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The lithium-sulfur (Li-S) battery has raised great expectations as a next-generation high-energy-
density energy storage system. The multielectron dissolution-precipitation redox conversion of S
affords a great contribution to its high specific energy. Spontaneously, the highly reactive Li metal
anode always confronts soluble Li polysulfides (LiPSs) in a working Li-S battery, and parasitically side
reactions occur inevitably. The challenges of the Li metal anode induced by soluble LiPSs emerge as
roadblocks for practical Li-S batteries with the development of the S cathode from its infancy into
growth stage. Therefore, the fundamental understanding of Li anode in the electrolyte with LiPSs and
the targeted protection strategies are urgently required. In this review, the challenges of the Li metal
anode in the presence of LiPSs are systematically analyzed. Then, the preliminary advances in Li metal
anode protection to deal with LiPSs are summarized. Finally, an insightful outlook is put forward
through both a fundamental understanding and a practical exploration of the Li metal anode to

promote the development of practical Li-S batteries.
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Introduction

In pursuit of a wireless, environment-friendly, and sustainable
society, high-energy-density rechargeable batteries are highly
required [1,2]. The lithium-sulfur (Li-S) battery with an esti-
mated practical specific energy of over 500 Wh kg~ ! has attracted
intensive attention with the aim of bypassing the energy density
ceiling of the current Li-ion batteries [3,4]. Nevertheless, Li-S bat-
teries have undergone a tortuous developing road (Fig. 1). The
prototype of Li-S batteries employing pure S as the cathode
active material was firstly proposed by Herbet and Ulam in
1962 [5]. In the following four decades, a rechargeable high-
performance S cathode was mainly hindered by the insulating
nature of S and the shuttle effect of Li polysulfides (LiPSs) in
working batteries [6-8]. Until the early 2000s, conductive carbon
or polymer additives were added to construct a composite S
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cathode, enhancing the utilization of active S. The composite
S/porous carbon cathode was demonstrated in 2002 by Wang
et al.with an improved cyclability of the S cathode [6]. In 2009,
a breakthrough in composite S/mesoporous carbon (S/C, carbon:
CMK-3) cathode was proposed by Nazar and co-workers through
a facile melt-diffusion strategy [9]. A high specific capacity of
1320 mAh g‘1 (ca. 80% utilization based on active S) and decent
cyclability were achieved.

However, the intrinsic challenges, including the insulative
nature of S/Li,S, the huge volume change (~80%) between S
and Li,S, and the shuttle effect of LiPSs, still hinder the S/C com-
posite cathode. Therefore, remarkable progress has been made to
further explore the composite S/C cathode and address its intrin-
sic shortcomings toward practical applications, such as optimiza-
tion of carbon materials, design of cathode structure, and
employment of catalyst to promote conversion kinetics, which
are all regarded as important parts of regulations of S/C cathode.
Various types of S cathodes, such as competitive sulfurized
polyacrylonitrile, keep in pace along with the exploitation of
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A brief summary of the development of Li-S batteries.

high-performance S/C composite cathode. However, in the race
to develop practical Li-S batteries with a high energy density
(>500 Wh kg™"), composite S/C cathode is strongly considered
owing to its high specific capacity, high discharge voltage, and
facile scale-up [10-14]. Therefore, Li-S batteries which have expe-
rienced significant progress in regulations of cathode structure,
conductive carbon materials, and electrochemical kinetics are
focused on in this review. Despite the movement of the compos-
ite S/C cathode from its infancy into the growth stage in the past
decade, the practical application of Li-S batteries is hindered by
the new roadblocks of the Li metal anode [15-18].

In a typical Li-S battery with a composite S/C cathode, the
active S undergoes a dissolution-precipitation redox conversion
during discharge/charge. The initial reduction of S generates sol-
uble LiPSs (e.g., Li,Sy, 4 < x < 8) dissolving from carbon hosts
into electrolyte. The further reduction of the soluble LiPSs results
in the precipitation of Li;S;/Li,S [19-21]. LiPSs inevitably shuttle

between cathode and anode owing to concentration gradients or
electromigration even though they promote S/Li,S conversion
for the high specific capacity (to some extent) as redox media-
tors. Polymer and solid-state electrolytes can effectively inhibit
the formation of soluble LiPSs, yet their applications in practical
Li-S batteries are in the preliminary stage and are not involved in
this review. In a working Li-S battery with liquid electrolytes, Li
anode is always confronted with vast reactive LiPSs.

Li is highly reactive and can react with most electrolytes
which are composed of solvents, Li salts, and additives. The sol-
uble LiPSs in electrolyte can be regarded as various solutes, which
are in the oxidation state and easily reduced by chemical or elec-
trochemical reactions with Li anode. Consequently, active LiPSs
and fresh Li are depleted by side reactions. The loss of active
materials induces the rapid decay of batteries. Moreover, the
behaviors of Li deposition and stripping are strongly dictated
by the uniformity of solid electrolyte interphase (SEI). LiPSs
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involve in the formation and evolution of SEI, degenerating the
subsequent uniformity of Li plating/stripping and the finial sta-
bility of a Li-S battery. Therefore, the challenges of the Li metal
anode induced by soluble LiPSs must be taken into consideration
in either a prototype or a practical Li-S battery.

Particularly, for a practical Li-S battery with high energy den-
sity, practical conditions of a high S loading (>5.0 mg cm?), a
low electrolyte/sulfur (E/S) ratio (<3.0 pL mgs‘l), and a limited
Li anode (<50 pm) are highly suggested [10-13]. On the contrary,
mild conditions, including a low S loading (<2.0 mg cm™2), a
high E/S ratio (>10.0 uL mgs '), and an excessive Li anode
(>500 pm), are employed to investigate the fundamental physic-
ochemical features of Li-S batteries in most reports. According to
theoretical calculations, a concentration of soluble LiPSs (>6.0 M
[S] species) is produced in electrolyte under practical conditions,
which is much higher than that under mild conditions. There-
fore, the much-limited Li and lean electrolyte can be depleted
rapidly, irreversibly giving rise to a short lifespan of Li-S batter-
ies. Disclosing the gap of the influence of LiPSs on Li anode
between mild and harsh conditions is necessary. Moreover, the
challenges of the Li metal anode under practical conditions are
critical for pushing forward the process of Li-S batteries and
deserve further exploration [22,23].

In this review, the challenges and promises of the Li metal
anode in practical Li-S batteries are presented. Firstly, the chal-
lenges of the Li metal anode confronting LiPS intermediates are
analyzed, including the formation of soluble LiPSs in bulk elec-
trolyte, the corrosion of LiPSs on Li anode, and the influence
on SEI. The recent advances in Li metal anode protection in Li-
S batteries are summarized, including the inhibition of LiPS dis-
solution, the reduction of LiPS activity, and the reinforcement of
anode/electrolyte interphase and bulk Li. It should be noted that
accelerating the conversion kinetics of LiPSs and employing
functional interlayers to shield LiPSs are also effective
approaches to indirectly decreasing the impact of LiPSs on Li
metal anode, as summarized in recent impactive reviews
[15-18,24,25], but these are beyond the scope of this review.
Finally, an insightful outlook is presented to promote the funda-
mental understanding and practical applications of the Li metal
anode in Li-S batteries.

