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Lithium-sulfur (Li—S) batteries are recognized as one of the
most promising technologies with the potential to become the
next-generation batteries. However, to ensure Li—S batteries
reach commercialization, complex challenges remain, among
which the tailoring of an appropriate electrolyte is the most
important. This review discusses the role of electrolytes in Li—S

1. Introduction

While the last century was unquestionably dominated by
energy generation from fossil fuels, the 21* century seems
devoted to the energy transition towards more sustainable
sources. The increase of social and political awareness regard-
ing global warming as well as national interests in reaching
energy supply independence, including evaluations regarding
the non-renewability of fossil fuels, are driving technological
innovations towards the efficient use of sustainable energy
sources. Lithium-ion batteries (LIBs) are becoming the leading
energy storage technology for mobile applications including
electric vehicles (EVs) for transportation.! However, the integra-
tion of intermittent renewable energy sources within the
electricity grid, the continuous technological progress resulting
in more powerful portable devices on the market, including the
rapid growth of EVs, increasingly push the demand for batteries
with higher energy densities, lower cost, and longer lifespan.
The relatively slow progress on improving the specific (gravi-
metric) capacity of positive electrode materials (cathodes) and
volumetric capacity of negative electrode materials (anodes)
are the bottlenecks limiting LIB's performance. Consequently,
the research has been progressively oriented towards batteries
that overcomes the limitation of intercalation chemistries.** In
this framework, lithium-sulfur batteries (LSBs), employing a
sulfur-based cathode in combination with a lithium metal
anode, is very promising due to the high theoretical specific
capacity (1,675 mAhg™) of sulfur and the resulting specific
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batteries, focusing on the main issues and solutions for the
shuttle mechanism of polysulfides and the instability of the
interface with lithium metal. Herein, we present a background
on Li-S chemistry followed by the state-of-the-art electrolytes
highlighting the different strategies undertaken with liquid and
solid electrolytes.

energy (2,500 Whkg™'). Additionally, LSBs have reached a
certain maturity, which may enable the next step beyond the
Li-ion configuration in the short to medium term. Furthermore,
sulfur has the edge because it is non-toxic, abundant with a
homogeneous spread thus it is a low-cost material (
~ 180 USDton ") when compared with elements widely used
today in commercial LIBs like cobalt (=~80,000 USDton™"),
which is also listed in the European Critical Raw Materials
chart,® and nickel (~35,000 USDton™").

Despite the first reports which appeared in the 1960s,
LSBs have not been developed to the performance level
required for practical applications. The chemistry inside LSBs
does not only carry the above-mentioned advantages, but also
a few outstanding issues.

Firstly, the electronic and ionic insulating characteristic of
sulfur (about 107°°Scm™) requires the use of extensive ionic
and electronic conductive matrices. These result in a low
fraction of active material present in the positive electrode,
which decrease the overall cell gravimetric and volumetric
energy densities.” In addition, the low electronic and ionic
conductivity of its end-discharge product Li,S (about
107" Scm™") can passivate the cathode with an insulation
barrier preventing the full reduction of the loaded sulfur.'®™

Secondly, the difference in density of sulfur (2.06 gcm™)
and lithium sulfide (1.67 gcm™) implies a severe volumetric
expansion/shrinkage during discharge/charge cycles. The me-
chanical stress acting on the cathode architecture results in
discontinuities of the ionic and electronic pathways, leading to
serious irreversible capacity fade.!>'?

Thirdly, when typical organic liquid electrolytes are used,
soluble polysulfide intermediates (LiPSs) form during cycling.
These migrate from the cathode to the anode, under a gradient
concentration, where they react with metallic lithium to form
shorter polysulfides, and vice versa, activating the so-called
“shuttle effect” (see Section 1.1).

Finally, the non-uniform stripping/deposition of lithium
results in dendritic and mossy structures on the anode surface.
These deposits, increasing the electrode surface area led to the
continuous formation of the solid-electrolyte interphase (SEl),
which results in an increase of polarization and in the formation
of “dead lithium”. Additionally, dendrites may potentially pierce
the separator resulting in short-circuits, which can trigger the
thermal runaway phenomenon.!*'

While in the last decades significant advances have been
made with a deeper understanding of the lithium-sulfur
chemistry, further research efforts are required to bridge the
gap between laboratory results and practical applications
(Figure 1). The most important requirements for the commerci-

[6-8]
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alization of LSBs refer to the positive electrode, i.e., high sulfur
content (>70 wt%), high areal sulfur loadings (>5 mgcm™)
and high areal capacities (>6 mAhcm™) but also involve the
electrolyte. In particular, the electrolyte/sulfur (E/S) ratio should
be lower than 4 uLmg~'.1®

To fulfil this latter requirement, (as well as to address the
above-mentioned non-uniform lithium plating and polysulfide
shuttle issues), the development of practical LSBs requires
engineering of the interfaces and interphases granting protec-
tion of the lithium anode!’'™ as well as the cathode’s
composition and architecture.” These can only be achieved via
the improvement of the separator and the electrolyte’s design.

1.1. The shuttle of polysulfides

In contrast to the intercalation “rocking-chair” mechanism of
the LIBs, LSBs are characterized by a conversion chemistry. As
the most stable form at room temperature and atmospheric
pressure of elemental sulfur is the orthorhombic crystal
structure arranged in octasulfur crown, the overall electro-
chemical reaction is:

Sy -+ 16Li" + 166~ « 8Li,S
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This electrochemical process is composed of a multi-step
reaction that involves the formation of intermediate lithium
polysulfides Li,S, (2<x<8). During cell discharge the sulfur
rings open and lithiation occurs forming progressively short-
ened chain length polysulfides until one lithium sulfide is
gradually re-oxidated in the following charge process resulting
in a reversible cycle (Figure 2a). In the first instance, it is well-
accepted that the process can be defined by the formation of
four main LiPSs:

Sg > Li,Sg < Li,S¢+ Li,S, < Li, S, Li,S

Several in operando studies have presented a more
complex reaction pathway that involves the formation of
polysulfide anions and radicals.?'?? The polysulfides undergo a
variety of disproportionation and exchange reactions in
solution that in addition to the solvent-dependence of these
processes, does not permit a clear identification of a unique
reaction pathway.”® The complexity of this framework is further
complicated considering that the electrochemical process is
not the only one involved in the reaction mechanism but also
chemical processes, like precipitation and dissolution, partic-
ipate in the alteration of the reaction equilibria and kinetics by
changing the electrochemical potentials of the other species
involved.?”
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Figure 1. The correlated issues between industrial applications and scientific research for LSBs. Reproduced with permission from Ref. [20]. Copyright (2018)

Zhengzhou University.

In the charging phase the accumulation in solution of an
increasing number of high-order polysulfides, before the solid-
phase sulfur precipitation, create a concentration gradient
forcing a diffusion mechanism of these species from the
cathode to the anode surface where they are reduced by the
small potential of the lithium metal. Consequently, the high
concentration of reduced species at the anode involves a back-
flux of these species to the cathode. These LiPSs crossover
generating an internal parasite current called the “polysulfide
shuttle” (Figure 2b) that leads to detrimental consequences
with a direct impact on the energy density and lifespan of the
batteries:

(i) The diffusion of the long-chain polysulfides to the anode,
where they are reduced to short-chain, leads to an
incomplete charging caused by the parasitic current
generated and as a result a low Coulombic Efficiency.

Batteries & Supercaps 2022, 5, 202200097 (4 of 24)

(i) In the extreme case, Li,S,/Li,S deposition may occur on the
Li electrode resulting in the direct reaction of the two
electrode materials and in a low sulfur utilization with
irreversible capacity loss.

(iii) The Li,S,/Li,S deposition may also accelerate the lithium
dendrite growth generating a rough surface.

(iv) A serious self-discharge of the cell occurs caused by the
continuous loss of the active material.

Currently there are two main approaches for suppressing the
shuttle effect:™ (i) preventing the diffusion of polysulfide into
electrolyte using porous materials to confine them,?**® anchor-
ing polysulfide on the cathode surface by chemical/physical
adsorption,”*=? and decreasing their solubility into the electro-
lyte; (ii) blocking the migration pathway of polysulfide by
modifying the separator®~% or the inserting of interlayers.

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 2. a) Typical voltage profile of LSBs with an organic liquid electrolyte; b) the schematic redox-shuttle mechanism. Reproduced with permission from

Ref. [37].

