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Abstract—Recently; interest in batteries with high energy density has greatly increased as a result of the sharp rise in
demand for electric vehicles, which are needed to achieve carbon neutrality by the year 2050. Lithium-sulfur (Li-S) bat-
teries are emerging as the next-generation batteries owing to their high theoretical energy density of 2,600 W h kg ™.
However, they are difficult to commercialize because of various hurdles, including the high reactivity of Li metal anode,
shuttle phenomenon, and slow sulfur conversion reactions at the cathode. The development of advanced functional sep-
arators fabricated by coating functional materials on the surface of separators is one of the most promising strategies to
tackle these issues and push Li-S battery performance to higher levels. The control of the physical and chemical proper-
ties of coating materials allows functional separators to exhibit multiple effects favorable for addressing the intrinsic issues
of Li-S batteries, which is beyond the conventional role of general separators. Therefore, this review provides a compre-
hensive overview of the recent developments in functional separators for high-performance Li-S batteries.
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INTRODUCTION

Owing to the rising demand for portable electronics and elec-
tric vehicles, interest in energy storage devices has increased [1-4].
Recently, a number of intrinsic limitations of conventional lithium-
ion batteries (LIBs) have been revealed, including low theoretical
energy density, high cost of cathode materials, and lack of environ-
mental friendliness [5-9]. Therefore, developing next-generation bat-
teries that outperform LIBs is essential. In this regard, Li-S batteries
comprising Li metal anode and sulfur cathode have attracted con-
siderable attention owing to their promising advantages. First, the
high gravimetric capacity of the electrode materials enables the
achievement of a high theoretical gravimetric energy density of
2,600 W h kg™ Second, sulfur (cathode material) is a naturally abun-
dant material. Thus, the cost of sulfur (~$150 per ton) is much lower
than that of cobalt (~$3,300 per ton), making it suitable as core mate-
rial for the cathode of LIBs [10-12].

However, despite these advantages, Li-S batteries have a num-
ber of issues in the cathode to be commercialized: For the last 10
years, i) the low electrical conductivity of sulfur (5x10°S cm™") and
Li,S (10 S cm™) at room temperature [13,14]; ii) large volume
change (180%) between sulfur and Li,S during the discharge and
charge process [15]; iii) shuttle phenomenon caused by electrolyte-
soluble lithium polysulfides (i.e., Li,S,, 4<x<8), which diffuse from
the cathode to the anode due to the concentration gradient [16-
18]; and iv) sluggish reaction kinetics for the nucleation and disso-
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ciation of Li,S [19,20]. Various approaches to address these issues
have been reported for realizing advanced Li-S batteries with high
reversible capacity, Coulombic efficiency, and cycling stability. For
example, the development of conductive host materials [21-23],
adsorption materials [24,25], and electrocatalysts [26,27] has been
intensively studied for cathodes. Consequently, the performance of
Li-S batteries has been efficiently improved over the past decade.
However, the shuttle phenomenon caused by the crossover of lith-
ium polysulfides (LiPSs) within the electrolyte has not been com-
pletely addressed by the development of these advanced electrode
materials for both the cathode and anode.

Recently; extensive research has been conducted on the design
of functional separators to overcome the limitations of electrode
material design strategies and boost the Li-S battery performance
to the highest level. A separator is an electrochemically inactive but
essential component of rechargeable batteries. The conventional
role of the separator is to prevent direct electron transfer between
the cathode and anode but allow cations to pass through the bat-
tery system selectively. Functional separators fabricated by coating
functional materials on the surface of conventional separators enable
the control of the physical and chemical properties of separators,
leading to a variety of multi-effects desirable for high-performance
Li-S batteries.

In this regard, the design of advanced functional separators be-
yond the conventional role of separators is one of the most prom-
ising strategies to achieve the research goal of Li-S batteries, in-
cluding high gravimetric energy density and cycling stability com-
parable to LIBs. Therefore, a comprehensive understanding of the
relationship between the physical and chemical properties of func-
tional separators and the Li-S cell performance is required. This
review presents an insightful overview of state-of-the-art advances
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Fig. 1. Schematic diagram of suppressing shuttle phenomenon
through functional separator in Li-S batteries.

in the development of functional separators in the research field of
Li-S batteries, including the additional role and mechanical details
of functional separators for the redox reaction of LiPSs, and our
perspectives on future research directions to fabricate functional
separators for Li-S batteries (Fig. 1).
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WORKING PRINCIPLE AND ISSUES OF Li-S
BATTERIES

