the utilization of active material. Moreover,
compared with pure carbon-based interlayers, carbon inter-
layers modified with metal compounds (e.g., TiO,, Al,03, CoS,)
or functionalized carbon interlayers more effectively confine
the dissolved polysulfides. The carbon matrix adsorbs the poly-
sulfides by the porosity of carbon materials, and the supported
metal compounds or functional groups (e.g., nitrogen, sulfur)
further capture the polysulfides by chemical combination.

As a model system, a full Li-S cell consisting of a pure
sulfur powder cathode, a microporous carbon interlayer, a poly-
propylene separator, and a lithium foil was built with 1.85 m
LiCF3SO; and 0.1 m LiNO; in 1,2-dimethoxyethane(DME)/1,3-
dioxolane (DOL) (1:1 v/v) as the electrolyte.' It was found that
the conducting microporous carbon interlayer can reduce the
surface resistance of the cathode, and the abundant micropores
in the interlayer can effectively entrap the polysulfides. The cell
with the microporous carbon interlayer delivers an excellent
capacity above 1000 mAh g! at 100 cycles at a current density of
1675 mA g! within a voltage window of 1.5 and 2.8 V (vs Li*/Li)

(e)
—I Carbon based anodes | =

(f)

T dp— ” Silicon based anodes | ‘===

(g)
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|¢—

(h)
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Figure 3. Selected effective strategies for improving the performance of the anodes for Li—S batteries: a) a hierarchically porous CoS,/carbon paper inter-
layer, b) a facile and effective dual functional separator, c) addition of cesium ions (Cs*) to the electrolyte, d) an Li;N protection layer, €) a carbon based
anode, f) a lithiated Si/SiO, nanosphere anode, g) a polymer tin based anode, and h) an Li-B alloy anode. a) Reproduced with permission.?4l Copyright
2016, Elsevier. b) Reproduced with permission.['"®l Copyright 2016, Elsevier. ¢) Reproduced with permission.’®l d) Reproduced with permission.®]
Copyright 2014, Royal Society of Chemistry. e) Reproduced with permission.®l Copyright 2014, Wiley-VCH. f) Reproduced with permission.®! Copyright
2015, American Chemical Society. g) Reproduced with permission.’”l h) Reproduced with permission.%l Copyright 2014, Royal Society of Chemistry.
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Figure 4. a) Schematic of the Li-S battery with a carbon based interlayer inserted between the electrode and the separator, b) typical SEM image of
cross section of a fresh cathode with the graphene/TiO, interlayer, c) galvanostatic charge—discharge profiles of the cathode with the graphene/TiO,
interlayer at various current rates, d) SEM image of the cross section of a carbon nanofiber/PVDF composite membrane, e) folded carbon nanofiber
/PVDF composite membrane, and f) galvanostatic discharge/charge voltage profiles of an Li-S cell with a carbon nanofiber/PVDF interlayer at 0.5 C.
a) Reproduced with permission.['®l Copyright 2016, Elsevier. b,c) Reproduced with permission.l'®l Copyright 2015, Wiley-VCH. d—f) Reproduced with

permission.[8l Copyright 2016, Elsevier.

and a high average Coulombic efficiency of 97.6%. In another
case, a carbon fiber cloth interlayer with a high electric conduc-
tivity, a large surface area and excellent flexibility was directly
inserted between a sulfur cathode and a separator to trap the sol-
uble lithium polysulfide intermediates in an electrolyte of 0.4 m
LiNO; additive and 1.0 M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) in DOL and DME (1:1 v/v).['® A cell with this
interlayer delivers a high reversible capacity (>560 mAh g7}
at a large current density of 33.45 mA cm~ over 1000 cycles
between 2.8 and 1.6 V (vs Li*/Li). A new design using a porous-
CNT/S cathode coupled with a lightweight porous SNGE inter-
layer in an Li-S cell with an electrolyte of 1 m LiTFSI and 1%
LiNO; in DOL/DME (1:1 v/v) was investigated (Figure 5).17! The
porous N, S-codoped graphene interlayer has excellent electric
conductivity and can efficiently trap lithium polysulfides. The
cell with this special interlayer can deliver a reversible specific
capacity of =1460 mAh g at 0.25 C (1C = 1675 mAg™!) and
shows a capacity degradation rate of 0.01% per cycle. These
carbon-based interlayers show a significant effect in trapping
lithium polysulfides and improving cycling life.

Conductive polymer interlayers were also developed to mitigate
the shuttle effect and to protect the Li anode to improve the cycling
stability of the Li-S batteries (Figure 6a). Conductive polymer,
including polyaniline, polypyrrole, and polythiophene, lower the
charge transfer resistance of electrodes and suppress lithium
polysulfides in the cell due to their high electrical and ionical con-
ductivity, and the H-bonds between the protondoped polymers
and lithium polysulfides. Polypyrrole-based interlayers between
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the Li anode and the S cathode have been fabricated to enhance
the cycle performance of the Li-S battery.?>?”] The polypyrrole
functional interlayer could mitigate the dissolution and migra-
tion of lithium polysulfides in the electrolyte, and prevent the cor-
rosion of the Li anode during the charge and discharge process
because of the H-bond and high specific surface areas. The Li-S
cell containing the polypyrrole nanotube interlayer and an electro-
lyte consisted of 1 m LiTFSI in DOL and DME (1:1 v/v) with no
LiNOj; additive exhibits a high specific capacity (>1100 mAh g™),
good cycle stability (>700 mAh g over 300 cycles) and high Cou-
lombic efficiency (about 92%) in a voltage range of 2.8-1.8 V (vs
Li/Li*).?”} A nano-Li*-channel interlayer of the Li-S battery was
synthesized by swelling the dense polyvinylidene fluoride (PVDF)
membrane in an electrolyte containing 1 M LiTFSI in DOL and
DME (1:1 v/v) without LiNO; additive, and its special ions trans-
port channels could selectively separate the Li* and polysulfide 8!
Consequently, the nano-Li*-channel interlayer can confine the
lithium polysulfide shuttling, leading to a high specific capacity as
well as a good cyclability between 1.5 and 2.8V.

Besides the above-mentioned interlayers between the
cathode and the separator, a hybrid anode composed of an elec-
trically connected graphite interlayer and Li metal was proposed
as a new design of the Li-S batteries to address the problems of
lithium polysulfides shuttle and lithium dendrite (Figure 6b).?"!
In this design, the separator is placed between the Li metal and
the graphite film to form the anode, and the graphite film elec-
trically connected with the Li metal. The lithiated graphite acts
as an artificial solid-state electrolyte interface to help supply Li*

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Schematic of electrode configuration of an Li-S battery with
an SNGE interlayer, b) Photograph and c) cross-sectional SEM image
of the cathode with an SNGE interlayer, and inset are photographs of
the PCNT-S@SNGE cathode and the as-made Li-S cell. Reproduced with
permission.'’l Copyright 2016, Royal Society of Chemistry.

ions on demand and minimize deleterious parasitic reactions
between the lithium polysulfides and Li metal surface. The Li-S
cell incorporating the hybrid anodes with an electrolyte of 0.1 m
LiNOj and 1 m LiTFSI in DOL/DME (1:1 v/v) delivers capacities
up to 800 mAh g! over 400 cycles at a high rate of 1737 mA g~!
between 1.0 and 3.0 V.

The interlayer insertion between the separator and sulfur elec-
trode has been proven to be an effective strategy to stabilize the
lithium anode morphology and fabricate high-performance Li-S
batteries. These interlayers with porous, conductive and flexible
structures could serve as a barrier to improve the active mate-
rial utilization, regulate polysulfide shuttle, and maintain cycle
stability and good efficiency. A porous structure is crtitical for
absorbing the polysulfides, high electrical conductivity facilitates
faster electron transfer, and the flexible structure is useful in
reducing the volume change of the cathode. In further studies,
the thickness/weight of the applied interlayers should be reduced
as much as possible. Novel interlayers with proper pore struc-
ture, excellent mechanical stability and conductive property need
to be developed. Insertion of interlayers between the separator
and anode might be needed for next generation Li—S batteries.