2. Liquid Electrolytes

The electrolyte solution plays an arguably more important role in
LSBs than in conventional LIBs. In the dissolution-deposition
chemistry of liquid electrochemical lithium-sulfur systems, the
electrolyte not only serves as a conductor for positively charged
ions transport but also participates in the conversion reactions.
Usually, the optimization of the electrolyte solution is achieved
through the choice of solvents, salts and eventually additives to
satisfy key parameters like high ionic conductivity, low viscosity,
compatibility with electrodes and a suitable electrochemical
stability window. For LSBs, the choice must also be driven by
specific solvent properties that can influence the stability of
polysulfides and so the chemical equilibrium among the dissolved
species. Currently, the principal solvent dictator suggested for the
evaluation of the stability of LiPSs is the donor number (DN) that
is defined as a quantitative measure of Lewis basicity. Since Li* is
a Hard Acid and polysulfide anions are Soft Bases, according to
the Hard Soft Acid Base (HSAB) Theory this ion couple is not
stable. As evidenced by He et al., high-DN solvents preferentially
stabilize long-chain polysulfides and radicals, whereas the Li ions
solvated in low-DN solvents facilitate the medium and short chain
polysulfides speciation.”® The traditional carbonate-based electro-
Iytes used for LIBs are reported to be unsuitable for LSBs because
of the rapid irreversible reaction of the polysulfides species with
the most electrophilic carbon of the solvent via nucleophilic
addition or substitution.®” This involves the formation of thio-
carbonates species which interrupts the cascade of discharging
reactions, resulting in poor battery performance. As a result, Yim
and co-workers suggest that more electrophilic solvents than
carbonates such as esters, aldehydes, ketones, and anhydride-type
should be avoided for LSBs. Historically, ethers like 1,3-dioxolane

Batteries & Supercaps 2022, 5, 202200097 (5 of 24)

(DOL), 1,2-dimethoxyethane (DME), diethylene glycol dimethyl
ether (DEGDME)™*" tetraethylene glycol dimethyl ether
(TEGDME)***! and their mixtures, are conventional solvents for
liquid electrolytes in LSBs due to their ability to initiate the solid-
liquid transition in the sulfur cathode, and the relatively good
chemical stability towards highly nucleophilic LiPS intermediates.
In particular, the binary mixture of DOL and DME has emerged as
the preferred choice for LSBs as DOL has a positive effect on the
flexible SEl-formation, and DME with its stronger solvation
capability for LiPSs provides higher reaction kinetics.

Similarly, the traditional lithium salts used in conventional
LIBs, such as lithium hexafluorophospate (LiPFs) and lithium
tetrafluoroborate (LiBF,) are not suitable for LSBs since they can
react with polysulfides.”” Although Lithium
bis(fluorosulfonyl)imide  (LiFSI) is often used, lithium
bis(trifluorometahnesulfonyl)imide (LiTFSI) is currently dominat-
ing the literature for LSBs. lts popularity could be ascribed
mostly to its high thermal stability, high ionic conductivity,
good dissociation ability and good compatibility in ether
solvents and polysulfides."*

Currently, 1.0 M LiTFSI dissolved in DOL/DME (1:1 v/v)
solvents mixture, with the addition of a specific amount
(typically 1 wt%-5 wt%) of lithium nitrate (LINO,) as additive
can be considered the standard liquid electrolyte benchmark
for LSBs. However, the generally used ether-based electrolyte
solution requires many solvent molecules to achieve a full
depth of lithiation and so an excess amount of electrolyte is
required, especially for high loading sulfur electrodes. Although
progress has been made over the years to improve cycling
stability and rate performances, usually these results have been
achieved using large amounts of electrolyte. In such conditions,
the electrolyte consumption is alleviated, and the lifespan of

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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the cell “doped”, as well as the decreasing of mass transfer/
transport resistance results in high capacity and rapid rate
capability.*®  Recently, lean-electrolyte-conditions  have
emerged as a feasible approach to achieve practical high
energy density LSBs. The amount of electrolyte used reduces
the competitiveness of LSBs compared to LIBs shifting the
energy density away from the goal of>500Whkg™' and
increasing the cost** If on one hand the increment of
dissolved LiPSs providing faster kinetics for solution-mediated
redox reactions can increase the sulfur active material utiliza-
tion, and thereby enhancing the specific capacity, on the other
hand a high polysulfide solubility in electrolyte leads to
concerns worsened when we operate with limited amount of
electrolyte, especially with elevated sulfur loading.*” When the
volume of the electrolyte drops to match practical LSBs
requirements, problems related to the electrolyte solution are
exacerbated. In particular, the increased sulfur concentration
gradient results in a more severe shuttle of the polysulfides
leading to a faster corrosion of the anode and loss of active
material. Furthermore, a lower E/S ratio outcome produces a
higher viscosity for the electrolyte leading to lower wettability
and lower ionic conductivity and so an increased charge-
transfer resistance of the cells.® In addition, using low electro-
lyte amounts in Li—S cells generally leads to significantly lower

Before saturation:

Sulfur Li,Sg solution

After saturation:

Li,Sg solution

_

Sulfur

%
< . .
S Solid state LESB

specific capacities, as well as electrolyte depletion induced by
the uncontrolled growth of Li metal dendrites that react
continually consuming the limited electrolyte. This can be
considered as the main mechanism accountable for early Li—S
cells failure. The role of the anode in the lifespan of the LSBs is
less defined in coin cell laboratory-level configuration with an
excess of Li and electrolyte, while it is prominent in the scale-
up to pouch cell configuration.®"

The solubility of LiPSs and therefore the choice of the
solvents in the electrolyte solution affects the reaction pathway
ultimately influencing the electrochemical performance of LSBs.
In a study, Shen et al. reported that when saturation is reached
in the electrolyte, further sulfur conversion no longer follows
an electrochemical catholyte reduction, but rather a quasi-solid
mechanism. Although sulfur is reduced to solid-state LiPSs in
saturated electrolytes, its further electrochemical conversion is
hindered by the finite LiPSs solubility therefore the cell does
not reach its maximum theoretical capacity (Figure 3).5?

In recent years, two main strategies based on two opposite
philosophies have been developed for polysulfide shuttle
management:

(i) sparingly Solvating Electrolyte solutions (SSEs).
(i) highly Solvating Electrolyte solutions (HSEs).

Li,S,, solution (2<n<6)

Reduce Liquid phase Solid phase 2
Fast Slow Li,S

Li,S, solution (2<n<6)

Liﬂuid Ehasel
Fast

w

nlS

@ls

g[s

s ;
Slow ° e
Li,S

Figure 3. A schematic illustration of the differences in the reaction pathway in unsaturated and saturated LiPSs organic electrolytes. Reproduced with

permission from Ref. [52]. Copyright (2017) Published by Elsevier Ltd.
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2.1. Sparingly solvating electrolytes

The concept of SSEs is based on the suppression of the LiPSs
solubility using solvents with weak solvating power. On the
market there are already successful commercialized applica-
tions based on precipitation-dissolution mechanism in which
intermediates are only sparingly soluble such as lean-acid and
sodium iron chloride batteries (ZEBRA).®® The reduction of
LiPSs solubility mitigates the shuttle effect and the anode
corrosion improving the LSBs cyclability. In addition, the
transformation of sulfur conversion from the dissolution-
precipitation to quasi-solid pathway decouple the dependence
of the sulfur electrochemical reactions on the electrolyte
amount, allowing the cell to operate in lean-electrolyte
conditions. However, the quasi-solid interconversion leads to
sluggish kinetics, that limits rate performances, and low sulfur
utilization. Nevertheless, LSBs based on the solid-solid con-
version still face problems such as instability of Li metal anode.
In this regard, ionic liquids (ILs) and solvate ionic liquids (SILs),
hydrofluoroethers (HFEs) and highly concentrated electrolytes
(HCEs) were widely investigated.

lonic liquids and solvate ionic liquids - ILs have attracted
attention in the field of energy storage systems as alternative
solvents for electrolytes principally for the capability to
combine favorable physicochemical properties, such as lower
flammability and a negligible volatility, with good electro-
chemical features such as reasonably high ionic conductivities
and wide electrochemical windows. Regarding LSBs, ILs offer
advantages since they are typically composed of weak Lewis
acidic cations and weak Lewis basic anions thus, they can
suppress the LiPSs solubility.®*** Watanabe’s group performed
a series of milestone studies.*** They found that the structure
of anions influences the electrolyte properties. Fixing the IL
cation and changing the anion resulted in better capacities
when the latter was bulky and fluorinated due to lower DN
caused by the delocalization of the charge (Figure 4a). Keeping
the same IL anion and changing the cation, the capacity
decreases in relatively good agreement with the order of the
lithium transport properties (Figure 4b).>®