The challenges of the Li metal anode in LiPS

electrolyte

Soluble LiPSs must be considered within the fundamental prop-
erties and complicated entanglement with the Li anode in Li-S
batteries compared to other Li metal batteries with Li-
containing intercalation-type cathodes [26-31] such as LiCoO,,
LiFePOy, and LiNi,Co,Mn;_,_,O, (Fig. 2, Table 1), but they are
seldom discussed in most previous reports. First, LiPSs dissolve
into electrolyte once the electrochemical reaction occurs, induc-
ing new components in electrolyte and altering the original elec-
trolyte structure. Second, Li metal corrosion is aggravated due to
the exposed fresh Li in LiPS electrolyte or the permeation of LiPSs
through SEI. Third, a multicomponent SEI consisting of Li,S/
Li,S, is formed by the reaction between LiPSs and Li anode,
which may interfere with the transport of Li ions and then
change the Li morphology.

LiPSs in bulk electrolyte

Polysulfides, dianions (e.g., $427, S¢27, and S¢¥7), and radical
monoanions (e.g., S3) can coexist in electrolyte. The dianions
of $427, S¢27, and S¢Z~ are stable in low donor number solvents,
such as tetrahydrofuran (THF), 1,3-dioxolanne (DOL), and 1,2-
dimethoxyethane (DME), while S;*~ radical is the main interme-
diate in high donor number solvents, such as dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), dimethylacetamide (DMA),
and tetramethylurea (TMU) [32-35]. Solvents with a high num-
ber of solvating oxygen atoms but low donor number and dielec-
tric constant, such as tetra ethylene glycol dimethyl ether
(TEGDME), show an equalized coexistence of free radicals and
dianions [34,36-38]. Still, the applicable solvents for recharge-
able Li-S batteries are very limited due to the nucleophilicity of
LiPSs [39,40].

DOL and DME are the most common solvents in Li-S batteries
and cause LiPSs to suffer a solid-liquid—solid conversion with dif-
ferent configurations (Fig. 3a) [19-21]. In addition to the
dynamic configurations mentioned, the concentration of LiPSs
fluctuates significantly during the discharge/charge process.
Under practical applications, the lean electrolyte but vast active
S results in a high concentration of LiPSs [10-13]. For instance,
the theoretically maximal concentration of LiPSs can be up to
10.4 M [S] at an E/S ratio of 3.0 pL mgs’1 if active S delivers a
specific capacity of 1672 mAh g~' (Fig. 3a), ignoring the volume
change during the dissolution of LiPSs. Additionally, with the
solid-liquid-solid conversion, the concentration of LiPSs
changes drastically, sharply increasing to 10.4 and decreasing
to 0.0 M [S]. Specifically, it should be noted that the calculation
is based on a theoretical case, while the practical situation is
influenced by the actual solubility and disproportionation reac-
tion of LiPSs, the dissolving power of solvents, the utilization
degree of active S, and so on.

The properties of the electrolyte also change with the addi-
tional and dynamic LiPSs compared with the typical Li metal bat-
teries with intercalation-type cathodes. In a practical Li-S
battery, the concentration of the dissolved LiPSs increases with
the increase of S utilization and the reduction of E/S ratio
(Fig. 3b). A high-concentration S electrolyte is formed with the
soluble LiPSs beyond 4.0 M [S] if LiPSs completely dissociate
based on Li,Sg. The dissolution of LiPSs inevitably increases the
viscosity of electrolytes [41-43]. A concentration of 5.0 M [S]
LiPSs in TEGDME renders a 4-time rise on the viscosity of elec-
trolyte [41]. Moreover, the ionic conductivity generally reduces
when the Li ion concentration is over 1.0 M [42]. Furthermore,
the theoretical concentration of LiPSs possibly exceeds the disso-
lution capability of electrolytes, inducing a saturated LiPS solu-
tion. For instance, the solubility of LiPSs is ca. 6.0 M [S] in the
routine electrolyte based on DOL/DME (1:1, by vol.) [44,45],
which is less than the theoretically maximal LiPS concentration
of 10.4 M [S] when the E/S ratio is below 3.0 uL mgs’l. The sat-
uration of LiPSs can change the discharge/charge mechanism.
The original liquid-liquid (Li,Sy, x > 4) and liquid-solid (Li>S4
to Li»S,/Li,S) conversion zones will then be shifted to solid-solid
conversion; that is, high-order LiPSs will be saturated and precip-
itated [46,47]. For example, at the end of the first discharge plat-
form, Li,S4 with a low solubility easily reaches saturation. A large
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The comparison of a working Li metal anode in Li-S batteries and other Li metal batteries. The evolution of the Li metal anode in (a) Li-S batteries with the
soluble LiPS intermediates and (b) other Li metal batteries employing intercalation-type cathodes without LiPSs.

TABLE 1

The differences in the challenges of Li metal anode in Li-S batteries and Li metal batteries with intercalation-type cathodes.

Li-S batteries

Li metal batteries with
intercalation-type cathodes

Electrolyte a) Soluble LiPSs

No LiPSs

b) The partial or complete dissociation of LiPSs to impact the solvation of Li ions
c) Concentrated and dynamic LiPSs in electrolyte

a) Li stripping firstly
b) The corrosion of LiPSs on Li

Li metal anode

SEI a) The involvement of LiPSs into the formation of SEI

b) The penetration of LiPSs in SEI

Li plating firstly

No LiPSs

nucleation resistance appears with an apparent voltage dip in a
discharge profile [48]. With LiPSs gradually converting to solid
Li,S,/Li,S, the corresponding discharge polarization recovers.
During charging, a similar solid Li,S-liquid LiPSs (Li»S4_g)-solid
Sg conversion occurs, which means that a high concentration
of soluble LiPSs at the mid-state of charge is also inevitable. How-
ever, the conversion mechanism during the charge at a low E/S
ratio is significantly lacking. Moreover, the component distribu-
tion of LiPSs changes with the electrolyte composition (solvents,
Li salts, efc.). For example, in solvents with a high donor number,
such as DMSO, there is a chemical balance between S¢>~ and S5~

instead of the dominant electrochemical balance among Sg27,
S¢2~, and S,%° [44]. Specifically, the chemical balance between
Se>~ and S3"~ (S¢>~ — 2S37) at a low E/S ratio changes sharply
to the left compared to that at a high E/S ratio. Therefore, the
complicated existence and conversion of LiPSs increase the diffi-
culty of protecting the Li anode in Li-S batteries under practical
conditions.