2.2. Separator Modification
The separator, a nanoporous polymer membrane, is a basic

component in an Li-S battery, and functions as an ion
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Figure 6. a) Schematic cell configuration of rechargeable Li—S batteries
with a polypyrrole nanotube film, and b) hybrid anode design. a) Repro-
duced with permission.?’l Copyright 2015, Elsevier. b) Reproduced with
permission.?l Copyright 2014, Nature Publishing Group.

conductor to maintain the pathway and an electron insulator
to prevent short circuit. Polysulfides produced during the dis-
charge and charge processes can diffuse freely through the sep-
arator and react with the Li anode, and cause the degradation
of the Li anode. Therefore, the modification of separators has
been proposed to inhibit the polysulfide shuttling in organic
electrolytes and also protect Li anodes. A number of functional
layers, including carbons, polymers, oxides, and their compos-
ites, have been developed to modify the separator for trapping
the soluble polysulfides in electrolyte. These modified separa-
tors have exhibited great success in improving the performance
of Li-S batteries.

Again, carbon material is the most popular material for
modifying the separators of the lithium-sulfur batteries
(Figure 7),13% because it has the following advantages: (i) a high
electrical conductivity for providing a fast and short-distance
electron transport; and (ii) a porous structure, large conductive
surface area or sufficient pathways to absorb the dissolved poly-
sulfides and regulate the polysulfides shuttle. Various carbon
materials such as carbon nanotubes,?!! graphene,?2** carbon

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Schematic and SEM images of the single-wall carbon nanotube modulated separator configuration. Cross-section SEM images of various
samples: b) Integrated sulfur electrode with the G@PP separator and corresponding EDS spectrum, c,d) TiO,—Super P coated separator—cathode
interface and the Al,O;—Super P coated separator—cathode interface, e) cell with the C-coated separator, f) N-doped mesoporous carbon-coated sepa-
rator, g) fluoro-functionalized reduced graphene oxide separator, and h) N-doped porous carbon nanowire-modified separator. a) Reproduced with
permission.3l b) Reproduced with permission.’? c,d) Reproduced with permission.?% Copyright 2014, Royal Society of Chemistry. e) Reproduced
with permission.?l f) Reproduced with permission.Bl Copyright 2016, Elsevier. g) Reproduced with permission.3 h) Reproduced with permission.l

Copyright 2016, Elsevier.

black,?4 nitrogen-doped mesoporous carbon,**! and N-doped
porous carbon nanowires®® have been tried. For example,
the single-wall carbon nanotube modified separator has been
developed to reduce the fast polysulfide migration and prevent
the Li anode degradation in the Li-S cell with an electrolyte
comprising 0.1 M LiNO; and 1.85 m LiCF3;SO; in DOL/DME
(1:1 v/v).BU The separator was prepared by vacuum filtering
a solution of isopropyl alcohol and single-wall carbon nano-
tube (0.04 mg mL™) on a Celgard 2500 separator. The carbon
coating layer with good electrical conductivity also serves as
an upper-current collector to repeatedly use the trapped active
materials during cycling. A cell employing the single-wall
carbon nanotube coated separator shows a high reversible
capacity of above 501 mAh g at 0.2 C between 1.8 and 2.8 V
after 300 cycles. The fluoro-functionalized reduced graphene
oxides with hydrophobic properties can be directly used as an
effective separator for Li-S cells with an electrolyte (1 m LiTFSI
in sulfolane, 60 mL mg™' of sulfur).?* It is found that the sepa-
rator of fluoro-functionalized reduced graphene oxides with a
thickness of 1-2 mm decreases polysulfide concentration and
the homogenous distribution of end-discharge products during

Adv. Mater. 2017, 1700542
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cycling at 0.1 C between 3.0 and 1.5 V. A simple modification
of the commercial polypropylene separator with a thin layer of
melamine-derived N-doped mesoporous carbon was proposed
to promote the interfacial interaction between the dissolved
polysulfides and the N-dopants on carbon-coating by coupling
interactions.l®l It was fabricated by a slurry coating method
(0.4 mg cm™ in weight), and 1 wt% LiNO; and 1.0 M LiTFSI in
DOL/DME (1:1 v/v) used as an electrolyte. The unique physical
and interfacial chemical properties of such carbon coating layer
are effective in protecting the Li anode and improve the cycling
stability of 0.08% capacity fading per cycle at 0.5 C between 1.7
and 2.8 V.

Polymer modified separators, including an ion selective
Nafion membrane layer,’”l a mixture of Nafion and super
P38 and a polydopamine layer,’”) have been demonstrated to
effectively block the transportation pathway of the dissolved
polysulfides and maintain the stability of the electrode struc-
ture (Figure 8). The polymer modified functional separators
can confine polysulfide anions to the sulfur cathode side and
prevent them from diffusing to the lithium anode side. Also,
a Nafion film coated on the Celgard 2400 membrane was

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) Schematic of the Li-S battery with the polydopamine coated separator and g) Li anode structure using the polydopamine coated separator,
b) schematic illustration of the structure of a trilayer graphene-polypropylene-Al,O; separator, c) SEM image of the Al,O;-coated PP/PE/PP separator.
d) SEM image of the surface of Ketjen Black/Mgy¢Nig 4O composite coated separator after 100 cycles, €) cross-sectional SEM images of V,Os layer
on polymeric battery separator, and f) surface SEM image of Li anode with glass fiber separator after 100 cycling. a,g) Reproduced with permission.l*’]
Copyright 2014, American Chemical Society. b) Reproduced with permission.l*4l Copyright 2016, Elsevier. c) Reproduced with permission.[*0l Copyright
2014, Elsevier. d) Reproduced with permission.l*3] Copyright 2017, Elsevier. ) Reproduced with permission.[*!l Copyright 2014, American Chemical

Society. f) Reproduced with permission.[*”! Copyright 2016, Elsevier.

employed as an ion selective membrane to effectively block
the shuttle of polysulfides and allow the free transportation
of lithium cations.’”) The ion selective membrane acts as an
electrostatic shield for polysulfide anions in the Li-S cell, and
the diffusion of polysulfide is localized on the cathode side,
leading to a small cycle decay of 0.08% per cycle for 500 cycles
at 1C in a voltage range of 2.8-1.7 V. The polydopamine modi-
fied cathode and separator have been developed to suppress
polysulfide transportation and improve the performance of the
Li-S battery.® The bilaterally polydopamine separator was syn-
thesized by a modified polydopamine in situ coating process.
It is believed that the polydopamine can induce agglomerate
nucleation to form many petals, and bind these petals together
with its adhesive properties, decreasing charge transfer resist-
ance and SEI resistance for improved cycle performance. The
cell achieves a capacity fade of only 0.018% per cycle and about

Adv. Mater. 2017, 1700542
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99% Coulombic efficiency at a current density of 3350 mA g~!
over 3000 cycles.

Functional separators were also modified with metal oxides
and their composites to improve the electrochemical perfor-
mance of the Li-S batteries, such as Al,05,% V,05,*11 MnO/
Ketjen Black,*? and Mg ¢Niy,O/Ketjen Black composite,*’]
because their strong polysulfide binding effects of oxygen-rich
metal oxides help to suppress the diffusion of polysulfides to
the lithium anode side. To further address the shuttle effect of
lithium polysulfides and the corrosion problem of Li anodes,
multimodified separators have been prepared, including
three-layer separators of carbon nanotube/polypropylene/
AlLO3,* carbon/lithium aluminum germanium phosphate/
Celgard,™ and sulfur/graphene/polypropylene.*?l The gra-
phene/polypropylene/Al,O; separator,** prepared by a blade
coating process, shows a dual function. Graphene coated

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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on one side of the polypropylene separator (a thickness of
3-5 mm, 0.10 mg cm™2) serves as an electrolyte reservoir and
a conductive layer to allow for rapid ion and electron trans-
port; the safety and thermal stability of the cell can be further
enhanced by the Al,O; particles coated on the other side (a
thickness of 5 um, 1.22 mg cm™?). This cell delivers a remark-
able reversible capacity of 804.4 mAh g! (75% capacity reten-
tion) at 0.2 C after 100 cycles.