However, the relatively slow Li* diffusion processes and the
low ionic transference numbers in these highly viscous IL-based
electrolytes represent a shortcoming for the electrochemical
performance of LSBs and their successful operation with high
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Figure 4. a) Saturation concentrations of sulfur and polysulfides in pyrrolidini

Cycle number

um ILs with different anions and cycling perfomance; b) saturation concentrations

of sulfur and polysulfides in TFSA ILs with different cations and cycling performance. Reproduced (adapted) with permission from Ref. [56]. Copyright (2013)

American Chemical Society.
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current density. For this reason, a class of so-called “Solvate
lonic Liquids” was proposed. Instead of binary mixtures of
aprotic ILs and Li salts, a coordinating solvent and salt that give
rise to a complex with very similar properties to ILs were
investigated as alternative electrolyte (Figure 5a).*” The prem-
ise of this approach is that the presence of a low-viscous
organic solvent could on one hand, improve the Li* con-
ductivity and the transference number. While on the other
hand, the formation of solvent-salt chelate complexes can
weaken the intrinsic donor ability of ether solvent where excess
glymes (potentially capable of solvating LiPSs) doesn’t exist.

Glymes structures, and in particular long chains glymes
such as TEGDME (G4), due to the presence of solvating oxygen
atoms, are recognized to be favorable for the solvation of
lithium ions (Figure 5b).°" Ueno etal. studying different
equimolar mixtures of Li salts and glymes noticed that the
dissolution of LiPSs was significantly suppressed in [Li-
(G4)1[BETI]. The solvate IL [Li(G4)][BETI] was found to be
electrochemically stable in the Li—S cell allowing a stable
operation with a capacity of 600-700 mAhg™" and a Coulombic
Efficiency of 98.5% over 100 cycles.””

Hydrofluoroethers - HFEs is a class of solvent who, thanks
to their versatility, gained a huge interest as electrolytes co-
solvent for several battery configurations including lithium-ion,
lithium-sulfur, lithium-air, and sodium-ion batteries.®? Firstly,
the non-flammability and the good electrochemical stability of
the HFEs improve the safety limits and expand the electro-
chemical window of the systems in which they are used.
Moreover, lithium anode corrosion can be significantly reduced
with the presence of chemically inert HFEs, leading to high
Coulombic Efficiency. But their popularity increased especially
for LSBs, because alongside these advantages, their low
solvation strength can suppress the shuttle effect of LiPSs.

Starting from the SILs approach, Dokko et al. confirmed
that when [Li(G4)][TFSA] was diluted with 1,1,2,2-tetrafluoroeth-
yl 2,2,3,3-tetrafluoropropyl ether (TTE), improved electrochem-
ical behaviors were obtained. Firstly, the diffusion coefficient
increases with increasing molar ratio of HFE. Secondly, the LiPSs

(a) s (b)

“Solvate” lonic Liquids

cathode e P

was further suppressed (Figure 6a) resulting in high Coulombic
Efficiencies and good cycle stability (Figure 6b)." Similar
results were obtained by Cuisinier et al. using an acetonitrile-
salt complex [(ACN),-LiTFSI] with TTE as co-solvent. These
results indicate that the combination of low polarity of the HFE
with the steric hindrance of the chelating oxygen by fluorine
does not participate in the solvation mechanism of lithium salts
(and of lithium polysulfides too) and so, it does not break the
glyme-Li complex, enhancing the power density of the LSBs."”

The effect of the addition of HFEs is also visible in “simpler”
solvent systems. Gu et al. proved that the dissolution of LiPSs
can be effectively reduced by adding 1,3-(1,1,2,2-
Tetrafluoroethoxy) propane (FDE) in a traditional DOL/DME
mixture with 1.0 M LiTFSI as salt. In ultraviolet-visible (UV-vis)
spectroscopy measurements (Figure 7a) it is evident that as the
FDE amount increases in the solution, the absorbance curve of
S,>~ species flattens. Moreover, the HFE-added electrolytes can
protect the lithium anode from corrosion. In particular, an even
more compact and homogenous surface can be observed
within the increment of FDE in the electrolyte (Figure 7b)."

Also, Talian et al. observed higher areal capacity with low
electrolyte amount using 1,2-(1,1,2,2-tetrafluoroethoxy)ethane
(TFEE) based electrolytes compared to 1.0 M LiTFSI in DOL and
TEGDME traditional electrolytes. In addition, studying the
altered voltage profiles of the TFEE based electrolyte they
pointed out that the origin for the shifting of the curve is the
poor lithium-ion solvation ability of the fluorinated ethers.®

Azimi et al. performed X-ray photoelectron spectroscopy
(XPS) on lithium metal previously immersed in TTE solvent for
12 h, concluding that the protection on lithium is due the
formation of a LiF-rich composite layer on its surface given by
the reductive decomposition of fluoroether. This protective
layer could serve as a physical barrier to the reactions of the
LiPSs on the anode surface.®”

The restrained sulfur solubility and the high quality SEI
given by HFEs solvents were proven to positively affect not
only the shuttle and Li corrosion by LiPSs, but also the self-
discharge of LSBs.***” However a certain sulfur dissolution still
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electron microscopy (SEM) images of Li anode before (Li-fresh) and after 20 cycles. Reproduced with permission from Ref. [63]. Copyright (2016) The Royal

Society of Chemistry.

exists, using 1,1,2,2-Tetrafluoroethyl 2,2,2-Trifluoroethyl Ether
(TFTFE) as co-solvent in (1.0 M LiTFSI) DOL/DME electrolyte
demonstrated that a part of the active species loss in the
period of resting can be restored, showing better reversibility
than the electrolyte without this partially fluorinated ether.®”
Recently, Lu et al. proposed a balanced ternary electrolyte
of DEMETFSI IL/TTE/DOL and LiTFSI as salt, able to synergisti-
cally pair the lower viscosity, better SEl-construction and
weaker LIPSs dissolution of the IL/TTE binary mixture with the
higher utilization of active material of the IL/DOL mixture.*®
Highly concentrated electrolytes - For conventional non-
aqueous organic electrolytes, the salt concentration is usually
limited in a range of 1.0-2.0 M.*? At higher concentrations, the
higher viscosity and the reduced ionic conductivity of the
electrolyte increases polarization of the electrodes. In this range
of concentration only a small fraction of solvent is involved in
the solvation of Li*, while most of the solvent molecules are
free to further dissociate other lithium compounds (Figure 8a),

Batteries & Supercaps 2022, 5, 202200097 (9 of 24)

such as LiPSs. As the concentration of salt increases, the
interaction between cations and anions becomes stronger
forming anions coordinated to a single solvated Li* cation,
“contact ion pairs” (CIPs) and anions coordinated to two or
more Li* cations, “aggregates” (AGGs) (Figure 8b). This means a
lower number of free solvent molecules, and thus, a lower
solvating power available for LiPSs. In fact, the solubility of
lithium polysulfide (§) from the sulfur cathode will be
controlled by the concentration of lithium salt (C) present in
the electrolyte by the common ion effect according to the

following relation:"”

e )

where (&) is the LiPSs solubility when no lithium ion is present
in the electrolyte. In their work, Shein et al. reported that in
concentrated electrolytes the reduced solubility of lithium
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polysulfides and the decreased diffusion coefficient result in a
lower amount of overcharge and, thus, in better Coulombic
Efficiencies.”

In 2013 Suo et al. first introduced the concept of Solvent-in-
Salt (SIS), systems in which the amount of salt is above
3.5 molL™". Studying different concentration of LiTFSI in DOL/
DME (1:1 v/v) they pointed out that although the increasing of
salt concentration is reflected in higher viscosity and, thus, in
lower ionic conductivities, a Li* transference of 0.73 can be
reached in the 7 M electrolyte because of the strong solvent-
ion interactions (Figure 8d). Moreover, the inhibition of the
LiPSs solubility (Figure 8e) effectively protect the metallic
lithium anode providing a Coulombic Efficiency of nearly 100%
and 74% of Capacity Retention (0.2 C) after 100 cycles for the
most concentrated solution.’®”

However, the high viscosity and the poor wettability of the
electrodes with this type of electrolyte are not favorable for
practical application. To avoid the drawbacks, in the last years
the concept of localized high-concentration electrolyte (LHCE)
has emerged. Diluting HCE with cosolvent with non-solvating
power, such as HFEs, the overall salt concentration is reduced
but the highly concentrated salt-solvent clusters are preserved
(Figure 8¢).”"