To provide a precise forecast of the electrolyte with LiPSs, the
basic physicochemical parameters of LiPSs are vital. There are
two main processes for LiPSs entering electrolyte, including dis-
solution and dissociation. Firstly, a LiPS can dissolve in elec-
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FIGURE 3

Calculations of the evolution of LiPSs. (a) Typical discharge profile of Li-S batteries and the concentration evolution of total S species based on a low E/S ratio
of 3.0 uL mgsq. (b) The concentration of soluble LiPSs under various E/S ratios and S utilizations.

trolyte as a neutral molecule (e.g., Li,S,); then, the neutral Li,S,
can dissociate to one or two Li ions and form LiS,” or S,2~
through solvation. Dissolution occurs when a solute disperses
in a solvent to form a homogeneous solution [49,50]. The maxi-
mal dissolution capability is defined as solubility. Generally, the
Li*-S,2~ pair binding is stronger in low-order LiPSs than that in
high-order ones. Therefore, the solubility and dissociation degree
of LiPSs in electrolyte have a positive correlation with the chain
length of polysulfides. The low dissociation degree of low-order
LiPSs contributes to a low ionic conductivity (~1.0 mS cm ™' of
Li»S4 and ~3.0 mS cm™! of Li,Sg based on 0.5 M LiPSs in DOL/
DME) [43]. Moreover, the diffusion coefficient of high-order
polysulfides (S¢>~ and Sg27) is lower than that of low-order ones
(S4%7) due to the particle’s effective size according to Stokes-
Finstein relations (~3.0 x 107'% and 5.0 x 1071 m? s~! of Sg>~
and S,%7, respectively, based on 0.25 M LiPSs in DOL/DME)
[43,51]. If LiPSs do not dissociate or even combine with Li ions
to form cations (Li3S,"), the diffusion and electromigration will
be more complex. LiPSs also readily aggregate into clusters,
namely (Li,Sy),. Low-order LiPSs tend to form larger clusters
compared to high-order ones, which is ascribed to the stronger
charge localization at the terminal S atom [43,52]. Therefore,
the dynamic LiPSs with complicated properties, such as solubil-
ity, ionicity, diffusion coefficient, and reactive activity, have a
vital impact on the properties of bulk electrolyte which the Li
metal anode confronts.

The corrosion of LiPSs on the Li metal anode

The corrosion of LiPSs on the Li metal anode was recorded exper-
imentally in the early 1980s [53,54]. There are three main factors
related to the corrosion reaction, including the species of LiPSs
(reactive activity), the concentration of LiPSs, and the exposed
active surface of Li metal. First, LiPSs are oxidative while Li metal
has strong reducibility. The oxidizing ability of LiPSs is positively
correlated with the length of the polysulfide chain. In other
words, the activity of high-order LiPSs is higher than that of
low-order ones [55]. In a routine electrolyte composed of DOL/
DME and LiTESI, high-order LiPSs, such as Li,Sg (ring or linear),
tend to preferentially react with Li metal compared with LiTFSI
and DOL/DME solvents due to an advantage in Gibbs free energy

change [55,56]. The dissolved trace S element in electrolyte can
accelerate the corrosion [54]. Secondly, the high concentration
of LiPSs produced at the cathode will generate a large concentra-
tion gradient at a low E/S ratio and a high S loading, which accel-
erates the chemical diffusion of LiPSs and may induce raging
corrosion on Li metal [57,58]. Thirdly, Li deposition is dendritic
or whiskered. The contact area between Li and electrolyte rapidly
increases after repeated cycles compared with the original plane.
When the SEI is cracked owing to the huge volume change, fresh
Li exposes to LiPS electrolyte. The huge active surface area exac-
erbates the erosion reaction. The spatially inhomogeneous depo-
sition of Li owing to the increased electrode area is also
considered in a pouch cell [59-61].

The corrosion of LiPSs on Li metal causes a series of issues.
High-order LiPSs produced at the cathode can diffuse to the
anode and react with exposed fresh Li metal, thus forming solid
Li,S/Li,S, and soluble low-order LiPSs [62]. The accumulative
low-order LiPSs diffuse back to the cathode, which is known as
the shuttle effect |[63,64]. Furthermore, the corrosion of LiPSs
on Li metal also gets involved in the Li morphology. The depos-
ited Li is etched during plating, which induces the dissolution of
flimsy segments. The plated Li loses the connection to the elec-
trode and forms dead Li [65]. Further, mossy Li is aggravated in
the presence of LiPSs [66]. Mossy Li not only increases the
exposed active surface in electrolyte and exacerbates the corro-
sion, but also raises the risk of the pulverization of the Li anode,
leading to increased internal resistance and the final failure of
batteries. Furthermore, safety concerns caused by Li dendrite
growth should be paid extreme attention to in pouch cells. The
propagation of the Li dendrite due to the local inhomogeneous
current density, huge utilization of the Li anode during each
plating/stripping, and unstable SEI during the long-term cycling
not only exacerbates the electrolyte depletion and Li powdering,
but may also pierce the separator and cause a short circuit. Partic-
ularly, it should be noted that various patterns of non-uniform Li
deposition are simplistically overgeneralized as “Li dendrites”,
such as whiskered, needlelike, and mossy Li [67]. However, the
distinctive mechanisms may be behind the different morpholo-
gies of Li deposition, and therefore the corresponding name of
the morphology should be specific. Additionally, the continuous
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parasitic reactions between the Li anode and the electrolyte will
result in another safety hazard, namely a gassing problem. The
reduction of solvents (DOL/DME) produces CH; and H;
[68,69]. Even if the functional additive LiNOj is utilized, gassing
still exists in Li-S pouch cells [70] and requires more
investigation.

The impact of LiPSs on SEI

The Li metal anode can react with nearly all electrolyte compo-
nents to form SEI, and SEI is usually multicomponent and spa-
tially heterogeneous. The components and structure of SEI are
directly related to the electrolyte recipes [71]. In Li-S batteries,
the decomposition products of LiPSs can also become the ingre-
dients of SEI, further affecting the subsequent behaviors of Li uti-
lization [72,73]. Besides, the reactive LiPSs can permeate through
the formed SEI or even react with specific components in SEI,
which complicates the understanding and regulation of SEI
[55,62].

Li,S,/Li,S is usually enriched in the bottom layer of SEI near
the surface of the Li anode due to the prior reaction between
LiPSs and Li metal compared to solvents and Li salts [63,74].
Moreover, the content of Li,S,/Li,S in the SEI rises with the
increased concentration of LiPSs [75]. As aforementioned, LiPSs
are diverse and dynamic during cycling, and thus the dynamic
change of SEI in terms of components and structure is expected.
For a pouch cell, an inhomogeneous spatial distribution of
highly concentrated LiPSs is possible due to the large area of
the electrode. Therefore, the distribution of Li,S,/Li,S in the
SEI may also be disordered, which further influences the cycle
performance of the Li anode.

The changes in the SEI directly impact the behaviors of Li
plating and stripping. In the SEI with Li,S, the low ionic conduc-
tivity of Li,S is usually insufficient for rapid Li ion transport and
increases interfacial impendence. The stripping of Li easily starts
from the defects of Li,S passivation layer, forming irregular and
discrete pits on the Li metal surface [76]. The pitting effect
becomes serious with the increase of current density. During
the following charge process, LiPSs prefer to corroding the vimi-
neous Li dendrites, thus forming mossy Li [65,66]. Meanwhile,
the freshly formed SEI on the bumpy surface with a large specific
surface area is too thin to shield the permeation and erosion of
LiPSs on new plated Li, thus accelerating the depletion of elec-
trolyte and active Li. Furthermore, Li-S batteries start from dis-
charge during cycling, that is Li strips first. The utilization
patterns of Li are relative to the order of initial Li plating or strip-
ping [77,78], and the presence of LiPSs can deteriorate the utiliza-
tion of the Li anode.