The recent progress in novel separators opens up a different
direction toward high-performance Li-S cells. A porous glass
fiber membrane with superior thermal stability and excel-
lent electrolyte wettability has been evaluated as a potential
separator for Li-S batteries.*”] The porous glass fiber mem-
brane was synthesized from borosilicate microfibers and could
reduce the rapid diffusion of polysulfides to the Li anode side,
and enhance its electrochemical performance (a capacity of
617 mAh g! at 0.2 C over 100 cycles). A metal-organic frame-
work-based separator, Cu3(BTC),/ graphene oxide separator,
was fabricated by adhering the adjacent Cu3(BTC), and gra-
phene oxide layers to the filter membrane two or three times.
The separator could efficiently sieve Li* ions while blocking
undesired polysulfides migrating to the anode.*¥] The cell with
this separator shows an amazing capacity of 855 mAh gtat1 C
after 1500 cycles between 1.5 and 3.0 V. A promising approach
has been proposed to enhance the cycling stability of Li metal
anode by using a facile coating of commercial separator (Cel-
gard 2325) with thermally conductive BN nanosheets.l*)) The
separator was made by coating one side of the Celgard 2325
separator with a BN/PVDF/NMP suspension. The BN-coating
on the polypropylene/polyethylene separator shows a high
thermal conductivity of 82 W mK™!. The cell using this sepa-
rator can maintain a high Coulombic efficiency of 92% after
100 cycles at 0.5 mA cm™2 in a common LiPFs—ethylene car-
bonate (EC)—diethyl carbonate (DEC) electrolyte.

The mechanism of modified separators is similar to that of
interlayers, focusing on the inhibition of polysulfide diffusion
and improvement of the lithium anode lifespan. More efforts
on new generation multifunctional separators, such as the
hybrid modification and composite of separators, are greatly
required. Also, developing the advanced separator and inter-
layer combination systems will bring new opportunities into
this field in the future.

2.3. Electrolyte Additives

The electrolytes are important in the development of high-
performance Li-S batteries because their composition and
type strongly affect the polysulfide distribution in the cell. The
chemical composition and microstructure of the passivation
layer on the lithium surface is also related to the electrolytes
used. Several special electrolytes, e.g., organic liquid electro-
lytes, ionic liquids electrolytes, and polymer and solid electro-
Iytes, have been developed to control dendrite formation and
the polysulfide shuttle of Li-S batteries.

The most common Li-S liquid organic electrolytes contain
lithium salts such as lithium bis(trifluoromethanesulfonyl)
imide (Li[N(SO,CF;);] or Li(TFSI), LiSO;CF;)), and LiClO,,
and a mixture of organic solvents including DOL, DME,
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tetraethylene glycol dimethyl ether (TEGDME), fluoroethylene
carbonate and tetrahydrofuran.P% Dissolution of lithium poly-
sulfides is inevitable in these liquid electrolytes, resulting in the
shuttle effect and dendrite formation on the metallic Li anode
surface. Additives have been developed to reduce the dissolu-
tion of polysulfides in the liquid electrolytes (Figure 9). A suc-
cessful example in this area is that lithium nitrate (LiNO;) is
a powerful electrolyte additive.’'>3 It is found that LiNO; can
contribute to an increase of the ionic conductivity for the elec-
trolyte, from 0.8 to 1.4 mS cm~L.54 Tt is the critical component
to form a protective surface film of lithium anode, and acts as
an oxidizing agent. The reduced Li,NO, species, together with
the oxidized polysulfides and Li,SO, moieties, could enhance
the passivation of the Li anodes and alleviate parasitic reac-
tions between lithium metal and polysulfide species. Lithium
bisoxalatoborate (LiBOB),*! copper acetate (Cu(OOCCHj),),>®
lithium oxalyldifluoroborate (LiODFB),’”] and phosphorus pen-
tasulfide (P,S5)P® have also been used as electrolyte additives
to promote the formation of a surface passivation layer on the
lithium electrode. The stable lithium—metal surface and the
high Li-S battery’s performance are obtained in the presence
of LiBOB, Cu(OOCCHj),, LIODFB, or P,Ss in the electrolytes.
Additionally, the low conductivity and high viscosity of con-
centrated electrolytes with less free solvent molecules could
effectively inhibit polysulfide dissolution, diminish the side
reactions between the Li metal and the polysulfide species, pro-
tect the Li anode, and suppress Li dendrite formation.>”)

In another direction, researchers have examined the possi-
bilities of using ionic liquid electrolyte or polymer/solid-state
electrolyte to reduce the dissolution and shuttle of polysulfides.
Ionic liquids with high electrochemical stability, wide potential
window and low vapor pressure are regarded as a new class of
electrolyte materials for Li-S batteries because they can provide
low solvation power toward polysulfides and reduce the shuttle
effect (Figure 10).°°U A series of ionic liquid electrolytes,
including Pyr; 50, TFSI (N-methoxyethyl-N-methylpyrrolidinium
bis-(trifluoromethanesulfonyl)-imide) /TEGDME electrolyte
with Lithium difluoro(oxalate)borate (LiDFOB)/ LiTFSI binary
lithium salts,[®?l a hybrid electrolyte of N-methyl-N-butylpyr-
rolidinium  bis(triuoromethylsulfonyl)imide (Py,,TFSI) and
LiTFSI dissolved in a mixture of DOL and DME, %3] and LiTFSI-
Pyr; 50, TFSI/TEGDME/ LiTFSL% have been prepared to pro-
mote the formation of an SEI layer on the surface of an Li
anode during charge and discharge cycling. A smooth surface
morphology of Li anode covered in a compact and uniform film
was observed during cycling in this ionic liquid electrolyte. For
example, it has been demonstrated that a Py, TFSI additive
could enhance the thermal stability and lower the flammability
of electrodes.[%3] The conventional electrolyte incorporated with
the high viscosity ionic liquid Py;,TFSI contributes to the for-
mation of a more stable and higher quality SEI layer on the Li
metal surface to protect the Li anode.l%l The TFST anion could
maintain stable charge and discharge, and the ether group in
the cation of the ionic liquid effectively improves the conduc-
tivity of electrolytes. The effect of both ionic liquid 1-butyl-
1-methylpyrrolidinium  bis(trifluoromethanesulfonyl) imide
(C4ympyr-TFSI) and LiNOj; to stabilize lithium metal surfaces
in Li-S batteries was also investigated.[®® The passivation film
modified by the resultant S,0, could protect the Li anode from
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Figure 9. SEM images of the cross section of the lithium electrode: a) low and b) high magnifications with 2% LIODFB after 50 cycles, c) using the
LiPF/[C3mPyr'][FSI7] electrolyte after 12 d, d) cycled with P,Ss in the electrolyte, e) with 10 wt% LiBOB additive after 50 cycles, and f) with 5 m LiFSI/
DM after 150 cycles. a,b) Reproduced with permission.’”] Copyright 2014, American Chemical Society. c) Reproduced with permission.['"! Copyright
2016, Nature Publishing Group. d) Reproduced with permission.*8l e) Reproduced with permission.>l Copyright 2012, Springer. f) Reproduced with

permission.l

direct corrosion reactions with polysulfides. More reversible
redox reactions induced by ionic liquid in the battery and con-
sequent high capacity retention of above 99% over 100 cycles is
obtained.