Lastly, since the salt represents about 90% of the electro-
lyte, a five times increment of its amount would mean a 400 %
increase in cost, hindering an industrial scale up."”

Batteries & Supercaps 2022, 5, €202200097 (10 of 24)

2.2. Highly solvating electrolytes

As an alternative strategy towards practical LSBs, HSEs were
suggested to promote the polysulfides dissolution to minimize
the electrolyte amount and reach at least the target of
500 Whkg™' of energy. As pointed out by Gupta et al,, to reach
this target E/S ratio of 5puLmg™" (or lower) is theoretically
required but considering a more practical sulfur utilization this
amount would be reduced to at least 2 uLmg™". This E/S ratio
value corresponds to a 1.6 M Li,S¢ concentration in the electro-
lyte, amount that exceeds the maximum polysulfides solubility
in traditional DOL/DME system at room temperature.”” The
focus shifts to high-DN solvents owing to their strong Lewis
basicity that preferentially dissociate alkali metal salts solvating
their Lewis acidic cations and, thus, stabilizing polysulfides with
lower charge density like long-chain PS and the tri-sulfur
radical.

In 2019 Gupta etal. compared N,N-dimethylacetamide
(DMA), dimethyl sulfoxide (DMSO) and 1-methylimidazole
(Melm), with a DN of 28, 30 and 47, respectively. As shown in
Figure 9(a) these three solvents can effectively dissolve 1.5 M
concentration of Li,S¢ at room temperature, while in the DOL/
DME binary mixtures the presence of undissolved sulfur species
is evident. Furthermore, the resultant blue solutions in DMA
and DMSO suggest the presence of S3°” species. The latter is
present in larger amount in the DMA solvent, as shown by the

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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constant (€); b) UV-vis spectra for 0.25 M Li,S, in different solvents. Reproduced with permission from Ref. [73]. Copyright (2018) WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim.

UV-vis spectroscopy measurements (Figure 9b), and the differ-
ences in the intensity peaks of the various species confirms that
the reaction pathway for LSBs is solvent-dependent. Overall,
high DN solvents are able to activate a different reaction route
which engages the sulfur radical $3°~.737

The presence of S3°~ species acting like a redox mediator
can facilitate a full utilization of sulfur active material and
decrease the overpotential of Li,S oxidation, forming Li,S
deposits in the shape of large particles, instead of films. This
allows the electrode to circumvent passivation by insulating
Li,S and to retain its conductive surface to enable stable redox
reactions (Figure 10a)."”

This solution-mediated precipitation was also confirmed by
Baek et al., who proposed the 1,3-dimethyl-2-imidazolidinone
(DMI) as a new high DN solvent for LSBs (Figure 10b and 10c).
This is because stabilizing the carbonyl group of ethylene
carbonate (EC), through the replacement of the two oxygen
atoms with nitrogen, the typical nucleophilic attack of sulfide
anions versus the carbonyl group can be avoided. The impact
on the performance in lean-electrolyte conditions of the DMI is
reported in Figure 11(a and b). Using 5 plL of electrolyte per mg
of sulfur, although in the first 30 cycles the DOL/DME-LiNO,
0.2 M cell showed a good stability and higher capacities with
respect to the DMI-LINO; 0.5 M, during prolonged cycling a
rapid decay of the performance is shown caused by the
insufficient amount of the electrolyte. In contrast the DMI-
based cell retains 59.6% of its original capacity after 80 cycles
with high Coulombic Efficiencies.”

Despite these advantages, additional efforts must be under-
taken with respect to long-term stability performances. A
higher polysulfides solubility is linked to a more severe LiPSs
shuttle phenomenon. Furthermore, high-DN solvents are more
reactive to the lithium metal anode as shown in Figure 12,

Batteries & Supercaps 2022, 5, €202200097 (11 of 24)

where the lithium metal collected after 1 cycle worsens with
the increment of the donor number of the solvent.”

2.3. Lithium metal anode protection

Lithium metal is currently regarded as a preferred electrode
material for the anode of next generation high-performance
energy storage systems mainly due to its performances such as
low gravimetric density (0.59 gcm™), high theoretical specific
capacity (3,860 mAhg™") and good negative redox potential
(—3.040 V vs. SHE)."® Despite these properties, the utilization of
such a reactive metal in different electrochemical systems such
as batteries is limited by issues primarily related to the non-
uniform stripping/deposition of the lithium and the presence
of side reactions resulting in short lifespan of the cell. There-
fore, the enhancement of the interfacial stability with Li-metal
anode plays a key role to address the trade-off between the
energy density and long-term cyclability commercially needed
for LSBs. The use of reactive solvents coupled with mobile LiPSs
represents the greatest barrier to effectively protect the lithium
metal anode with stable passivating surface films. While most
of the attempts in the last years has focused on the improve-
ment of the sulfur cathode and on the optimization of the
electrolyte solution, recently it has become clear that the
bottleneck of further development of practical Li—S technology
is the rapid degradation of lithium metal anodes with cycling.
Different strategies for lithium metal protection have been
reported in the literature, such as electrolyte additives, artificial
SEl and solid-state electrolyte (discussed in the following
chapter) however, the presence of polysulfides in LSBs
chemistry makes this harder to regulate than in LIBs.

The low lithium reduction potential causes the irreversible
decomposition of the components of the electrolyte. As a
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result, formation of the SEI on the anode surface occurs in the
first cycles of the cell. Although its formation leads to sacrificing
a part of the capacity, it is now well-known that this passivation
layer is fundamental for the cycle-life of the system, limiting
further side-reactions between the anode and the electrolyte,
allowing ionic mobility through it as well as promoting uniform

Batteries & Supercaps 2022, 5, e202200097 (12 of 24)

metal deposition by regulating the solid-state ion flux."” The
uneven stripping of lithium ion from the anode surface, and its
subsequent uneven deposition result in dendrites growth of
the lithium. This phenomenon is one of the most challenging
for the wide scale commercialization of systems which use
lithium metal. As the dendrites grow, they can pierce the
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separator until they are physically in contact with the cathode.
The consequent short circuit can bring potential risks and
safety concerns for the utilization of the device by the user. For
these reasons, the chemical composition, the morphology as
well as the growth are all crucial parameters affecting the
stability of the SEl and, thus, the cyclability of the cell. In fact,
the eventual fracturing of the fragile passivation layer during
battery cycling exposes fresh lithium to continuously consume
electrolyte leading to an even thicker SEI hence increasing the
resistance of the cell as well as promoting the needle-like
dendrites growth. In LSBs the scenario is further complicated
by the presence (in the electrolyte solution) of polysulfides
which participate in the composition of the SEI through their
irreversible decomposition.

Although studies are limited, it is noteworthy to state that
the formation of a SEI on the cathode, (CEl, cathode electrode
interphase) that is able to prevent the direct contact of sulfur
with the electrolyte solution and to facilitate the de-solvation
of the Li ions before they react with sulfur can stabilize LSBs
cycling.”® The porosity of the sulfur host and the sulfur loading
appears to be the primary cause of variations in CEl formation
mechanisms and stability. In particular, when sulfur is confined
in microporous carbons a closed protective CEl layer can be
formed.” Chen et al. established that if the sulfur content is
too high, the CEl could not tolerate the stress caused by the
large volume variation of Sg-Li,S, concluding that the CEl
strategy is effective only when a proper sulfur loading is
used.® Moreover, Markevich etal. confirmed that also the
composition of the electrolyte solution is important for the
realization of “quasi-solid-state reactions” of sulfur with Li ions
in the pores of activated carbon matrices.®"

The strategies for the improvement of lithium metal anode
should consider both the regulation of the stripping-deposition
process and the prevention of lithium corrosion from side
reactions, but the SEI in LSBs is expected with an additional
function: to selectively block LiPSs from interacting with the
lithium metal anode.®”

Additives - Though the ether-based electrolyte can provide
high ionic conductivity and good interface contact with
electrodes, the issues originating from the dissolution of

Batteries & Supercaps 2022, 5, e202200097 (13 of 24)

intermediate polysulfides make it necessary to add suitable
additives to protect the lithium metal anode.®