The influence of LiPSs on the erosion of SEI components
through the strong intermolecular interaction is also vital, which
will cause the rapid fracture of SEI. Murugesan and co-workers
demonstrated that the LiPSs in electrolyte near the Li metal sur-
face can be entrapped by the fluorine-/sulfur-containing species
in the initial SEI because of a strong interaction between LiPSs
and the polar species in SEI [79]. It is a universal strategy to
employ the interaction between polar molecules and LiPSs to
promote the electrochemical conversion of LiPSs at composite
cathodes [80], such as chemical adsorption[81-83] and electro-
catalysis [84-86]. Similarly, LiPSs may be recruited by the partial

SEI ingredients indeed. The reaction between the S element and
Li,O, the most common SEI component, has been testified in the
electrolyte with the assistance of trace moisture by high-
performance liquid chromatography analysis [87]. However,
more investigations are required to disclose the impact of LiPSs
on SEI evolution for further rational design on Li metal anode
protection.

The working Li metal anode in Li-S batteries

Specific protective requirements for the Li metal anode are
required in Li-S batteries compared to other Li metal batteries.
The protection strategies for the Li anode in Li metal batteries
with intercalation-type cathodes have been summarized in previ-
ous reviews [88-91] and are not presented in this review. There
are mainly three aspects to protect the Li metal anode in Li-S bat-
teries considering that the origin of LiPSs is from the redox of S/
Li,S at the cathode side. Firstly, inhibiting LiPS dissolution is a
fundamental way to minimize the crosstalk between the cathode
and Li anode. Secondly, stabilizing LiPSs through regulating the
solvation structure can decrease LiPS activity to weaken the cor-
rosion on the Li metal anode. Thirdly, optimizing the SEI or rein-
forcing the bulk Li metal also can protect the Li anode even if
there are dissolved LiPSs.

Inhibiting the dissolution of LiPSs

Decreasing LiPSs in the electrolyte can slow down the corrosion
on the Li anode. The solubility of LiPSs greatly associates with
solvents. When the intermolecular force between solvents and
LiPSs (e.g., Van der Waals forces) is stronger than the cohesion
of LiPSs, the dissolution of LiPSs tends to occur. The lower the
number of free solvent molecules in the electrolyte, the lower
the absolute amount of LiPSs dissolved. Therefore, turning the
solvation structure by reducing free solvents or employing low
polar solvents can sparingly dissolve LiPSs (Fig. 4).

The concentration of Li salts impacts the dissolution of LiPSs.
The solvent molecules in electrolyte partially participate in the
solvation sheaths of Li ions, and the other parts move freely
without coordination. The free solvent is one of the reasons for
the dissolution of LiPSs (Fig. 4a). It has been demonstrated that
increasing the concentration of Li salts can decrease the free sol-
vents to inhibit LiPS dissolution [92-94]. A new class of “solvent-
in-salt” electrolyte for Li-S batteries was proposed by Hu and co-
workers [95]. The ultrahigh salt concentration (7 M LiTESI in
DOL/DME) decreases the soluble LiPSs and promotes smooth Li
deposition. Nazar and co-workers further illustrated that a rein-
forced three-dimensional electrolyte network is established
through each TFSI™ binding with multiple Li ions in the elec-
trolyte which consists of diethylene glycol dimethyl ether (G2)
and LiTFSI (0.8:1, by mol) [96]. The solubility of Li,Ss is only
0.44 mg mL! (~2.0 mM Li,S¢) at room temperature, and the
activity of the whole electrolyte is weakened toward Li metal,
inducing uniform Li deposition. When the glyme and LiTFSI
are equimolar, triglyme (G3) or tetraglyme (G4) tends to form
glyme-Li salt molten complexes like [Li(G3 or G4),][TFSI]. The
glyme molecules coordinate with Li ions to form a whole large
cation and few free solvents remain, which are called solvate
ionic liquids [97,98]. The solubility of Li,Sg in [Li(G3),][TFSI]
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(a) Inhibition of LiPS dissolution by reducing free solvents
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(b) Inhibition of LiPS dissolution by low polar solvents
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The strategies to inhibit LiPS dissolution. (a) Reducing free solvent molecules to achieve low LiPS solubility, which can be realized by highly concentrated
electrolyte and solvate ionic liquids. (b) The introduction of low polar solvents with weak Lewis basicity or high steric hindrance to suppress LiPS dissolution.
The solvents with a high C/O ratio or electron-withdrawing functional groups contribute to low polarity.

and [Li(G4)4][TFSI] is ca. 29 and 62 mM (based on total [S]),
respectively [98]. However, neither highly concentrated elec-
trolyte nor solvate ionic liquids can circumvent the high viscos-
ity, resulting in a low Li ion conductivity (~1072S cm ™, an order
of magnitude lower than that of traditional dilute organic elec-
trolytes). Consequently, the discharge voltage plateau is gener-
ally with a large hysteresis, which decreases the energy density
of Li-S batteries. Recently, some publications demonstrated that
lowering the concentration of Li salts also can inhibit the disso-
lution of LiPSs. A low concentration of salts below 0.3 M can not
only suppress the dissolution of short-chain polysulfides, but can
also improve the electrode wetting and rate capability [99,100].
The application potential of low salt concentration electrolyte
in pouch cells needs to be further investigated.

The polarity of a solvent is another crucial factor that affects
LiPS dissolution via the principle of similar compatibility
(Fig. 4b). Dielectric constant g, carbon/oxygen (C/O) ratio, and
steric hindrance can simply reflect the polarity of a solvent.
Ethers like DOL (C/O = 1.5, &, = 7.30) and DME (C/O = 2, &, =
7.20) exhibit a high solubility of LiPSs due to the strong electro-
static interactions between O atoms and Li ions. Homologous
ethers with high C/O ratios are usually highly nonpolar,
enabling a low LiPS solubility [101,102]. For example, diiso-
propyl ether (DIPE) with a C/O ratio of 6 and high steric hin-
drance has a lower LiPS solubility compared to dipropyl ether
(DPE), methyl tert-butyl ether (MTBE), and methyl butyl ether
(MBE) [101]. The DIPE/DOL/DME (50:25:25, by vol.) electrolyte
with a LiPS solubility of ~0.1 M Li,Ss reduces the percentage of
sulfur-containing species on the Li anode surface and alleviates
the shuttle effect. Further, the superior properties of ethers main-

tain, e.g., good compatibility with Li metal, appropriate solubility
of Li salts, and low viscosity.

Furthermore, introducing highly electron-withdrawing
groups into solvent molecules can reduce the Lewis basicity
(Fig. 4b). Relatively non-polar N,N-dimethyl triflamide (DMT)
and N,N-dipropyl triflimide (DPT) have been employed in Li-S
batteries to achieve a sparing solubility of LiPSs [103]. Hydroflu-
oroethers (HFEs) possess abundant fluorine atoms with strong
electro-negativity and electron-withdrawing effect, displaying a
low affinity to Li ions to suppress the dissolution of LiPSs
[104]. The structure of HFEs determines the solvation ability,
including the degree of fluorination and the position of fluo-
roalkyl groups [105-107]. Generally, the higher degree of fluori-
nation there is, the lower coordination capability to Li ions the
HFEs will have [108]. Amine and co-workers further demon-
strated that the position of fluorine atoms is more dominant
than the number for the solvation [107]. HFEs with o- and f’-
substituted fluoroalkyl groups usually exhibit the lowest solvat-
ing ability of Li ions.