During the operation of Li-S batteries, two phases are involved
in the electrochemical reactions of sulfur and Li" jons: liquid and
solid (Fig. 2(a)). In particular, a sulfur atom from elemental sulfur
(Sg) can electrochemically react with two Li" ions in the reduction
reaction, producing lithium sulfide (Li,S) during the discharge pro-
cess, as follows:

Cathode: Sg+16Li" +16e —> 8Li,S
Anode: 16Li"— 16Li*+16e

For this reduction reaction, two separate plateaus are discern-
ible at approximately 2.3 V and 2.1 V (vs. Li/Li"). At the upper pla-
teau at 2.3V, the reduction of S, to electrolyte-soluble LiPSs (i.e.,
Li,Ss and Li,Ss) occurs stepwise via a solid-liquid reaction (Fig.
2(b)). In the subsequent slope region, a further reduction from Li,S,
to Li,S, occurs via a liquid-liquid reaction. The theoretical capac-
ity for reducing S to Li,S, (Qy) is 418 mA h g ', which is 25% of
the total theoretical discharge capacity of Li-S electrochemistry
[3,28]. In the lower plateau region (2.1 V), Li,S, is further reduced
to Li,S, and Li,S, the electrolyte-insoluble discharge products, via a
liquid-solid reaction. The theoretical capacity for the conversion of
Li,S, to Li,S (Qy) is 1,254 mA h g, which is 75% of the total dis-
charge capacity [29,30].

For the charging process, the final discharge product Li,S is elec-
trochemically oxidized to LiPSs, followed by the formation of the
final charge product S, as follows:

~u
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Fig. 2. (a) Typical discharge/charge voltage profile of Li-S batteries (reproduced with permission from Ref. [3]). (b) Subsequent reduction
reaction of S, to insoluble Li,S,/Li,S. (c) Graphical depiction of shuttle phenomenon by diffusion of soluble intermediate polysulfides
between cathode and anode during charge/discharge operation (reproduced with permission from Ref. [32]).
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Cathode: 8Li,S—> Sg+16Li"+16¢
Anode: 16Li*+16¢” — 16L1°

During the first sharp increase in potential at the beginning of the
charging process, solid Li,S is decomposed to form liquid LiPSs
(eg, Li,S,). In the potential range of 2.4-2.5'V, a reversible conver-
sion reaction from LiPSs (e.g, Li,S¢ and Li,Ss) to Sy occurs [31].
During the discharge/charge process, the complete conversion reac-
tion between S; and Li,S is generally restricted because LiPSs, the
electrolyte-soluble polysulfide intermediates, diffuse from the cath-
ode to the anode. This active loss in the cathode results in a dras-
tic decrease in the reversible capacity. Moreover, LiPSs diffused to
the anode react with the highly reactive Li metal, leading to the
formation of Li,S, and Li,S solid products on the surface of the Li
metal anode (Fig. 2(c)) [32]. Owing to the insulating properties of
these lithium sulfides, their accumulation on the Li metal surface
hampers the transport of Li* ions. The continuous dissolution of
LiPSs into the electrolyte also increases the concentration and vis-
cosity of the electrolyte, thereby increasing the mass transfer over-
potential. It should be noted that these issues in Li-S batteries derived
from the crossover of soluble LiPSs are exacerbated in practical cell
operating conditions and are essential for realizing practical Li-S
batteries, including high areal sulfur loading (>5 mg cm™), low elec-
trolyte-to-sulfur (E/S) ratio (<2 pL mg‘l), and low negative-to-pos-
itive (N/P) ratio (<2) [33].

As a result, despite numerous studies, the cycling stability and
gravimetric energy density of Li-S batteries remain insufficiently
competitive for commercialization. Thus, it is of great significance
to comprehensively understand the multi-effects of functional sep-
arators on Li-S electrochemistry and to develop effective functional
separators that can mitigate LiPS crossover issues for the realiza-
tion of advanced Li-S batteries.

MULTI-EFFECTS OF THE FUNCTIONAL SEPARATORS

The introduction of functional separators into Li-S batteries has
shown a variety of desirable effects on enhancing cell performance.
In particular, the functional coating layers between the separator
and cathode affect the LiPS dissolution behavior and the sulfur con-
version reaction at the cathode. Thus, precise control of the physi-
cal and chemical properties of functional materials coated on the
separator surface enables the multi-effects of high-performance Li-
S batteries to be demonstrated. In this section, the effects of the
functional separators are categorized into three parts: adsorption,
segregation, and electrocatalysis.