The additives including an N—O bond in their structure, in
which the LiNO; salt is the most important, have represented a
real breakthrough in lithium metal protection for LSBs because
it enhances the LSBs cycling performance.®” Actually, several
investigations have clarified that the contribution of LiNO; and
polysulfides are equally important in the formation of a SEI
layer able to suppress the shuttle effect®® The synergetic
effect of the LiNO; and of polysulfides lead to the formation of
a robust SEI film composed of two sub layers (Figure 13a). The
bottom layer is formed by the co-precipitation of reduced
products from polysulfides and LiNO; (lithium sulfide and
LiN,O,) producing a smooth and compact layer. The top layer is
composed of stable oxidized products from polysulfides
(lithium sulfates) which can prevent the direct contact between
the polysulfides in organic electrolyte and reductive species on
Li electrode.®™ Studying the role of LiNO; in LSBs, Zhang
discovered a dual function on the electrodes. Stating the
above-mentioned positive effect on the lithium metal, it may
be irreversibly reduced on the surface of the sulfur cathode at
potentials lower than 1.6V, affecting the reversibility of the
cell®”#8 For this reason, deep discharge must be avoided for a
long cycle life in LSBs when LiNO; is used. Even though the CEl
is not widely investigated, if compared with SEI studies on the
anode side, recently Ye etal. argued that LINO; has two
competitive effects on cathode; helping to protect the carbon
matrix host but also increasing the consumption of the active
sulfur. These results suggest that optimized cell performance
requires an optimized amount of this additive salt.

Many researchers have been inspired to work on under-
standing the mechanisms of other nitrates e.g. La(NOs);,
KNO;,®@ CsNO3,°" and NH,NO,."? Interestingly, Jia etal.
obtained better performance with KNO; additive than with
LiNO; thanks to the additional benefit effect due to the
presence of an ion, like K™ that is able to “guide” the growing
lithium dendrites by electrostatic attraction and then delay
their further growth.”™ This effect is known as “self-healing
electrostatic shield” (SHES), and its related mechanism whereby
at low concentrations alkali cations exhibit a reduction
potential lower than that of standard reduction of lithium ions.
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Applying a potential between these two limits, the lithium ions
will start to electroplate on the anode surface, but the alkali
cations do not: they will accumulate on the lithium tips forming
an electrostatic shield which transform a chaotic/needle-like
dendrites growth to an ordered/spheroidal growth pattern
(Figure 13b).”¥

The formation of a LiF-rich SEI film on the anode surface is
beneficial to LSBs. As shown by Ni et al., the passivation layer
which forms is able to inhibit the shuttle of polysulfides,
avoiding the development of a Li,S,/Li,S insulating layer, and
stabilizing the lithium anode surface.” Wu et al. proved that
adding an appropriate amount of Lithium
difluoro(oxalato)borate (LIODFB) in the traditional 1.0 M LiTFSi
DOL/DME electrolyte, promotes the formation of a LiF-rich
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passivation layer on the lithium surface enabling extremely
high Coulombic Efficiency and better cycle performance.™

Inspired by the two previous mechanisms Li etal. at-
tempted to combine them adding a small amount (0.01 M) of
the KPF, additive in the 2.0 M LiTFSI, DOL/DME with 2 wt%
LiNO; electrolyte. This approach has been demonstrated to
effectively improve the stability of Li metal anode through the
two synergistic effects.” On one hand, electrostatic shielding
from K* also helps to regulate a more uniform distribution of Li
ions. On the other hand, the preferential decomposition of PF,~
anion with respect to the other components of the electrolyte
promotes the formation of a LiF-rich SEI.

Phosphorus pentasulfide (P,S;) was proposed in 2013 by
Lin and co-workers.”” They found that in the organic electro-
lyte solution this compound can form soluble and non-

© 2022 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

351017 SUOWILLIOD @A ER.D) 3|1 dde Uy Aq Peusenob a2 SO YO ‘2SN J0 S9N 10} A1 BUIIUO AB{IM UO (SUORIPUOD-PUE-SWLBILLIC" A8 M AZR.q1RUIIUO//SAIL) SUOIIPUOD PUB SULR L 8L 895 *[2Z02/0T/TZ] U0 AiqiT auliuo 21 ‘91Bojouos 1. *4 15U | Jeunisieet Aq 260002202 1ed/Z00T OT/10p/0d" &3] i ATeJqpuijuo'ado.ne-Ans weyo//:sdiy Wwoiy pepeojumod ‘2 ‘240z '£2299952



Chemistry
Europe

European Chemical
Societies Publishing

Review

Batteries & Supercaps doi.org/10.1002/batt.202200097

corrosive (versus the cell components) complexes with lithium
polysulfide and lithium sulfide. The addition of P,S; plays a dual
role: firstly, it prevents the precipitation of Li,S,/Li,S and
secondly, it passivates the lithium surface with a high
conductive Li;PS,-rich layer that, in addition, can suppress the
shuttle of polysulfides.

Another class widely studied as additives for LSBs are the
iodides compounds. From the comparison of different metal
iodides, Lil, Mgl,, All; and Snl,, Kim and co-workers showed that
electrolytes that included Lil or Mgl, formed a stable SEI layer
on the Li metal and suppressed the polysulfide shuttle reaction.
This is because the viscosity of the electrolyte is appropriately
increased by polymerization, and Mg ions along with Li ions
are deposited on the Li metal surface to form a stable SEI.”® As
evidenced by Wu et al. Lil undergoes oxidation at around 3V
vs. Li/Li* generating I° radicals.”® Such radicals react with DME
resulting in the formation of DME(-H) radicals which can
polymerize in solution forming comb-branched polyether
protective film on the cathode surface. SEM investigations
show that the addition of Lil produces a very smooth Li surface
(Figure 13d), while a rough surface covered with precipitates is
visible in the cell without the presence of the additive
(Figure 13c¢).

Recently indium iodide, Inl;, and hexadecyltrioctylammo-
nium iodide, HTOA-Il, was reported as functional electrolyte
additive for LSBs.'" The latter, in particular, serves multiple
functions. Firstly, it permits the formation of a protective layer
on the lithium anode which reduce the Li,S,/Li,S deposition.
Secondly, the HTOA™ cation, due to its strong combination
with polysulfide anions increases the difficulty of the migration
to the anode. Finally, its larger size (than Li™) is absorbed on
the surface of Li anode resulting in electrostatic shielding
effect, which results in a more homogeneous Li deposition.

An effective lithium protective layer was obtained using
SOCl, as additive.'® Furthermore, the decomposition of SOCI,
could produce active sulfur to offer extra capacity (Figure 13e)
for the cathode in a full battery through the following reaction:

8Li + 350Cl, — 6LICl + Li,SO; + 25

In 2017 Kim and co-workers proposed a hybrid layer formed
by co-deposition of organic compounds (organosulfide, orga-
nopolysulfide) and inorganic components (Li,S/Li,S,) using
poly(sulfur-random-triallylamine) (PST). The presence of the
organic components works like a “plasticizer” increasing its
viscoelasticity producing a more flexible and stable SEI, while
the inorganic components provide a Li conductive pathway
and necessary mechanical hardness in the SEI layer."®

Recently, 1,3,5-benzenetrithiol (BTT) additive in the electro-
lyte was reported to form a dual stable SEl, both on the
cathode and on the anode surfaces, generated by in situ
interfacial electrochemical/chemical reactions leading to high
cycling stability. The SEI formed on the anode enables
reversible lithium stripping/deposition. BTT also reacts with
sulfur on the cathode forming on its surface an oligomer/
polymer SEI which changes the redox path of sulfur and
prevents the sulfur shuttle effect (Figure 13f)."%
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Artificial SEI - Among the various strategies to enhance the
stability of the Li anode, the fabrication of a protective artificial
SEl on its surface is one of the most appealing for Li-metal
protection. The introduction of an artificial layer can reduce the
contact between the electrolyte and lithium metal, limiting
electrolyte decomposition and Li-metal consumption.”® The
protective layer should lead to a superior stability, smoothing
the Li depositing pattern but, at the same time, ensuring a
sufficient lithium ionic conductivity. Compared to the uncon-
trolled engineering of the SEI composition and morphology by
adjusting electrolyte composition, the introduction of an
artificial SEI a-priori has proven a practical method for Li anode
protection by directly designing and constructing the liquid-
solid interphase."®

A Li;N protection layer fabricated by an in-situ method
showed interesting features for the protection of lithium metal
such as a high Li* conductivity, a smooth and less resistive SEI.
The protected Li anode displayed a high stability in the
electrolyte compared to the bare lithium, retaining a discharge
capacity of 773 mAhg™" after 500 cycles with a CE above
92%.[17]

In 2018, Cha and co-workers, demonstrated that atomic 2D
layers of MoS, directly coated and lithiated onto the surface of
Li metal can exhibit a high-capacity retention of 84% after
1,200 cycles in LSBs; this is due to a stable Li electrodeposition
with dendrite formation effectively suppressed. Various phe-
nomena that enable the electrochemical stability of the anode,
such as atomically layered structure and phase-transformation
behavior of the MoS, layer, enhance the Li* transport and
conductivity between the electrolyte and Li metal.!'