Additionally, the viscosity of HFEs is low (generally <10 cP),
enabling HFEs to be extensively employed as diluents into highly
concentrated electrolyte, such as 1,1,2,2-tetra-fluoroethyl
2,2,3,3-tetrafluoropropyl ether (TTE) [96,109-112], bis(2,2,2-
trifluoroethyl) ether (BTFE) [113,114], 1,1,2,2-tetrafluoroethyl
2,2,2-trifluoroethyl ether (TFTFE) [115,116], and 1H,1H,5H-octa
fluoropentyl-1,1,2,2-tetrafluoroethyl ether (OFE) [117]. This elec-
trolyte is named as localized high concentration electrolyte
(LHCE) as Li salts are barely soluble in HFEs. LHCE combines
the merits of a decreased amount of free solvent molecules and
reduced polarity of solvent molecules. Not only are the viscosity
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and wettability ameliorative, but also the corrosion of LiPSs on Li
metal is restrained. In a LHCE, almost all main solvent molecules
participate in Li ion solvation to form contact ion pairs (CIP) and
aggregates (AGG) with nearly no residual free solvent molecules
(Fig. 4a). Therefore, solvents which are unstable with Li metal in
a dilute electrolyte (e.g., acetonitrile (ACN) and sulfolane (SL))
become relatively stable in LHCE [118-122].

The ionic liquid is composed of large cations and anions only,
which is an alternative system to suppress the dissolution of
LiPSs [49,70,123-125]. The dissolution of LiPSs in ionic liquids
is related to the Lewis basicity and metathesis reaction. Donor
number is a descriptor for basicity, which is positively correlated
to the solubility of LiPSs [126,127]. If the size of the ionic LiPSs
(e.g., S,27, LiS,~, Li3S,") and the ions of ionic liquids matches, site
exchange may readily occur to facilitate the LiPS dissolution
[127,128]. Among diversiform ionic liquids, [TFSI]™ based ionic
liquids prevail due to the weak coordination of [TFSI] ™ in inhibit-
ing LiPS dissolution and excellent electrochemical properties
[127,129]. However, the high viscosity and cost of ionic liquids
are still obstacles for the applications in practical Li-S batteries
[49]. Overall, the low solvation power of low polar solvents is a
double-edged sword. The poor solubility of LiPSs in return delays
the electrochemical Kkinetics of S/Li,S conversion, which even
alters the reaction pathway from a dissolution—precipitation to
a quasi-solid-state or solid-solid conversion. Therefore, Li-S bat-
teries involving low polar solvents generally exhibit a low
charge/discharge rate and a large voltage hysteresis, which
requires the assistance of the elevated working temperature.

Reducing LiPS activity
Reducing the reactive activity of LiPSs with Li metal is another
consideration to protect the Li metal anode. The dissociated
polysulfides (5427, 4 < x < 8) are a series of Lewis bases [21]. Lewis
acids, such as large cations of ionic liquids, can coordinate with
and stabilize polysulfides by forming ion-ion complexes accord-
ing to hard and soft acids and bases theory [130,131]. N-methyl-
N-ethyl pyrrolidinium cation (MEP*) thermodynamically prefers
to forming stable MEP*-S,?>~ complexes due to a low Gibbs free
energy (Fig. 5a) [132]. The complexation not only improves the
stability of high-order LiPSs that are highly reactive with Li metal
but also changes the decomposition pathway of the electrolyte,
inducing a low Li nucleation radius and low SEI impendence
[132]. These discoveries provide fresh insights on the role of
ionic liquids in Li-S batteries besides the general concept of
low LiPS solubility [127,133-135]. Ionic liquids as additives
instead of main solvents may alleviate the disadvantages, such
as high viscosity, limited ion conductivity, and expensiveness.
The basicity of low-order LiPSs is stronger than that of high-
order ones. Hence, relatively hard acids, such as alkali metal
cations, are effective to stabilize low-order polysulfides. Rb* with
weak solvation energy tends to coordinate with low-order LiPSs
(e.., S4>7/S3?7) through the strong electrostatic interaction
[136]. Ammonium salts (such as NH,TFSI, NH4I, and NH4;NO3)
are also used as additives to facilitate the stability of low-order
polysulfides and even solid Li,S due to the strong interaction
between NH,* and S,2~ [137,138]. Reducing LiPS activity toward
the Li anode is an emerging but crucial direction which requires
in-depth exploration in the future.

LiPSs not only exist in the term of monomers (Li,S,) but also
easily aggregate to clusters, namely (Li,S,), [33,51,52,139]. The
large clusters of Li,S, increase the viscosity of electrolyte, giving
rise to a sharp voltage drop during the second discharge plateau,
which is even severe at low temperatures [51,140]. Although the
influence of LiPS clusters on the stability of the Li metal anode is
vague up to now, the role of Li salts in regulating the cluster
behaviors of LiPSs is under investigation. LiTFSI can weaken
the formation of clusters through electrostatic screening but with
a limited effect [43,51]. Lithium trifluoroacetate (LiTFA) with
similar ionic association energy to LiPSs can discourage clusters
by the competitiveness of salt anions for Li ions (Fig. 5b) [140].
Lithium trifluoromethyl-4,5-dicyanoimidazole (LiTDI) enables
Li,S4 to agglomerate into (Li,S4), dimer due to the abundant
nitrogen-containing functional groups [141]. Moreover, TDI™
with low mobility and weak interaction with LiPSs is in favor
of suppressing the dissolution of LiPSs [142]. Therefore, a dense
Li deposition is achieved [141].

However, decreasing the activity of LiPSs to protect the Li
anode is a trade-off with the normal kinetic conversion of the
cathode. Although parasitic reactions with the Li metal anode
are alleviated by decreasing the reactivity of LiPSs, the reaction
kinetics of LiPSs at the cathode can also simultaneously be sup-
pressed. A compromise between protecting the Li metal anode
and maintaining the kinetic performance of the cathode should
be considered to achieve a practical high-energy-density Li-S bat-
tery. Therefore, the stabilization of LiPSs is a challenging work,
and precise regulation is in demand for Li metal anode
protection.

Reinforcing the anode/electrolyte interphase and bulk Li

The SEI is considered to be the main factor in dictating the flux of
Li ions and the Li plating/stripping behaviors since it was pro-
posed by Peled in 1979 [143]. However, SEI is generally fragile
and spatially heterogeneous, leading to uncontrollable Li den-
drites and low utilization of Li metal [72,73]. With regard to
Li-S batteries, the formation of a robust SEI in the presence of
LiPSs is necessary by either isolating or involving LiPSs from
the formation of the SEI. Additionally, the basic requirements
of SEI are also necessary, such as homogeneous Li ion diffusion
channels, low interfacial resistance, and certain mechanical
strength [144,145]. The artificial coating is a useful supplement
to increase the stability of the anode/electrolyte interphase.
Moreover, strengthening bulk Li metal is also a renewed
approach to improve the adaptability of Li metal in LiPS
electrolyte.

In situ SEI

SEI plays a vital role in alleviating the corrosion of LiPSs on the Li
anode and in regulating Li deposition. The regulation of elec-
trolyte components, such as solvents, Li salts, and additives, is
a direct way to ameliorate the anode/electrolyte interphase
through the spontaneous reaction with Li metal to form an
in situ SEL.