Gel polymer and solid-state electrolytes could be more effec-
tive than a liquid electrolyte in terms of reducing the dissolu-
tion and shuttle of polysulfides, and minimizing the safety
concern associated with the liquid electrolyte. Generally, the
application of Li-S batteries with polymer electrolytes suffers
from a low ionic conductivity at room temperatures.®’ Several
polymer architectures have been developed to enhance the ionic
conductivities and mechanical properties of polymer electro-
lytes. For example, a pentaerythritol tetraacrylate (PETEA)-based
gel polymer electrolyte with an extremely high ionic conduc-
tivity (1.13 X 1072 S cm™) was reported (Figure 11).1¥l The poly-
sulfides immobilized by PETEA-based gel polymer electrolyte
and the formation of a stable passivation layer on the sulfur
electrode surface induced by the polymer matrix of GPE result
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in the improved performance of Li-S Dbatteries. Poly(ethylene
oxide) (PEO)-based polymer electrolytes with lithium salts con-
taining finely dispersed nanosized ceramic fillers including
Z10,,% Al,05,7% and SiO,"" have also been developed. These
electrolytes exhibit excellent thermal stability, good interfa-
cial stability, and high ionic conductivity. Various other solid
electrolytes with high ionic conductivity at room temperature,
such as Liy;s—Gegy5P0 75847273 Li,S—P,Ss, 7470 Li;oGeP,S,"”)
Li,S-GeS,-P,S5,78 and Li,S—P,Ss/hydroxyterminated perfluo-
ropolyether (PFPE-diol)/(LiTFSI),”” have been investigated
for Li-S batteries. Although, the solid electrolytes could effec-
tively eliminate the polysulfide dissolution problem, the major
challenges remain the realization of smooth electrode/electro-
lyte interfaces and the decrease in large interfacial impedance
between the resultant solid state electrolyte and the solid elec-
trode in Li-S batteries. Furthermore, few reports directly indi-
cate that solid-state electrolytes could prevent Li dendrite in Li—S
batteries. Further work should focus on these issues in future.
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Figure 10. a) Molecular structures and sizes of the electrolyte components: Pyr; 01 TFSI, TEGDME, LiTFSI, and LIODFB. b) Cross-section SEM image
of lithium metal cycled in 50% | L containing electrolyte for 100 cycles at 0.2 C. c) Cycling performance of the Li-S batteries with the LiTFSI-Py 50, TFSI/
(30 wt%) TEGDME electrolyte. a) Reproduced with permission.%2l Copyright 2015, Elsevier. b) Reproduced with permission.I®3l Copyright 2013, Royal
Society of Chemistry. c) Reproduced with permission.l®l Copyright 2015, Elsevier.

Electrolyte optimization, as one of the most important solu-
tions, is believed to improve the cycling performance and safety
of practical Li-S cells. The possibility of changing electrolyte
properties, including viscosity and conductivity, is increasing
to fully meet the new requirements of different Li-S battery
concepts. Organic liquid electrolytes including 1 m LiTFSI
1,3-dioxane (DIOX): DME (1:1 v/v) (+LiNOs) are indeed very
valid for balancing the requirements of Li-S batteries.

Most of the ionic liquid electrolytes investigated show excel-
lent electrochemical performance. Novel electrolytes and addi-
tives for Li-S batteries could be effective in promoting Li—S bat-
tery performance. The polymer and solid electrolytes could also
be promising alternatives to solve the problem of the soluble
polysulfides shuttle. However, understanding the electrochem-
ical mechanisms involved in various electrolyte systems for
Li-S Datteries is still a big challenge because of their complexity.

2.4. Artificial Protection Films
As an alternative to protect SEI layers in situ formed on

the interface between the Li anode and the electrolyte, thin
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artificial films have been employed to protect the Li anode
during the charge and discharge process (Figure 12). The cell
uses a thin Li-Al alloy layer coated Li anode and shows better
electrochemical performance than the Li-S cell with pure Li
anode between 3.0 and 1.2 V at 0.2 C in an electrolyte (3 m
LiTFSI in DME:DIOX (1:1, v:v)).B% The Li-Al alloy layer is
laminated on the Li surface at 90 °C for 24 h under pressure
to stabilize polarization during plating and deplating of Li
ions, and mitigates the polysulfide shuttle phenomenon. The
effects of the composite protective film of Li-Al alloy and
lithium pyrrolide on the electrochemical performance of the
Li anode in a nonaqueous 1 M LiPF4/EC + DMC electrolyte
were also investigated.®!) Both AlCl; and pyrrole were simul-
taneously added to the nonaqueous electrolyte to prepare the
protective film. The Li anode with the composite protective
film shows higher stability and better electrochemical prop-
erties than that with the single protective film (Li-Al alloy
layer or lithium pyrrolide film). The polymer-based protec-
tive film on the surface of the Li anode was prepared by UV
curing,®? and the film can reduce the growth of the SEI layer
and suppress the reaction between the Li and soluble poly-
sulfides to enhance the charge and discharge performance
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Figure 11. a) SEM image of the pentaerythritol tetraacrylate-based gel
polymer electrolyte, and b) cycling performances of the S/liquid electro-
lyte/Li cell and S/gel polymer electrolyte /Li cell at 0.5 C. Reproduced with
permission.® Copyright 2016, Elsevier.

of Li-S batteries. The unit cell was assembled by stacking a
plasticized polymer electrolyte between the sulfur cathode
and lithium anode with an aluminized polyethylene bag (the
size of 2 cm X 2 cm). In order to further improve the cycle
performance of Li-S batteries, the surface of the Li anode
was in situ coated with an Li;N protective layer (200-300 nm)
via the direct reaction between the Li and N, gas at room
temperature.l®3 The Li;N layer has a high ionic conductivity
which benefits the migration of Li* and prevents the Li den-
drites originating from a nonuniform deposition of Li. The
Li-S battery with an Li3N layer coated Li anode delivers the
discharge capacity of 773 mAh g after 500 cycles with an
average Coulombic efficiency of 92.3% at 0.5 C between
1.8-2.6 V in an electrolyte (1 m LiTFSI LiNO; in DOL/DME
(1:1 v/v))without LiNOj;.

The above-mentioned thin artificial protective layer is the
closest layer to the Li anode, which effectively prevents side
reactions between polysulfide and lithium. The thin artificial
protective layer should have high conductivity, chemical sta-
bility and ionic selectivity. Further effort is required to develop
the new artificial protective layers via a simple synthesis proce-
dure and at low cost.
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3. Lithium Metal-Free Anodes in Li-S Batteries

Full battery cells, based on sulfur or Li,S cathodes and metal-
free anodes such as carbon, silicon, tin, and alloy, have attracted
great attention in the field of Li-S batteries in recent years due
to their low weight, high conductivity, large theoretical spe-
cific energy, and theoretical volumetric energy density. Most
of the metal-free anodes should be prelithiated versus lithium
metal before they are assembled in the full Li-S cell. Although
the metal-free system can effectively avoid the safety issues
and decrease Li excess associated with the use of an Li anode
in conventional batteries, the low capacity of these anodes in
accommodating Li ions could compromise the overall energy
density of Li-S batteries.

A full Li-S battery using a graphite-based anode and sulfur—
carbon cathode was developed recently.B The anode was
prelithiated by contact with a lithium foil in 1 m LiPF; EC:DMC
(1:1, v:v). It delivers a reversible capacity of 500 mAh g at 1C,
and shows a high Coulombic efficiency and limited polariza-
tion. A hard carbon has been used as an alternative anode in
an Li-S cell.®% A specific capacity of up to 753 mAh g7}, and
a high Coulombic efficiency of about 99% over 550 cycles, are
achieved at a current rate of 334 mA g! between 2.6 and 1.0 V.
A Li,S-graphite full cell exhibits a reversible capacity of about
600 mAh g! after 150 cycles at 0.1 C between 0.5 and 3.0 V, and
the electrode was prelithiated by a sprinkling process with a
metal lithium powder.®% A cell with a sulfur cathode and lithi-
ated graphite anode was investigated, and the graphite anode
was prelithiated by fabricating a half cell (Li/graphite). The final
cell shows a reversible capacity of 515 mAh g~! over 50 cycles at
0.2 C between 1.7 and 3.0 V.1 An advanced lithium metal-free
cell based on a lithiated carbon-silicon nanocomposite anode
combined with a sulfur—carbon composite cathode, separated
by a glycol-based electrolyte, was proposed.®¥ The carbon-
silicon nanocomposite was prelithiated by directly pressing it
on a lithium foil in an electrolyte (1.2 m LiPFs EC:EMC, weight
ratio of 3:7) for 12 h. This full cell delivers a specific capacity
of 300 mAh g! at a current rate of 0.5 A g™! between 1.25 and
2.8 V after 50 cycles in an electrolyte (LiCF;SO3;/TEGDME, a
molar ratio of 1:4).