Among the polymer artificial layers, the phosphorus oxy-
nitride (LiIPON) is one of the most promising due to its
favorable physical properties; it is mechanically robust enough
to suppress piercing from lithium dendrites. Furthermore, the
LiPON-coated Li anode offers excellent electrochemical per-
formance including a large capacity and a significantly
enhanced cycle performance, even in high energy-density
pouch cells.'%”

Recently, Akthar et al. proposed a new bifunctional inter-
layer of gelatin-based fibers. Its 3D structural network, with
functional polar moieties, helps to homogenize the deposition
of Li, as well as hamper the shuttling effect of polysulfide
during the discharge/charge processes protecting the Li anode
from insoluble Li,S,/Li,S deposition, which corresponds to
reduce the interface impedance during cycling."®

3. Solid Electrolytes

In conventional liquid electrolytes features such as diffusion,
migration, solubility, and precipitation lead to irreversible
capacity losses in LSBs. By transitioning from liquid electrolytes
to solid electrolytes (SEs), some of these issues can be resolved
to a certain extent®™ For instance, SEs may enable the
employment of a lithium metal anode, and consequently
enhance the volumetric energy density of the LSB."'® The main
advantage of SE is that they serve not only as the electrolyte to
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transfer Li ions, but they are also the separator preventing short
circuit of the battery. SEs can hinder the growth of dendritic Li,
and they are effective against the polysulfide shuttle as there is
no way for LiPSs to dissolve and diffuse in SEs (Figure 14). SEs
additionally enhance the safety aspect: no leakage and non-
flammable which is ideal for next generation batteries."* They
provide superior thermal, chemical, and electrochemical stabil-
ity, displaying good mechanical strengths with regards to
conventional liquid electrolytes.

For successful use in LSBs, SEs require the following
essential properties: (i) high ionic conductivity, (i) low
electronic conductivity, (iii) pre-eminent chemical stability
toward lithium metal anode and sulfur cathode and (iv) a wide
electrochemical stability window. Furthermore, low interfacial
resistance with lithium and sulfur cathode is a necessity. What's
more, non-toxic and environmentally friendly materials are also
targeted.'"?

In general, three types of SEs are utilized:

(i) Inorganic solid-state electrolytes.

(i) Organic polymer electrolytes.

(iii) Organic-inorganic hybrid electrolytes: composite polymer
electrolytes.

* High rate capability v
* Polysulfide shuttle x

As each of them has its specific advantages and disadvantages,
though there is no ideal SE yet. In Table 1 some characteristics
are summarized.

3.1. Solid polymer electrolytes

Solid polymer electrolytes (SPEs) are elastic and flexible which
is also a key advantage for contact with lithium metal. Besides
their superior mechanical stability, SPEs are known for their
high energy density, good chemical/electrochemical stability,
good thermal stability which offers improved safety, and easy
as well as low-cost preparation." SPEs are in general
composed of a polymer matrix with high dielectric constant
and a lithium salt with lower lattice energy. Many polymers
have been investigated so far, polyethylenoxide (PEO)
poly(methyl methacrylate) (PMMA),""*""  poly(vinylidene
fluoride) (PVDF)"'®"? and poly(acrylonitrile) (PAN).'2°-'22
Among them the PEO-based electrolytes are the most common
in LSBs. PEO has a good stability with electrode interfaces, an
excellent electrochemical stability and an acceptable Li*
migration number.” The oxyethylene (EO) group and polar
groups (hydrogen, oxygen) on the PEO polymer chain can

* No polysulfide shuttle v
* High resistance x
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Figure 14. Schematic illustration of the liquid based LSB (left) and solid-state LSB (right). Solid electrolyte inhibits polysulfide shuttle effect. Reproduced with
permission from Ref. [111]. Copyright (2020) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 1. Different types of solid electrolytes and their advantages and disadvantages.

Organic polymer electrolytes Solid polymer electrolytes

Organic-inorganic hybrid electrolytes Composite polymer electrolytes

Types of SEs Classes of SEs Advantages Disadvantages
Inorganic solid-state electrolytes Oxides High ionic conductivity High interfacial impedance
Good thermal and mechanical strength
Sulfides High ionic conductivity Sensitive towards moisture

Low grain boundary resistance
Low interfacial impedance
Stable with lithium metal
Good flexibility

High ionic conductivity

Low ionic conductivity
Poor thermal stability

Poor thermal stability

Low interfacial impedance Low mechanical strength
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dissolve different ionic salts, e.g., lithium salt LiX (whereas X=1,
Cl, Br, BF, etc). The ratio of salt/EO is important, as it
determines the ionic conductivity of the polymer-salt complex.
The transportation of Li ions in PEO occurs by interchain or
intrachain hopping, if the salt content is too high, the Li ion
motion is hindered. Furthermore, PEO suffers from poor ionic
conductivity at room temperature. The motion of Li ions is
quite slow at temperatures lower than the melting point of
PEO (~60°C), due to the high crystallinity of PEO at room
temperature."*'?¥ On the other hand, the molten PEO at high
temperatures behaves like a liquid and the shuttle effect of
polysulfides is similar with ether-type electrolyte solvents.'*'%
The cause of dissolution of polysulfides in PEO-based polymer
electrolytes is the strong PEO-Li,S, attraction.?” The relatively
high DN of the ethylene (EO) unit, enables the formation of
long-chain polysulfides during the battery cycling causing
shuttle effect in PEO electrolytes. This has been experimentally
investigated by different groups. Song et al."*! explored the
structural evolution of the polymer electrolyte via an in-situ
optical microscope. During the discharge process, the color of
PEO-based electrolytes changed from white into light brown
because of the polysulfides dissolution into the SPE. Zaghib’s
group”® analyzed the charge-discharge behavior of LSBs with
PEO-based electrolytes via in-situ SEM imaging and UV-Vis
analyses. They discovered that in the discharge process mainly
S,>~ polysulfides species are formed and, in the charging
process Sio~ is produced. The shuttle effect generates an

Current

insulating S-rich layer on the Li metal anode, leading to
increased interfacial resistance.

Although, in the past few years, researchers have focused
on suppressing the shuttle effects of polysulfides and stabiliz-
ing SEl layers toward Li anodes; the focus has been on reducing
the glass transition temperature and increasing the ionic
conductivity of PEO at room temperature to achieve high cycle
performance of Li/S cells around room temperature.''””

The most known SPE, PEO/LITFSI (Lithium
bis(trifluoromethanesulfonyl)imide) implemented in LSBs could
barely achieve the theoretical specific capacity of sulfur at the
initial cycle and underwent a fast capacity fading. PEO/LITFSI
cannot prevent the shuttle effect of LiPSs, as the SEI formed on
the anode is not robust enough to retard the reaction between
LiPSs and Li. However, changing the salt might help. PEO/LIFSI
(Lithium bis(fluorosulfonyl)imide) for instance provides better
cyclability compared to LiTFSI, as the SEI formed here is more
stable on the Li anode and hinders the reaction of LiPSs and Li
(Figure 15a).%%"3" A series of lithium salts applicable to LSBs
have been investigated in detail by Michele Armand’s group.
Besides LiTFSI and LiFs,[32 LiFTFSI (lithium
(fluorosulfonyl)(trifluoromethanesulfonyl)imide),"*  LiDFTFSI
(lithium (difluoromethanesulfonyl)
(trifluoromethanesulfonyl)imide)" and LITCM  (lithium
trycianomethanide)"** were the salts of interest in their studies.
LiFTFSI combines the advantages of LiTFSI and LiFSI with both
—S0,CF; and —SO,F functional groups. The SEI formed at the Li
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Figure 15. a) Schematic of the mechanism for Li anode protection via substitution of LiFTFSI with LiFSI in PEO-based electrolyte. Reproduced with permission
from Ref. [132]. Copyright (2017) American Chemical Society. b) Schematic of the SEI layer formed on a lithium electrode in LiFTFSI, LiFSI and LiTFSI; (c—e)
Discharge/charge profiles of the Li—S cells using LiX/PEO (X=FTFSI, FSI, and (FSI)0.5(TFSI)0.5) electrolytes at 70 °C. Reproduced with permission from Ref. [132].