LiNOj; is regarded as an effective additive to protect Li metal
by forming a stable SEI since it was proposed by Sion Power Cor-
poration in 2008 [146]. LiNO; can be reduced by Li metal to form
LiN,O, in the SEI, generating a compact passivation film to pro-
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Stabilizing LiPSs to reduce the reactivity with a Li anode. (a) Product configuration and Gibbs free energy for the complexing reaction between MEP* and
SXZ*. (Reprinted with permission from [132], 2018, Wiley-VCH.) (b) lllustration of strong Li*—S,f* bond networks disrupted from competing for electrostatic
interactions between Li ions and Li salt anions. (Reprinted with permission from [140], 2020, American Chemical Society.)

mote uniform Li deposition and mitigate the shuttle of LiPSs
(Fig. 6a) [147-150]. Inspired by LiNOsj, analogous derivatives
containing N-O bond have been developed, such as cesium
nitrate (CsNOs3) [151], lanthanum nitrate (La(NO3)3) [152], zirco-
nium oxynitrate (ZrO(NO3),) [153], potassium nitrate (KNO3)
[154], and 1-butyl-3-methylimidazolium nitrate ([BMIM][NO3])
[155]. However, NOj3™ is a sacrificial additive and the SEI formed
by NO;~ cannot maintain stable in long-term cycling. When
referring to a pouch cell, the uneven utilization of the Li anode
is very severe and the consumption of LiNOj is accelerated
[60]. However, a high concentration of LiNO3 above 0.5 M brings
little contribution to the stability of the Li anode and even detri-
mentally reacts with active S [156]. Further, NO3™ is an oxidant,
and when coupling with S element and carbon, there is a risk of
explosion in a confined space if thermal runaway occurs. There-
fore, safety issues for practical applications while employing
NO;3;~ containing additives should be evaluated.

Li,S/Li,S; is a common component in the SEI with low ionic
conductivity (~107°§ cm™Y) due to the chemical/electrochemi-
cal reaction between LiPSs and Li metal [53,63,74,157]. There is
a synergetic effect between LiPSs and LiNO; to form a robust
SEI [150,158,159]. Nevertheless, the properties of the SEI are
strongly dependent on the concentration and species of LiPSs

[160-162]. When the total S concentration is fixed at 0.10 M,
Li,Ss enables a better cycle performance compared to other LiPS
species with 1.0 wt.% LiNOj3 additive [160]. A too low or too high
concentration of LiPSs still cannot suppress the formation of Li
dendrites even with 5.0 wt.% LiNOj (Fig. 6b) [161]. In practical
Li-S batteries, a high S loading (>5 mg cm~2) and low E/S ratio
(<3.0 pL mgs™") always trigger a high-concentration LiPS elec-
trolyte. Therefore, whether LiPSs can contribute to anode protec-
tion under practical conditions through precise regulation
requires further investigation.

Besides inorganic Li,S/Li,S,, transition metal sulfides, such as
SeS, [163], CuS/Cu,S [164,165], and MoS, [166], are also applied.
Inorganic sulfide-solid-electrolytes with high ionic conductivity
(~1073 S cm™}) are also favorable for fast Li ion transport [167—
169]. A protection layer consisting of LizPSs can block the side
reactions between Li metal and high-order LiPSs and restrain
the electrolyte decomposition [169]. However, it is hard to main-
tain integrity for the pretreated in situ SEI at a huge utilization of
the Li anode under practical conditions. In addition to inorganic
sulfur-containing SEI, organosulfur-containing components are
beneficial to improve the elasticity of SEI [170,171]. An inor-
ganic/organic hybrid SEI is self-formed by adding poly(sulfur-ran
dom-1,3-diisopropenylbenzene, PSD) into the electrolyte
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In situ SEI to protect the Li metal anode in Li-S batteries. (a) Schematic of the morphologies of Li deposited on the substrate in different electrolytes.[150] (b)
The role of LiPS concentration on SEI evolution and Li deposition. (Reprinted with permission from [161], 2016, Elsevier.) (c) Self-formation of a stable hybrid
SEl layer composed of Li organosulfides/organopolysulfides - Li,S/Li,S, using PSD as an electrolyte additive. (Reprinted with permission from [171], 2018,
American Chemical Society.) (d) Schematic of how LiHFDF suppresses Li dendrite growth and shuttle of LiPSs. (Reprinted with permission from [178], 2020,
Wiley-VCH.)

(Fig. 6¢) [171]. The planar backbone conformation and the n—n
interaction of aromatic-based species can enhance the toughness
and flexibility of SEI, enabling uniform Li plating/stripping and
high Coulombic efficiency.

Lithium fluoride (LiF) is generally identified as an efficient SEI
component for uniform Li ion diffusion and Li deposition in
other Li metal batteries [172-175]|. However, the role of LiF in
SEI for Li metal anode protection in Li-S batteries is controver-
sial. Some publications hold the opinion that LiF is a beneficial
SEI component in Li-S batteries [176-178], yet the regulation
strategies are restricted due to the incompatibility between LiPSs
and fluorinated carbonate esters. Fluoride-containing salts are
alternative sources of LiF to establish fluorinated interphase,
such as lithium difluoro(oxalato) borate (LiDFOB) [179-181]
and lithium 1,1,2,2,3,3-hexafluoropropane-1,3-disulfonimide
(LiHFDF, Fig. 6d) [178]. However, the content, distribution, and
morphology of LiF in SEI are directly dependent on the fluorine
sources. LiF formed by the decomposition of LiTFSI is limited in
the routine electrolyte, which implies that LiF may not be the
most important component in SEI in Li-S batteries [150].
Lithium bis(fluorosulfonyl)imide (LiFSI) is likely to be decom-
posed to form LiF in SEI compared to stable LiTFSI, while the
LiFSI-induced SEI is too loose to shield the corrosive LiPSs as
reported [182]. Therefore, the fundamental understanding of

the functions of LiF in SEI is still insufficient, let alone its appli-
cations in practical batteries.

Artificial coating

An ideal artificial coating on the Li metal anode in Li-S batteries
is expected to repulse the corrosion of LiPSs besides the necessary
requirements of a single Li ion transport, a relief of volume
change of Li metal, and enough flexibility and strength. The
inherent stability of artificial coating in the presence of LiPSs is
an important and basic requirement. Various inorganic/organic
composite coatings, such as polyvinylidene fluoride (PVDF)-
graphitic carbon nitride (g-C3Ny) [183], PVDF-Li; sAlpsGe; s
(POy);3 (Fig. 7a) [184], and Nafion-Li,SiS, [185], are employed to
withstand the corrosive LiPSs. Moreover, the interactions
between artificial coating and LiPSs can be regulated. The specific
polar functional groups can repel LiPSs through electrostatic
repulsion which is widely realized in separator modification
[24,25,186]. Therefore, some functional groups on the outer sur-
face of the artificial SEI may have distinctive interactions with
LiPSs, thus regulating the adsorption and corrosion behaviors
of LiPSs as polysulfiphobic sites. For example, Nafion has a good
stability to resist the corrosion of LiPSs and repel LiPSs
through -SO3;~ group [187-189]. 1-decylphosphonic acid
(DPA) can construct a robust interfacial film with abundant