Besides the carbon-based anodes, Si-based anodes have been
proposed to address the safety issues of Li—S batteries. Although
Si-based anodes are regarded as the most interesting alterna-
tive to metallic lithium, because of their highest theoretical
gravimetric capacity of 4200 mA g}, the practical application
of the Si-based anodes suffers from the huge volume change
during the lithiation and de-lithiation processes. A pre-lithiated
columnar structured o Si was proposed as a promising anode
(a surface density of 0.660 mg cm™2) for Li-S batteries to avoid
the potential safety problems of lithium metal anode, and 10%
LiTFSI and 2% LiNO;(by weight) in DOL:DME (1:1 v/v) were
used as an electrolyte but it only delivers a reversible capacity of
384 mAh gt (60% of the initial capacity) after 60 cycles at 0.2 C
between1.5 and 2.5 V. It was expected that the issue would
be overcme by using a novel battery system consisting of a sil-
icon nanowire anode, an Li,S/mesoporous carbon composite
cathode, and 1 m LiTFSI in DOL/DME (1:1 v/v) as an electro-
lyte;® however, the discharge capacity dropped nearly 50% of
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Figure 12. a) SEM image of the Li-Al alloy at 90 °C, b) cycle stability of cells with Li, Li-Al(60) and Li-Al(90) anodes at C/5, c) cross-section mor-
phology, d) EDS mapping element of sulfur, and e) prolonged cycling performance and Coulombic efficiencies at 0.5 C of the Li;N protected Li anode
after 100 cycles. a,b) Reproduced with permission.l% Copyright 2013, Elsevier. c—e) Reproduced with permission.[ Copyright 2014, Royal Society of

Chemistry.

the initial specific capacity (from 423 mAh g~! to 200 mAh g™
at a current density of 389 mA g! between 1.2 and 2.5 V after
20 cycles. A Si-based anode was proposed by Agostini et al. who
developed a rechargeable battery based on the combination of
an Si—-O-C anode with an Li,S-mesophase carbon microbeads
composite in a tetraglyme electrolyte (LiCF3SO3;/TEGDME, a
molar ratio of 1:4).°l The battery delivers a reversible capacity
of about 280 mAh g™! at a current density of 233 mA g!
between 0.01 and 3.0 V. Prelithiated silicon nanowire anodes
coupled with S/C composite cathodes were served in full Li-S
cells with an electrolyte (1 m LiTFSI, 0.25 m LiNO; in DME/
DOL (1:1v/v)), which could deliver a reversible capacity of
more than 1200 mAh g™ after 100 cycles between 1.3 and
2.6 V at 0.2 C.PZ A Si microwire array electrode was charged
and discharged for 10 cycles with 0.6 mA cm™ between 0.1
and 0.7 V to obtain a pre-lithiated anode.”® The full cell con-
sisting of a binder-free sulfur infiltrated carbon nanotube
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cathode combined with pre-lithiated Si microwire anode and an
electrolyte (10 mL 0.7 m LiTFSI in DME:DIOX (2:1, v:v)) with
0.1 g Li,S, 0.1 g Sg and 0.25 M LiNO; additives shows a high
specific capacity of 800 mAh g after 200 cycles at a current of
1.28 mA cm™. A highly safe Li-S battery using S/C composites
as cathode, electrochemically prelithiated Si/C microspheres as
an anode, and a room temperature ionic liquid of 0.5 m LiTFSI
in n-Methyl-n-Allylpyrrolidinium bis(trifluoromethanesulfonyl)
imide (RTIL P1A;TFSI) as an electrolyte was constructed.*¥
Si/C microspheres were prelithiated at a current density of
50 mA g ! by using Swagelok-type cells consisting of Li foil,
glass fiber separator and Si/C microspheres, and a cutoff
voltage was 0 V versus Li*/Li, and 1 m LiTFSI in DOL)/DME
(1:1 v/v) was used as an electrolyte. An initial discharge capacity
of 1457 mAh g! and a reversible capacity of 670 mAh g! after
50 cycles at a current rate of 0.1 C in a voltage range of 0.6-2.4 V
was obtained in the as-assembled Li-S battery. Recently, a full
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lithium—sulfur cell configuration with a dual-type hybrid sulfur
cathode and a lithiated Si/SiO,, nanosphere anode with an opti-
mized liquid electrolyte (1 m LiTFSI, 0.4 M LiNO; and 0.05 M
Li,Sg (0.4 m S) in DME/DOL (1:1 v:v)) was demonstrated to
minimize the problems associated with an excess amount of
lithium metal in a lithium-metal anode.’™! The lithiated Si/
SiOx anode maintains almost its original thickness without any
cracking after 20 cycles. The full cell delivers a specific capacity
of about 750 mAh g over 500 cycles with cycling efficien-
cies of more than 98.2% between 0.8 and 2.8 V, and its energy
density is more than double that of the commercially available
lithium-ion batteries. A ball-milled mixture of silicon nano-
particles with an average particle size of 100 nm and Timcal
Super P carbon blacks was dispersed in a solution of lithiated
poly(acrylic acid) in deionized water to prepare an Si-based
anode of Li-S Dbatteries.’® Its electrochemical performance
was evaluated in large single layer pouch cells (effective elec-
trode areas of 24 cm?) with a carbon/sulfur composite cathode
and an electrolyte (1 m LiTFSI and 0.25 M LiNO; in DME/DOL
(1:1 v:v)). A reversible discharge capacity of about 400 mAh g
based on the amount of cathode composite (active material of
5 mg cm™2) and anode (active material of 3.4 mg cm™?) after
50 cycles at a current density of 200 mA g! between 3.5 and
1V was obtained.

Sn alloys experience a small volume change and a theoret-
ical specific capacity of 990 mAh g}, and have been evaluated
as anode materials for Li-S batteries. An advanced tin-sulfur
full cell was fabricated using an Sn/C (1:1 in weight) anode, an
Li,S/C cathode, and polymer electrolytes containing a polymer
membrane (PEO,)LiCF;SO; + 10 wt%S-ZrO,) and Li,S-satu-
rated liquid solution (1 m LiPFg EC/DMC 1:1).7) It shows a spe-
cific capacity of about 500 mAh g! over 35 cycles at a current
density of 38 mA cm™ g! between 0.2 and 4.0 V. An Sn-C/
Li,S battery with a PEO-based gel polymer electrolyte prepared
by swelling a PEO,LiCF3S03-10%S-ZrO, membrane for
10 min with 1 m LiPFs EC:DMC 1:1 solution saturated by Li,S
was investigated, which delivers a capacity of 600 mAh g! at
a current density of 38 mA cm™ g7!, and an average voltage
of 2 VP8 A cell balance could be achieved by combining both
the Sn—C anode and the Li,S—C cathode in the battery structure
because the specific capacity of the Li,S—C cathode matches
that of the Sn—C anode very well. A Li/Sn—C composite anode
was proposed to be used to resolve the intrinsic safety issues
associated with the use of metallic lithium anodes in Li-S bat-
teries.®! The cell constructed by using a lithium/Sn-C com-
posite anode, a carbyne polysulfide cathode, and a carbonic
ester electrolyte (1 M LiPF4 in EC: DEC 1:1) delivers a revers-
ible capacity of 500 mAh g™! after 50 cycles at a current den-
sity of 200 mA g! between 1.0 and 3 V. An Li-B alloy anode
was also applied in Li-S batteries due to its unique structure
which inhibits the formation of dendritic lithium, lowers the
interface impedance and enhances the electrochemical perfor-
mance of Li-S batteries.'%! The cell with the Li-B alloy anode
shows a reversible capacity of 694 mAh g at a current density
of 100 mA g! between 1.7 and 2.8 V over 100 cycles. These
results show that Li-alloying materials can change Li deposi-
tion behavior; the huge volume expansion associated with Li-
alloying materials leads to a short cycle life during electrochem-
ical lithiation/delithiation cycling.
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Lithium-free anodes (e.g., Si, Sn, C) have been demon-
strated to be compatible with sulfur cathodes in overcoming the
existing issues of Li-S batteries; however, their relative low the-
oretical energy densities, the issues of unstable SEI layer and
large volumetric expansion, and high cost still limit their prac-
tical applications in Li-S batteries. Exploring new environmen-
tally friendly and facile routes to improve the electrochemical
performance of Li S batteries is expected.