Copyright (2018) American Chemical Society.
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and PEO/LIFTFSI interface possessed an optimized organic -
inorganic balance which enables a stable SEI layer with high
ionic conductivity (Figure 15b). The reported LSB with PEO/
LiFTFSI delivered after 60 cycles is still 800 mAhg," at 0.1 C.
The combination of PEO/LiDFTFSI showed that the —CF,H units
of LiDFTFSI do react with PEO, thus, reducing the mobility of
anion and improving the Li-ion conductivity. Moreover, the
—CF,H units form a robust SEl on the Li surface and reduces the
side reactions of the shuttle effect. Compared to the previous
salts, LITCM is a fluorine free salt. However, it reacts with
lithium and forms a C=N network and Li;N on the Li anode
surface. Implementing PEO/LITCM in the LSB, an initial
discharge capacity of 800 mAhg,”' was obtained. These
findings show that the lithium salts in SPEs are crucial, yet they
must satisfy key requirements including high solubility and
high degree of ionization in polymer hosts to achieve favorable
ionic conductivities. Moreover, SEl formation with good stability
and high Li conductivity is essential to enable good cyclability
in LSBs.

Besides the influence of the salt, another effective strategy
is to add inorganic fillers, such as oxides, sulfides and silicates
to decrease the crystallinity of the PEO and increase the ionic
conductivity of the polymer electrolyte. The addition of
inorganic filler (such as SiO,, TiO,, AlO,, and ZrO,) can adsorb
polysulfides to some extent and hinder the reorganization of
the chains, increasing the amorphous areas in the PEO-based
SPEs, facilitating the ion transport. Additionally, the inorganic
fillers can provide additional ion-conducting pathways on the
fillers surface contributing to the improvement of Li-ion
conductivities."®? For more detailed information see Sec-
tion 3.3.

Another approach is to introduce a low-DN polymer, which
would solve the shuttle effect by changing the reaction
pathway. One interesting approach is the polysiloxilane-based
SPEs, showing a conductivity of ~107*Scm™, however, the
mechanical strength of the polymers are not sufficient enough
at RT."¥38 Also a mixed SPE consisting of a combination of
several polymers as polysiloxilane, PVDF, LiTFSI in cellulose
acetate was investigated, showing a relatively high ionic
conductivity of 40x107*Scm~'."*

3.2. Inorganic solid electrolytes

Inorganic solid electrolytes (ISEs) are an alternative solution to
SPEs, which can effectively block the shuttle effect of poly-
sulfides and inhibit the growth of lithium dendrites physically,
due to their compact structure and exceptional mechanical
properties."*™ Two classes are intensively investigated,
oxides and sulfides. Whereas oxides have mechanically high
strengths, good thermal stability and a wide electrochemical
window, some sulfides possess superior ionic conductivities
higher than liquid electrolytes.

Sulfides with a high ionic conductivity up to 1072 Scm”~
have gained increasing attention.* Especially, the discovery of
Li,;(GeP,S;, (LGPS) in 2011 has led to the development of next-
generation batteries such as LSBs. The high ionic conductivity

1
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is attributed to the fast diffusion Li ion in its crystal structure
framework. However, it is unstable with lithium metal due to
the reactivity of the Ge centers."'*¥ In general, crystalline
electrolytes, such as LGPS, are considered to possess higher
ionic conductivities and better stability compared to their
corresponding glassy systems. Typical glass-ceramic sulfides
originate from the thiophosphate family Li,S—P,Ss and Li,S—SiS,
and obtain moderate ionic conductivities in the range of 107*-
102 Scm™' at room temperature."*'” Even though sulfides
have relatively high ionic conductivities and can eliminate the
polysulfide issue, they suffer from other limitations. They are
not stable in ambient air, forming toxic H,S gas."*® They are
not chemically stable with lithium, which is why Li—In and Li—Al
alloys are usually employed. Also, electrochemical decomposi-
tion of SE is observed, which tends to occur due to the
unsatisfactory electrochemical stability of these materials."*>'%

Oxides possess a superior chemical and electrochemical
stability towards lithium metal compared to their sulfidic
counterparts. Garnet-type electrolytes, Li;La;Zr,0,, (LLZO) and
Lig4LasZr, 4Tags0;, (LLZTO), and NASICON-type electrolyte, Li;
«AlGe, (PO,); (LAGP), are often used in SSBs. However, oxides
suffer from poor contact with electrodes causing large
interfacial resistance. Even though solid-state Li/S cells are free
from shuttling of LiPSs, they suffer from (i) high electrolyte/
electrode interfacial impedance developed by poor interfacial
contact, (ii) significant microstructural instability, (iii) dendrite
formation during Li stripping/plating, and (iv) poor chemical
stability.

The lithium metal/SE interface microstructure is of immense
importance. The lithium dendrite growth issue at the negative
electrode still persists within inorganic SEs.™" Tu et al.™?
reported that the initial surface irregularities such as cracks and
voids promote dendrite formation of Li metal, as the current is
concentrated near the defect at the interface and causes
uneven current density flow.

To inhibit these issues surface engineering is necessary. By
mechanical™*"*? and electrochemical polishing methods,"®'¢"
the Li/SE interface can be smoothened, and undesired surface
residues can be removed. In SSBs for instance, the surface
polishing is generally performed at the SE surface facing the Li
metal anode, because the surface of the pelletized SE tends to
be very rough. LLZO/Li interface is significantly improved when
the surface of the garnet SE is polished before. When LLZO is
exposed to humid air Li,CO; occurs on the surface, increasing
the interfacial resistance, which can be removed by mechanical
polishing. Besides mechanical surface modifications, chemical
interfacial design changes are also desired to improve the Li/SE
interface.**'%?

The Li/SE interface issues can also be addressed by
chemical modification or coating of a buffer layer on the
electrode or electrode/electrolyte interface (see Figure 16). The
Li metal anode interface can be stabilized by forming an
artificial SEI layer or a surface buffer layer, to reduce the
interfacial impedance and mitigate the unnecessary side
reactions to enhance the cycling efficiency of the cell. Many
groups have investigated solving this issue by different
approaches, such as implementing buffer layers like Au,"®
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Figure 16. Schematic illustration of the solid-state LSB. Mechanical polishing and electrochemical modification can overcome Li/SE interface issues.
Reproduced (adapted) with permission from Ref. [163]. Copyright (2021) The Authors. Electrochemical Science Advances published by Wiley-VCH GmbH.

AlLO, coating by atomic layer deposition (ALD),"* and sputter-
coated Au layer films'” in order to relieve the contact
problem between the SE and the electrodes. This kind of
surface coating materials are highly conductive for lithium ions,
and chemically/electrochemically stable with electrode materi-
als such as lithium and sulfur. Another method to optimize the
Li/SE interface is to apply lithium-rich compounds e.g., lithium
salts, LiF or Li;PO,. They serve as an ideal surface coating layer
because of their good chemical stability. Fan et al. coated the
lithium metal anode with LiF-rich SEI layer, which successfully
suppressed Li-dendrite growth, while the low electronic
conductivity of the LiF blocked side reactions between SE and
Li metal. Therefore, an increase of current density was
possible.l"®®

To stabilize the interface between lithium anode and SEs in
LSBs, several approaches were reported. The use of lithium
alloy can reduce the reducibility and activity of metallic lithium.
A strategy to enhance the surface wettability for the SE toward
Li metal could be to deposit an ultrathin intermediate such as:
AlLO;, ZnO, Ge, Si or Al on garnets. These intermediates will
form continuous and conformal interfaces: LiAl, LiZn, LiGe and
LiSi alloys. Among them, Li—In alloy is the most widely used."*”

Another beneficial approach is to introduce some drops of
an IL or liquid electrolytes to the Li/SE interface, reducing the
interfacial resistance, by increasing the wettability between the
Li metal and the SE. For LGPS a 1.0 M LiTFSI-Pyr,sTFSI was
employed as an interface modifier. The overall interface
stability was improved by forming an in-situ SEI layer and the
interfacial resistance could be reduced by a factor of 20.
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Additionally, the cyclability in symmetrical Li metal cells was
enhanced.!"”