71

H
A

H

(]
[
I
9]
<
<
w
0
w
<




=
m
wv
m
>
£
fa)
S
£
o

=
m

3

RESEARCH

Materials Today ® Volume 45 ® May 2021

———————— -

(a) 1
1 - - ]
i Liquid electrolyte Li.S i
1 2%~n 1
i e o e © i
1 I
i e\® Li* ¢\ @ Li* e @ PVDF matrix |
1 I
1 1
1 ¢ 1
1 I
1 I
I I
1 I
1 I
1 I
1 1
1 1
1 1
1 I
I I
/ 1

(b)

The constructed artificial SEI

Artificial SEI to protect the Li metal anode in Li-S batteries. (a) Schematic of Li deposition behaviors with a PVDF-Li; sAlysGe; 5(PO,4)s composite protective
layer. (Reprinted with permission from [184], 2018, Elsevier.) (b) Schematic of the design and effect of Li decylphosphonate layer on the Li surface during
repeated cycling. (Reprinted with permission from [190], 2018, American Chemical Society.)

decylphosphonate groups, which repulses LiPSs due to a low
affinity with soluble LiPSs (Fig. 7b) [190].

When referring to the practical applications of artificial coat-
ing in Li-S batteries, several issues should be taken into consider-
ation. Firstly, an artificial SEI is prepared before battery assembly
and is irreparable. Secondly, more than 25 pm Li (>5 mAh cm™?)
will be utilized during each stripping or plating in a battery of
500 Wh kg~', and hence the artificial coating may lose intimate
contact with the Li metal anode, especially with the accumula-
tion of a dead Li layer between the artificial SEI and active Li after
cycles. Thirdly, the increased interfacial resistance induced by
the extrinsic artificial coating is a drawback. Finally, the spatial
uniformity of the coating on the large anode is also an issue
for the mechanical equipment in material preparation.

Modification of bulk Li
Improving the stability of bulk Li metal is an effective way to
enhance the tolerance of the Li anode in LiPS electrolyte. Alloy

can combine the traits of different types of metal. Various ele-
ments (B, Al, Si, Sn, etc.) have been alloyed with Li to improve
the comprehensive properties, such as facilitating ion/atom con-
duction, relieving volume expansion of Li metal, and reducing
local current density [191-193]. In Li-S batteries, the resistance
of Li alloy to LiPS corrosion is an additional and necessary
requirement.

The chemical stability of Li alloy is higher than that of pure Li
metal partially due to the lattice reassortment and the increased
electrochemical potential. Li-B alloy (Li;Bs) with high electro-
chemical potential (>0.4 V vs. Li/Li*) can increase the chemical
stability toward the electrolyte [194]. A high conductivity (1.43
x 10* S cm™") and fast Li ion diffusivity restricts Li dendrites
and reduces interfacial impedance [194-197]. Li-Al alloy (LigAly,
~0.3 V vs. Li/Li*) possesses low reactive activity with LiPSs due to
a strong combination between Li and Al, a low propensity of ada-
tom clusters, and high surface diffusion barriers [198,199]. The
formed SEI on the Li-Al alloy surface is also robust with the shal-
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low distribution of Li,S compared to the pure Li anode, favoring
a homogeneous Li deposition (Fig. 8a) [200]. Al matrix with high
Vickers hardness can further enhance uniform lithiation and
unidirectional volume-strain circumvention [201]. The structure
remains stable without deformation by local strain. Li-Mg alloy,
with a theoretical specific capacity of 3151 mAh g~ ! and an elec-
trode potential near O V vs. Li/Li*, exhibits high stability in Li-S
batteries (Fig. 8b) [202]. Li-Mg alloy is resistant to the corrosion
of LiPSs with a uniform passivation film on the alloy surface
[202]. Li-Mg alloy maintains a solid solution state with a bcc B-
phase during the range of Li content from 30 to 100 at.%, which
reduces the barrier of Li nucleation [203]. The Li-poor alloy after
delithiation acts as a mixed electron and Li ion conductive
matrix to keep the structural integrity, indirectly inhibiting the
exposure and propagation of Li dendrites in electrolyte [202].
In addition to the change of the properties of bulk Li metal,
the modification of Li metal surface by alloy layer is also conve-
nient to reconcile the high specific capacity of Li metal and the

(a) ‘p--df+o

~"4 ¥ %
Li metal

‘:p--df-ro

stability of alloy. Some heavy metals, such as Sn [204,205], Sb
[206], and Bi [207], which are against high energy density, can
be reutilized as an alloy layer on Li anode. A nanometer Sn layer
(~250 nm) coating on the Li surface can form a LisSn; alloy to
regulate the fast Li ion transport and inhibit the shuttle of LiPSs
(Fig. 8c) [204]. However, once the alloy layer is destroyed by Li
dendrites or drastic volume change during repeated cycling, it
is impossible to self-repair. Moreover, the alloy layer is usually
coupled with other components (such as LiF and organic species)
to protect Li metal [207,208].

Conclusions and outlook

Soluble LiPSs are inevitable in Li-S batteries based on the
dissolution—precipitation mechanism of the S cathode. The tem-
poral and spatial change of LiPSs results in a dynamic electrolyte.
LiPSs can react with and corrode Li anode. The LiPSs are also
involved in the formation and evolution of SEI. In a practical
Li-S battery with a limited Li anode, a high loading S cathode,

SEI layer (b)

Li,S/Li,S, Electrolyte or S/IDME solution

SEI

Li metal

SEI layer Y ..-'-’
\\ ~d *d Vl ...... Electrolyte or SIDME solution
APTlalloys MEy > Al-Li alloy -
Li-Mg alloy solid solution
P& us, o Lit

(c)

Bare Li foil

Li deposition 7

—— - 5

Sn-coated Li foil

Sulfur
cathode
Polysulfides

Bare Li
anode

Sn-coated

! / Li anode
Polysulfidesp> .

H
A
H
(]
[
I
9]
<
<
w
0
w
<

Reinforcement of bulk Li through the Li alloy anode or alloy interphase. (a) The illustration of interface stability of Li-Al alloy and Li metal in LiPS solution.
(Reprinted with permission from [200], 2018, The Royal Society of Chemistry.) (b) Comparison of surface morphology evolutions between Li and Li-Mg alloy
under different conditions. (Reprinted with permission from [202], 2019, Wiley-VCH.) (c) Schematic of Li deposition and LiPS shuttle behaviors on bare Li foil
and Sn-coated Li foil. (Reprinted with permission from [204], 2020, Elsevier.)
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and lean electrolyte, the Li metal anode is a bottleneck. Con-
structing a stable Li anode in the presence of LiPSs is a primary
requirement for Li-S batteries. Preliminary efforts have been
devoted to a stable Li metal anode, such as suppressing LiPS dis-
solution by decreasing free solvents and employing solvents with
low polarity, decreasing the reactivity of LiPSs through interac-
tions between cations and anions, and the regulation of SEI or
bulk Li. However, both a fundamental understanding and practi-
cal exploration of the Li metal anode in Li-S batteries are in its
infancy and more investigation is urgently required.