4. New Strategies for Protecting Li Metal Anode in
Li-S Batteries

In contrast to the strategies mentioned above, recently con-
siderable effort has been devoted to revisiting Li metal protec-
tion using various Li-ion conducting materials as a protective
coating for Li metal electrodes to resist dendrite formation
(Figure 13). The strategies summarized in Table 1 have shown
to be very effective in blocking the lithium dendrites. More
efforts should be devoted to investigating whether they can mit-
igate the electrolyte consumption problem associated with Li—S
batteries, given the Li metal anode often triggers an unexpected
reaction with the dissolved intermediate polysulfide species,
leading to the low Coulombic efficiency and short cycle life.

4.1. Inorganic Materials

A large range of different carbon-based materials have been
used as the protective layers of Li metal anodes including inter-
connected hollow carbon nanospheres,'°!l a carbon nanofiber
network, 1% nitrogen-doped graphene sheets,'% graphite,[1*4
layered reduced graphene oxide,'® a 3D porous carbon
matrix,1% an unstacked graphene framework,!%”] and a 3D
graphene@Ni scaffold.'%®] Carbon-based materials are the ideal
interfacial layer for the Li metal anode because of their chem-
ical stability in a highly reducing environment, strong mechan-
ical flexibility, and excellent electrical conductivity.

The interfacial layer of hollow carbon nanospheres could
suppress the dendrite formation of Li metal anodes up to a
practical current density of 1 mA cm™ during charge and
discharge cycles. The hollow carbon nanospheres were syn-
thesized via a template synthesis method. An obtained thin
film of interconnected hemispherical carbon nanospheres
was peeled off from Cu foil and pressed onto the Li metal
anode for the electrode fabrication. A stable SEI on the
hollow carbon spheres was formed by first cycling the bat-
teries. The corresponding cell with an LiFePO, cathode
and an electrolyte (1 m LiTFSI, 100 x 10-3 M Li,Sg and 1%
LiNO; in DME/DOL (1:1 v:v)) shows a high Coulombic effi-
ciency (>99%) over 150 cycles.'®] No dendritic Li metal was
observed when the Cu current collector covered with the
3D carbon nanofiber network pieces (1.5 cm™, 2.8 mg) was
synthesized by a vacuum filtration method.'%” The current
density of the cycling tests is 1.0 mA-cm™ for discharging
(1 h) and charging (1.0 V), and the higher current density is
2.0 mA-cm2 for discharging (0.5 h) and charging (1.0 V). An
improved Coulombic efficiency of 99.9% for 300 cycles at a
current density of 1.0 and 2.0 mA cm™ could be attributed
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Figure 13. SEM images of the Li metal anodes protected by the different strategies: a) Hollow carbon nanospheres modification with Li-metal deposi-
tion, b) 3D carbon nanofiber network/Li-metal anode, c) nitrogen-doped few-layer graphene/Li-metal anode, d) graphite/Li-metal anode, e) layered
Li-reduced graphene oxide anode, f) modified carbon fiber network/Li anode, g) graphene/ Li anode, h) 3D graphene@Ni foam/Li anode, i) h-BN
protected Li anode, j) ALD Al,Os-protected Li anode, k) coated lithium powder anode after cycles, I) 3D oxidized polyacrylonitrile nanofiber/Li anode,
m) Li-coated polyimide matrix after 10 cycles, and n) Li deposited on the 3D Cu foil with a submicrometer skeleton. a) Reproduced with permission.[10']
Copyright 2014, Nature Publishing Group. b) Reproduced with permission.'°2 Copyright 2016, Springer. c) Reproduced with permission.l'%3 Copyright
2016, American Chemical Society. d) Reproduced with permission.['l Copyright 2016, Elsevier. e) Reproduced with permission.['%l Copyright 20186,
Nature Publishing Group. f) Reproduced with permission.l'%l Copyright 2016, National Academy of Sciences. g) Reproduced with permission.['%7]
Copyright 2016, Wiley-VCH. h) Reproduced with permission.l'%®l Copyright 2016, American Chemical Society. i) Reproduced with permission.%l
Copyright 2014, American Chemical Society. j) Reproduced with permission.'"% Copyright 2015, American Chemical Society. k) Reproduced with per-
mission.l""3] Copyright 2014, Wiley-VCH. I) Reproduced with permission.""l Copyright 2015, American Chemical Society. m) Reproduced with permis-

sion.""*] Copyright 2016, Nature Publishing Group. n) Reproduced with permission.['"®l Copyright 2015, Nature Publishing Group.

to the large surface area and good flexibility of the 3D carbon
nanofiber network-based anodes.

The island-type, nitrogen-doped graphene coated Cu sub-
strates as electrodes for Li metal storage exhibit stable voltage
profiles and excellent efficiency retention over 100 cycles at a
current density of 2 mA cm™ in an electrolyte (1 M LiTFSi in
DME: DIOX (1:1, vol%)) without additives between —1.0 and
2.0 V"9 because it could limit the initial Li metal nucleation
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and growth. It is concluded that the interlayers of graphene
sheets play the role of a seed site for the initial Li metal nuclea-
tion, and Li ions are first inserted into them during the charge
process. Li metal nucleates and grows between the nitrogen-
doped graphene sheets, and its growth in other areas on the Cu
foil could be inhibited by the insulating PVDF layers. There-
fore, Li metal fills the space between the graphene sheet islands
and grows on all the electrode surfaces to prevent Li dendrite
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Table 1. Summary of various new potential strategies for protecting Li metal anode.

Classification of the protective coating

Method

Cycle performance Ref.