3.3. Composite solid-state electrolytes

Organic polymer and ISEs are not ideal candidates for LSBs. ISEs
possess relatively high ionic conductivity but suffer from
instability with lithium and high interfacial resistance. Polymer
electrolytes obtain a high flexibility and provide good contact
with electrodes, but they do suffer from low ionic
conductivity.® A combination of both materials is one
solution to mitigate these issues. The addition of plasticizers
can enhance the ionic conductivity of SPEs, although by
sacrificing mechanical strength. However, composite polymer
electrolytes (CSEs) with solid state fillers have been extensively
studied."”"""¥ There are basically two broad categories of fillers,

the (i) inert (non-ionically conductive) fillers and the (ii) Li-

ionically conductive fillers:

(i) Various inorganic oxides have been applied as inert fillers
for PEO-based electrolytes, such as Al,0,"”" SiO,l'”? and
Ti0,."”® The oxide nanoparticles act like a Lewis acid and
can associate with the oxygen atoms in PEO chains,
reducing the crystallization of the PEO and weakening the
interaction between polymer and Li-ions, which leads to an
improved ion conduction. Liang et al."”® employed SiO, as
filler. The LSB showed reversible discharge capacity of
approximately 800 mAhg™' after 25 cycles. Judez
et al.""*"”® employed Al,O,. However, the cell showed low
discharge capacity of only 300 mAhg™', even though Al,O,
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has outstanding interfacial property towards Li anode. In
this case, they assume that LiPSs generated during the
discharge process could diffuse away from the cathode and
anchor on the ALO; surface. These LiPSs could not be
further reduced to the final discharge product Li,S because
of loss of electrical contact, resulting in a large capacity
loss. To solve this issue Li-ion conducting glass-ceramic was
adopted.!”"

(i) Li-ionically conductive fillers can additionally offer extra Li-
ion diffusion routes by lowering the crystallinity of the
polymer matrix. Li ion can be transported not only along
polymer chains but also through conductive fillers in CPEs.
There are three different transport pathways of Li in
CPEs:""” (a) Li ion migration along polymer chains, (b) Li
ion transport between interfacial regions of fillers and
polymers, (c) Li ion migration across Li-ion conductive filler,
as visualized in Figure 17.

An example for composite electrolyte applied in LSB is
displayed in Figure 18. The CSE consists of AI**/Nb°* co-doped
cubic LLZO and P(EO),/LiCIO, polymer and was investigated by
Tao et al.'”¥ The active S materials were embedded into porous
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carbon foam decorated by LLZO nanoparticles (S@LLZO@C), in
order to increase the ion/electron conductivity of sulfur
cathode. As-prepared all-solid-state LSB shows acceptable
specific capacity (>900 mAhg™' at 37°C) and high Coulombic
Efficiency (close to 100%). The LLZO nanoparticles not only act
as ion-conductive fillers but also as interfacial stabilizer to
reduce the interfacial resistance."’”

The ionic conductivity of CPEs can be influenced by many
factors: (i) the amount of Li-ion conductive fillers. Li etal.
investigated PEO/LiCIO* based CPE with each 15wt% and
30 wt% APT and Nb®* co-doped LLZO. They deduced that by
increasing the weight ratio of LLZO in CPE, the ionic
conductivity decreased. From this research we can conclude
that the addition of solid-state fillers can promote the ionic
conductivity of polymer electrolytes to some extent. However,
it is important to carefully regulate the quantity in the polymer.
Too many fillers may lead to aggregation, phase separation and
will finally deteriorate the performances of CPEs."”® (ii) The
structure design of fillers can relieve the aggregation of
particles allowing a high weight ratio of filler in a polymer
matrix. This would lead to a better mechanical property and
preferable thermal stability of CPE, as shown in the example of

Polymer substrate
Filler
----- (a) Along polymer chains

~ - = - (b) Between interfacial region

(c) Across the Li-ion conductive filler

Figure 17. Schematic of Li-ion transport in CPEs. The transporting pathways are a) along polymer chains, b) between interfacial regions of fillers and polymers,
and c) across the Li-ion conductive fillers. Reproduced with permission from Ref. [177]. Copyright (2020) American Chemical Society.
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Figure 18. Schematic illustration of an all-solid-state LSB based on LLZO nanostructures. The cycling performance and Coulombic Efficiency of the S-LLZO-C
cathode with a current density of 0.05 mAcm 2 at 37°C. Reproduced with permission from Ref. [174]. Copyright (2017) American Chemical Society.
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an 3D nanostructured LLZO framework in PEO polymer."” (iii)
Other characteristics pertaining to fillers such as particle size,
chemical composition impact the conductivity of CPE.'®”

However, it should be noted that the specific capacity of S
cathode in all-solid-state battery using CSEs is still lower and its
rate and cycling performance are poor due to the larger
interfacial resistance between S cathode and SCEs as well as
severe volume expansion. Therefore, integrated S cathode/CSEs
architectures with lower interfacial resistance and highly stable
structure should be studied in future research."®" Recently
Zhong et al. reported a fully integrated LSB. The battery has no
distinct interfaces between SPE and anode/cathode. The
mobility of EO segments is controlled by cross-linking degree
of the polymer electrolyte framework. As the LiPS dissolves in
the membrane there is no shuttling, resulting in batteries with
high capacity (1,428 mAhg™') and high retention."®?

4. Conclusion and Perspectives

Continual technological advancements have increased the
worldwide reliance on energy sources elevating the demand
for the next step in the development of sustainable energy
storage systems. The electrochemical and non-electrochemical
features of sulfur make it a very promising cathode material for
the next-generation batteries which go beyond the intercala-
tion mechanism. However, the complex chemistry controlling
the function of LSBs necessitates a holistic approach encom-
passing all the cell components. The results obtained through
the past years indicate that the challenges encountered in the
development of LSBs can be effectively resolved yet there is a
noticeable difference between results obtained in coin cells
and the performances in pouch cells.

The commercialization of lithium sulfur technology de-
pends on its capability to outperform the traditional lithium-ion
intercalation systems. In the conversion chemistry of LSBs, the
electrolyte plays an arguably more important role in the
achievement of superior specific energies with respect to LIBs.
Type of electrolyte, composition, amount, and interactions with
lithium metal are all factors that must be considered in the
development of viable electrolytes for LSBs.

The management of the polysulfides shuttle is currently the
most challenging obstacle. Currently, two different approaches
are utilized: (i) restrain the LiPSs solubility limiting the solvating
power of the electrolyte solution or, in contrast, (ii) boost the
solubility of LiPSs to minimize the E/S ratio. Although
remarkable achievements are already reported in the scientific
literature, unfortunately, most of the approaches regarding
liquid electrolytes, ignore the use of realistic parameters.
Volumes of electrolyte in the order of 5 uL, or lower, per mg of
sulfur in the cathode are essential for practical LSBs but E/S
ratio > 15 uLmg™" are widely reported in many publications."®

In the case of SPEs, the optimization of PEO-based electro-
lyte is still ongoing with challenges, such as the inferior thermal
stability of PEO-based SPEs needs to be addressed. Thus, the
structure optimization of PEO-based matrixes should be the
focus of future research. For instance, cross-linked network

Batteries & Supercaps 2022, 5, €202200097 (21 of 24)

polymer matrixes with abundant EO units enable superior
mechanical strengths. The development of hyperbranched or
block PEO-based polymer matrixes with the low crystallinity or
amorphous property that can render enhanced ion-conducting
abilities should also be considered.

The shuttle effect of LiPSs can be effectively restricted in
inorganic electrolyte based LSBs. However, the large ceramic
electrolyte/electrode interfacial resistance appears to be the
main disadvantage leading to the large polarization. Utilization
of composite electrolytes with special structures containing
inorganic electrolyte and SPEs (LLZO nanoparticle was filled in
PEO) in LSBs can effectively suppress the shuttle effect of sulfur
and improve interfacial contact simultaneously. However, it is
significant to develop high-voltage-resistant polymer matrix or
improve the electrochemical window of polymer electrolyte
using ISEs to broaden the CSE application in LSBs. Furthermore,
integrated S cathode/SCEs architectures with lower interfacial
resistance and highly stable structure should be examined.

These aspects currently hinder an effective scale-up, and
thus the commercial viability of LSBs technology. The complex-
ity of the Li—S chemistry still requires an understanding of the
underlying mechanisms of the system, providing a foundation
for rational design.

Finally, to bridge the gap, approaches which combine
scientific research and industry are required to fulfil the
potential of LSB technology.
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