1) The fundamental understanding of LiPSs. The properties of
LiPSs, that is, the dissolution state, dissociation ability, sol-
vation features, diffusion coefficient, electric mobility, and
electrochemical activity, as well as the features of LiPS elec-
trolyte without other Li salts, such as ionic conductivity,
viscosity, transfer number, and wettability, should be dis-
closed. In a real Li-S battery, the concentration and types
of soluble LiPSs in electrolyte are dynamic during dis-
charge/charge with complex electrochemical and chemical
conversion, which is vital but unclear presently. The dilute
solution of LiPSs is a preliminary platform to acquire basic
physical, chemical, and electrochemical properties of
LiPSs. The high-concentration LiPS solution (>4 M [S])
needs to be investigated to match the practical conditions
of Li-S batteries with a high S loading, a low E/S ratio, and
a limited Li metal anode.

2) The electrolyte structure in Li-S batteries. Generally, there
is at least one Li salt in the electrolyte in a real battery, such
as LiTFSI. Both Li salts and LiPSs contribute to the Li ions
which can be solvated. If the Li ions are dissociated totally
from LiPSs, the concentration of Li ions and the corre-
sponding solvation of Li ions in electrolyte changes
dynamically, especially under practical conditions. The
anions, such as TFSI~ and S,2~, can be involved in the sol-
vation sheaths of Li ions. If Li ions are partially or barely
dissociated from LiPSs but LiPSs are dissolved, especially
at a low E/S ratio, two types of Li ions may coexist in an
electrolyte. One is the dissociated Li ion from Li salts or
LiPSs, and the other is undissociated Li ion in LiPSs. The
dissociation of Li ions from LiPSs is impacted by the con-
centration and types of S,27, Li salts, additives, and solvents
in electrolyte. The structure of the undissociated LiPSs
resembles the structure of CIP or AGG in highly concen-
trated electrolyte where the anions or the polysulfide chain
of LiPSs are involved in the solvation sheath of Li ions and
interact with solvent molecules through Van der Waals
forces. If LiPSs aggregate into a cluster, solvents may inter-
act with the LiPS cluster by a large sheath around the LiPS
cluster. The solvation structure of both polysulfides and Li
ions can be reflected by electrolyte properties, such as ionic
conductivity, viscosity, transfer number, and wettability.

3) The SEI and Li metal while confronting LiPSs. The effect of
LiPSs on the SEI is the foundation of further rational
design. Participation in the formation of an SEI and the
corrosion on the formed SEI are the main aspects in inves-
tigating the effect of LiPSs on the SEI. Furthermore, the
properties of the SEI directly impact the following behav-

iors of Li deposition. The corrosion of LiPSs on Li is also
of importance. To decrease the disturbance of LiPSs on
the SEI, regulating the reactivity of LiPSs and constructing
an SEI which can repel LiPSs are promising strategies. Fur-
ther, the common requirements of an SEI, such as unifor-
mity, rapid ion transport, and mechanical strength, are
still necessary.

4) The design of the electrolyte. The routine electrolyte is 1.0

M LiTFSI in DOL/DME (1:1, by vol.) with various amounts
of LiNOj3. The performance of the routine electrolyte under
practical conditions, especially in pouch cells, is unsatisfac-
tory. Novel electrolyte formulations are highly in demand.
While considering the demand for high energy density,
the electrolyte should keep a balance among the normal
redox reaction of the S cathode, the suitable features of
the electrolyte, and the stability of the Li metal anode. Li
salts, solvents, and additives can be updated and adjusted
to promote the practical applications.

5) Negative/positive ratio. Limited Li with a low negative/pos-

itive (N/P < 2) ratio is required in practical Li-S batteries
with high energy density more than 500 Wh kg™'. More-
over, a large amount of Li (>5 mAh ¢cm~?) participates in
each stripping or plating process. As a comparison, N/P
ratio is generally over 30 with a small amount of Li (<2
mAh cm~?) engaging in each cycle under mild conditions.
Limited Li under a low N/P ratio can be rapidly depleted
and transformed into dead Li due to the low Coulombic
efficiency of irregular and loose Li deposition, which also
increases polarization and leads to short lifespan of batter-
ies. Therefore, specific strategies to enhance the uniformity
of Li deposition and increase the Coulombic efficiency of
Li anode under a low N/P ratio are vital to extend the lifes-
pan of Li-S batteries.

6) Specific and scientific method to assess the strategies of Li

anode protection. Li | Li, Li | Cu, and Li | S battery config-
urations are widely used now. In a Li | Li symmetrical cell,
the effect of LiPSs on the Li metal anode can be evaluated
alone, instead of coupling with the complicated conver-
sion of LiPSs at the S/C cathode in full batteries. It is
demonstrated that LiPSs corrode Cu foil in a Li | Cu cell
[209]. Therefore, conclusions conducted from battery con-
figurations involving electrodes which are easily corroded
by LiPSs should be treated with caution. With regard to
testing conditions, a battery with a low loading S cathode
(<2.0 mg cm?), a high E/S ratio (>10.0 pL mgs_l), and a
thick Li anode (>500 pm) cannot realistically reflect the
effectiveness of the anode protection strategies due to the
highly excess Li and electrolyte. Tests should preferably
be carried out under conditions as close to the practical cir-
cumstances of high-energy-density Li-S batteries. A battery
with a high loading S cathode (>5.0 mg cm~2), a low E/S
ratio (<3.0 uL mgs~!), and a thin Li anode (<50 pm) is rec-
ommended in coin or pouch cells. The E/S ratio in a coin
cell can be extended to 5.0 uL mgs™* due to the existence
of useless space inside.

7) Advanced characterizations and simulations. In situ or ex

situ characterization tools, such as cryogenic electron
microscopy, electrochemical quartz crystal microbalance,
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and atomic force microscope, are required for a precise
understanding of electrolyte, SEI, and Li ion/atom trans-
port behaviors. Precise characterizations through X-ray
absorption spectroscopy, Raman spectroscopy, nuclear
magnetic resonance spectroscopy, ultraviolet-visible light
spectroscopy, electron paramagnetic resonance, and so
on, are also necessary to provide a clear understanding of
LiPSs, including thermodynamic stable states, kinetic con-
version pathways, solvation structure, chemical diffusion,
and electromigration, especially at a low E/S ratio. Theoret-
ical modeling, such as ab initio calculation, molecular
dynamics, and phase field theory, is encouraged to be
jointed to reveal the chemical structure of LiPSs, the solva-
tion of LiPSs, SEI evolution, and Li plating/stripping
behaviors. The combination of experiment and simulation
can accelerate the progress of fundamental understanding
and practical applications.

Groundbreaking technology requires time to develop. Such is
the case with the practical application of the Li metal anode in
Li-S batteries. Intensive attention should be paid to the funda-
mental understanding of the Li metal anode in LiPS electrolyte.
Specific strategies for anode protection are required based on sys-
tematic understanding. Moreover, it is essential to verify the
effectiveness of strategies under practical conditions after they
have been validated in a proof-of-concept. The dramatic changes
that LiPSs bring to the whole of battery systems should be con-
sidered cautiously in pouch cells. Persistent investigations on
the Li metal anode in Li-S batteries will also shed fresh light
on other advanced Li metal batteries for energy storage scenarios.
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