Interconnected amorphous hollow carbon nanospheres
3D carbon nanofiber network

Nitrogen-doped few-layer graphene sheets

Graphite

Layered reduced graphene oxide

3D porous carbon matrix

Unstacked graphene framework

3D graphene@Ni foam

Hexagonal boron nitride

Vertical deposition+evaporating(400 °C)

3000 °C procedure+vacuum filtration
Ammoniamediated hydrothermal process+spin coating
Plating+stripping
Spark reaction+infusing
Carbonization (700 °C)+CVD+melt infusion
Co-precipitation reaction+depositing+stripping
Heating (1000 °C)+HCl leaching
CVD(1000 °C) in argon, hydrogen, and

=99% /1 mA cm=2/150 cycles [101]
1 mAh cm/=99.9%/1 mA-cm™2/300 cycles  [102]

=100%/2 mA cm™2/100 cycles [103]
~98.4%/74.4 mA g7 /50 cycles [104]
=100%/3 mA cm™2/100 cycles [105]
1900 mAh cm=/3mA cm=2/80 cycles [106]

5 mAh cm™2/=93%/2 mA cm™2/800 cycles  [107]
=~92%/1 mA cm=2/100 cycles [108]
=~97%/2 mA cm~2/50 cycles [109]

ammonia borane vapor

14 nm thick Al,O3
3D glass fiber cloths

A home-made gel polymer electrolyte
and a LISICON film

Organic-coated lithium powder
3D oxidized polyacrylonitrile nanofiber
Polyimide fibers+ZnO

3D current collector

Atomic layer deposition
Interfacial interaction

Saturating+coating

Pressing
Electrospinning
Electrospinning+Atomic layer deposition

Pretreatment+reduction (400 °C, H,/Ar mixed flow)

=1100 mAh g1 /=83%/100 cycles (Li-S cell)  [110]
~98%/1 mA cm2/500 cycles n

446 Wh kg™ /=100%/100 mA g7 /30 n12]
cycles(aqueous electrolyte)

~94.9%/0.885 mA cm=2/100 cycles [113]
=97.4% /3 mA cm2/120 cycles [114]
=100% /5 mA cm=2/100 cycles [115]
=97% /0.5 mA cm2/50 cycles [116]

development. The interior structure of graphite particles
with many edge planes and some empty space is found to be
favorable for fitting all the deposited Li metal,l!® resulting in
good electrochemical performance of hybrid graphite-Li-metal
anodes. A current density of 74.4 mA g and cutoff voltage
2.5 V was found for the extraction and stripping of Li. The lay-
ered reduced graphene oxide with a large surface area and good
Li affinity was demonstrated as an effective host for storing Li
by molten Li thermal infusion.['%! The layered Li-reduced gra-
phene oxide anode exhibits high flexibility and a small electrode
dimensional change (=20%) at 1 mA cm™ during cycling with
stable SEI for improving electrochemical performance of cells.
The layered Li-reduced graphene oxide anodes were developed
by two key steps consisting of the fabrication of layered reduced
graphene oxide films with uniform nanogaps and the infusion
of Li into the interlayer gaps. Both LiCoO, and Li,TisO;, were
used as cathodes, and 1 M LiPFg in EC:DEC (1:1, vol %) solu-
tion with 2% vinylene carbonate additive as the carbonate-based
electrolytes and 1 m LiTFSI inDOL/DME (1:1 v/v) with 1 wt%
LiNO; as the ether-based electrolytes.

3D porous carbon matrix was proposed to host the Li
metal.'%! The Li composite anode prepared by encapsulating
the molten Li inside the 3D porous carbon host scaffold pro-
vides excellent chemical and mechanical stability toward elec-
trochemical cycling. Li entrapment is regarded as a key step
for the fabrication of Li composite anode. The symmetrical
cells of the proposed 3D Li/C electrode with an electrolyte (1 m
LiPF4 in EC/DEC (1:1 vol %)) could deliver a specific capacity
of about 2000 mAh g! at a current density of 3 mA cm™ over
80 cycles. The unstacked graphene with huge specific surface
area (1666 m? g1) as the framework of Li deposited in an
LiTFSI(0.75 M LiTFSI in DOL)-LiFSI (1.5 m LiFSI in DME)
(2:1,volume ratio) electrolyte was developed.'””l The unstacked
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graphene based Li metal anode shows excellent performance (a
lithiation capacity of 5.0 mAh cm™ and Coulombic efficiency of
93%) on both electrochemical behavior and dendrite inhibition
at a current density of 2.0 mA cm™. In order to restrain the
formation and growth of Li dendrites, a 3D graphene@Ni scaf-
fold as current collector has been prepared via chemical vapor
deposition growth of graphene on Ni foam.['%®l Li deposition
on 3D graphene@Ni foam shows a high Coulombic efficiency
(> 92%) at the current densities of 1.0 mA cm™ in an electro-
lyte containing 1 m LiTFSI and 2% LiNO; in DOL:DME (1:1,
vv), because the 3D porous structure with a high surface area
was beneficial in reducing the effective electrode current den-
sity, and the surface-coated graphene on the Ni foam acts as an
artificial protection layer to suppress the growth of Li dendrites
and stabilize the SEI film.

An effective protection layer consisting of atomic crystal
layer of hBN to suppress dendrite growth was also reported.!'%”]
The BN layers have excellent chemical stability, flexibility and
mechanical strength, resulting from the strong intralayer bonds
and ultrathin thickness. Additionally, the small pore diam-
eter within each hexagonal ring only allows the penetration of
lithium ions, while blocking the invasion of the chemical spe-
cies. Li metal deposition occurs between BN layers and Cu to
form the BN-Li-Cu sandwich structure. The deposition of Li
metal controlled with BN layers and Cu could effectively sup-
press lithium dendrite formation. The h-BN/Cu electrode
shows a high Coulombic efficiency of above 95% over 50 cycles
at a current density of 1.0 mA cm™2.

Deposition of Al,O; coatings as the protection layer on the Li
metal has been proposed.l''” It is demonstrated that a 14 nm
thick layer of Al,O; deposition serves as an effective protection
barrier against Li metal corrosion upon exposure to air, sulfur,
and organic solvent, leading to a dramatic capacity increase and
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good stability of the protected Li metal anodes for up to 100
charge and discharge cycles in Li-S coin cells.

3D glass fiber cloths with large quantities of polar functional
groups (Si O, OH, OB) as the separator and interlayer of the
Li metal anode have been used to uniformly distribute Li ions
on the conventional 2D Cu foil current collector to settle the
dendrite issue and stabilize the SEI layer.''!l] 3D glass fiber-
modified cells show improved Coulombic efficiencies of 91%
at a high current density rate of 10.0 mA cm™. The strong
interaction between Li ions and glass fiber cloths plays a key
role in inhibiting Li dendrite formation. Considerable Li ions
are absorbed by the polar functional groups on the surface of
glass fiber cloths to compensate the electrostatic interactions
between Li ions and protuberances, preventing the accumula-
tion of Li ions around protuberances. The Li ions finally redis-
tribute within the glass fiber frameworks and epitaxially grow
from the former Li layer, leading to a termination of the ripple
effect and a dendrite-free morphology of Li deposits. As a
result, a superior cycling stability and wettability with electro-
lyte, an enhanced safety performance, and high Coulombic effi-
ciency is achieved by placing the 3D glass fiber cloths between
the separator and anode.

4.2. Organic Materials

Coating layers consisting of a home-made gel polymer electro-
lyte and an LISICON (Li,0-Al,05-Si0,-P,05-TiO,-GeO,) film
are introduced on lithium metal anodes.[''?l LiMn,0, was used
as a cathode, and a 0.5 mol L aqueous Li,SO, solution as the
electrolyte, the cells with the coated lithium metal anode deliver
a reversible capacity of 115 mAh g™! at a current density of
100 mA g ! between 3.7 and 4.25 V after 30 cycles. It is believed
that the home-made gel polymer could maintain the good elec-
trochemical stability of the LISICON film, and only Li* ions
transfer between Li metal and the coating layer. Therefore,
the coated lithium metal is very stable in aqueous electrolytes.
Organic coated lithium powder instead of lithium metal foil
for the anode was proposed to suppress dendrite formation.['*3!
The anode was prepared by pressing the coated lithium powder
on a current collector of the dendritic copper foil, and 1 m LiPFg
in EC and DEC (1:1,volume ratio) solution used as the electro-
lyte. The anode shows a high Coulombic efficiency of 96.3 at a
current density of 0.354 mA cm™2 over 100 cycles.

A novel electrode was designed by placing a 3D oxidized
polyacrylonitrile nanofiber network with polar surface func-
tional groups on top of the current collector to protect the Li
metal anode for a stable cycling performance.''Y The electroni-
cally insulating oxidized polyacrylonitrile nanofiber as a scaf-
fold is able to guide and confine the deposition of Li inside
the 3D network, because the polar functional groups serve
as the adhesion sites to bind with Li ions in the electrolyte. Also,
the polar surface groups of the polymer nanofiber network have
a strong affinity with electrolyte. The resulting Li metal has a
flat surface and stable cycling of the Li-oxidized polyacryloni-
trile anode with an average Coulombic efficiency of 97.4% over
120 cycles in DOL/DME electrolyte (1 M LiTFSI and 2% LiNO,
in 1:1 DME/DOL) at a current density of 3 mA cm™ for a total
of 1 mAh cm™ of lithium.
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Polyimide polymer was proposed to be used as a matrix to
confine the stripping and plating of Li and sustain a constant
anode volume during cycling due to its outstanding chemical
stability, heat resistance and mechanical strength.''> The poly-
imide fibers were coated using a layer of ZnO to improve the
wetting of molten Li on polyimide polymer. The molten Li
reacts with ZnO and can be infused into the core-shell poly-
imide-ZnO matrix to form an Li-coated polyimide polymer
matrix anode, after the matrix comes into contact with the
molten Li. Compared with the dense bare Li anode, two key
factors, including the porous and the nonconducting polymeric
matrix, could contribute to the excellent electrochemical perfor-
mance of the Li-coated polyimide polymer matrix anode. 1 M
LiTFSI and 1 wt% LiNO; in 1:1 w/w DOL/DME or 1 m LiPF4 in
1:1 EC/DEC was employed as the electrolyte, and Li, Ti;Oy, as
the cathode to investigate the Coulombic efficiency of the elec-
trode. A high porosity of the electrode with the increased sur-
face area could significantly reduce the effective current density
during cycling. The nonconducting polymeric matrix effectively
confines Li within the matrix, and the dendrite-free cycling of
the anode is obtained. The cell shows a long-term cycling sta-
bility and flat voltage profile at a current rate of 5 mA cm™.

4.3. Metal Current Collectors

Li anode accommodated in the reserved pores of a 3D porous
Cu current collector was demonstrated to significantly suppress
Li dendrite growth and improve the lifespan of Li-metal anodes,
and the 3D current collector with a submicrometer skeleton
and high electroactive surface area fabricated from a commer-
cial planar Cu foil via a facial and scalable method.'® Their
submicrometer structure contributes to delivering a high areal
capacity and maintaining a good plating and stripping effi-
ciency (ahout 98.5%). A high electroactive area resulted in an
accommodation of a high portion of the Li metal inside the 3D
current collector and a reduction of the voltage hysteresis and
charge transfer resistance of the Li anode. The electrode of the
3D porous Cu current collector shows the efficiency of about
97% at a current rate of 5 mA cm~2 over 50 cycles.

4.4. Artificial Solid Electrolyte Interphase Layer

Besides the above-mentioned methods, designing an artificial
Li;PO, SEI layer by in situ reaction of polyphosphoric acid
(PPA) with Li metal and its native film is another alternative
approach to stabilize the interface between the Li and electro-
lytes.'”) The native film of Li metal is removed by the uniform
Li3PO, SEI layer via an in situ treatment process. The artificial
Li;PO, SEI layer on the surface of the Li metal could restrain
Li dendrite growth and decrease the side reaction between the
electrolyte and the Li metal due to its several outstanding char-
acteristics, such as high Young’s modulus, high Li-ion conduc-
tivity, and excellent chemical stability during the Li deposition
and dissolution process without a breakage and repair mecha-
nism. The PPA-Li cell consisting of a LiFePO, cathode shows a
good cycling stability at a current rate of 0.5 mA cm™ between
2.2and 4.2 V.
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The benefits of the new potential strategies discussed above
are that they could offer a fundamental and fresh insight into
the safe and highly efficient Li metal electrodes and open up
new opportunities for the realization of the next-generation
high-energy-density battery systems. However, the polysulfide
shuttle effect is a serious problem in impeding the practical
application of lithium-sulfur batteries. Therefore, more inves-
tigation will be required to determine if these anode protective
structures can contribute to protect lithium metal against dis-
solved lithium polysulfides as well. Moreover, understanding
the failure mechanism of an Li metal anode is a big challenge,
because the dendrite and corrosion problems of the Li metal
anode in Li-S batteries are more complex.

5. Up-Scaled Li-S Cells

Most of the above-mentioned strategies are realized in the coin
cells at laboratory scale. Little research of scaled-up Li-S bat-
teries has been reported. It is believed that Li-S pouch cells
could be an important step to break through the bottleneck
of the further development of practical Li-S batteries.[120:121]
The Li-S pouch cells (3 by 5 cm) consisting of the anodes of
C-coated Si/SiO, nanospheres (4.3 mg cm™2), the cathodes of
MWCNT-S (MWCNT:S = 1:1 wt%, 2.8 mg cm™2), and the elec-
trolyte (0.5 m LiTFSI, and 0.4 m LiNO3; in DOL:DME (1:1 by
volume)) were proposed for the study of up-scaling Li-S bat-
teries.l'20] The cell delivers a stable capacity of 500 mAh g
in the voltage range of 1.8-2.7 V (versus Li/Li) at 0.5 C after
400 cycles. The initial capacity decay of the pouch cells could
be blamed for the volume changes of the C-Si anodes during
cycling. Further work will be required to stabilize the C-coated
Si/SiO, nanospheres anodes for the improvement of practical
Si-Li-S pouch cells. The Li-S pouch cells with Li metal anodes
and C/S composite cathodes were fabricated by a layer-by-layer
strategy to investigate their failure mechanism.'?!l The electro-
chemical performance of Li-S pouch cells is greatly influenced
by Li metal anode. The Li-S pouch cell shows a rising discharge
capacity from 314 to 1030 mAh g! at 0.1 C between 1.8 and
2.8 V after replacing the cycled Li anode with a fresh Li metal.
The pouch cell failure is attributed to the dendrite formation
and the induced polarization. Therefore, as a key component of
the pouch cells, the rational choice and design of anodes should
be a big challenge for the practical Li-S batteries with a long
cycling life.

6. Conclusions

Li-S batteries have been studied for 40 years, and great achieve-
ments have been made in the development of new strategies
to stabilize Li metal anode in Li-S batteries within the last six
years. These strategies in the fabrication of new generation bat-
tery systems are expected to enhance the performance of prac-
tical Li-S batteries.

The dendrite formation and safety concerns associated with
the lithium anode still pose significant challenges preventing
commercialization of Li—S batteries. The protection of Li anode
is very important in suppressing Li dendrite growth, blocking
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the unfavorable reaction between soluble polysulfides with Li,
and improving the deposition efficiency of Li. Inserting an
interlayer between the separator and electrode was found to
be effective in decreasing the escape of the polysulfides from
the sulfur electrode in Li-S batteries. The novel battery sepa-
rators, including the modified separator and multifunctional
separator, are beneficial in avoiding the formation of lithium
dendrites and promoting a long cycling life. The components
of the electrolytes, such as solvents, Li salts, and additives, show
the significant influence on the chemical compositions, ionic
conductivities, and mechanical properties of the SEI layers.
Solution-free solid state electrolytes are advanced to reduce the
dissolution and shuttle of polysulfides to further stabilize the Li
anode. Rational designs of current collectors and artificial pro-
tection films not only facilitate rapid ion and electron transport,
but also are able to restrain the formation and growth of Li den-
drites. Using non-Li materials (such as carbon, Si, and metal
alloy) as alternative anode to replace Li metal anode should be
one key point to stabilize the long-term cycle stability of lithiated
Li,S-based rechargeable batteries. These strategies to protect Li
metal anode may be extended to other rechargeable batteries,
including Zn, Na, K, Cu, Ag, and Sn. Additionally, developing
a suitable cathode is also one of the key methods to address
the main challenges of Li-S systems. Therefore, a systematic
approach, including electrode design, separator modification
and electrolyte tailoring are required to ensure a high-energy-
density system for Li-S batteries. While the rechargeable Li-S
batteries could become the most promising high-energy-density
system for next-generation electrical energy storage, a commer-
cialization of this battery is still a big challenge.
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