1. Adsorption Effect

The physical and chemical adsorption of electrolyte-soluble LiPSs
on functional separators can enhance the Li-S cell performance.
This is because the capture of LiPSs within the coating layers of
functional separators inhibits the LiPS crossover from the cathode
to the anode, leading to a decrease in the formation of insulating
Li,S, and Li,S products on the surface of the Li metal anode. In
general, there are two different adsorption mechanisms: i) physi-
cal adsorption, usually derived from van der Waals interactions;
and ii) chemical adsorption induced by the formation of covalent
and ionic bonds with LiPSs [34,35]. The different adsorption behav-

iors of LiPSs are highly dependent on the properties of functional
materials. Therefore, carefully considering the functional materials
is required to fabricate optimized functional separators.
1-1. Physical Adsorption

The van der Waals interaction is the most representative physi-
cal adsorption mechanism in Li-S batteries. In particular, the phys-
ical adsorption behavior of LiPSs is commonly observed in carbon-
based materials, because the chemical interaction of polar LiPSs with
carbon materials, whose surface properties are nonpolar, is limited.

For example, Manthiram et al. reported the fabrication of func-
tional separators by coating conventional separators with carbon
nanoparticles on conventional separators [36]. The electrolyte-sol-
uble LiPSs was physically adsorbed on the surface of the carbon
nanoparticles, suppressing the diffusion of LiPSs from the cathode
to the anode (Fig. 3(a)). Moreover, the high electrical conductivity
of carbon nanoparticles can act as an upper current collector of
the cathode, implying that LiPSs adsorbed on the carbon nanopar-
ticles further participate in the redox reaction to reversibly exhibit
capacity (i.e., reactivation reaction). As a result, a high initial dis-
charge capacity of 1,389 mA h g ' was achieved at 0.2 C rate with
a carbon-nanoparticle-coated functional separator, showing out-
standing cycling stability (i.e., a discharge capacity of 828 mA h g™*
after 200 cycles).

However, despite the advantages of using carbon materials to
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Fig. 3. (a) Graphical depiction of configuration of Li-S battery with
C-coated separator (reproduced with permission from Ref.
[36]). (b) Schematic illustration of beneficial effect of TiO,@
SCNT functional separator compared with PP separator
(reproduced with permission from Ref. [42]).
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fabricate functional separators, the physical adsorption strength
between carbon and LiPSs is too weak to effectively capture large
amounts of LiPSs. Considering high sulfur areal loading and long-
term cycling is essential for the realization of practical Li-S batter-
ies; the adsorption of large amounts of LiPSs by functional separa-
tors is required. In this regard, porous carbon with a high surface
area is considered a promising functional material for maximiz-
ing physical adsorption.

For example, Balach et al. coated mesoporous carbon with a high
surface area (843 m’ g ') on the surface of a separator [37]. The num-
ber of LiPS adsorption sites significantly increased owing to the
porous structures of the carbon coating materials, allowing a large
amount of LiPSs to be physically captured. Moreover, it is notewor-
thy that porous architectures of carbon materials on separators can
mitigate the volume expansion problems during the reactivation
reaction of LiPSs. Consequently, mesoporous carbon-coated func-
tional separators exhibited a high initial discharge capacity of 1,378
mA h g at 02 C rate and an extremely low capacity decay per
cycle of only 0.081% over 500 cycles at 0.5 C rate. Various porous
carbon materials with different porous structures (e.g, micropo-
rous carbon [38], hierarchically porous carbon [39], and hollow car-
bon [40]) have been extensively studied to fabricate functional
separators for high-performance Li-S batteries. Meanwhile, the trade-
off between the surface area of the separator coating layer and the
E/S ratio should be carefully considered. In general, carbon mate-
rials with nonpolar surface properties are unfavorable for com-
plete electrolyte wetting. The increase in the surface area of carbon
materials deteriorates the electrolyte wetting properties of func-
tional separators, requiring a large amount of electrolyte within the
cell (i.e., a high E/S ratio). Thus, the porous architecture of carbon
materials and the total porosity of carbon coating layers should be
precisely optimized to efficiently develop porous carbon-coated
functional separators for high-performance Li-S batteries.

1-2. Chemical Adsorption

Chemical adsorption has recently been regarded as a more effec-
tive mechanism than physical adsorption to suppress the LiPS cross-
over through separators. This is because it exhibits a much stronger
binding strength of LiPSs than physical adsorption. To build chem-
ical bonding with LiPSs, a variety of transition metal compound
materials (M,X;, M: metal, and X: anion), including metal oxides
and sulfides, have been investigated as coating materials for sepa-
rators owing to their polar surface properties which are desirable
for strong chemical interactions with polar LiPSs and facile wet-
ting of the electrolyte.

For instance, Shi et al. developed functional separators by intro-
ducing a zinc oxide (ZnO) coating layer on the surface of separa-
tors [41]. The abundant unsaturated oxygen anions (O*) and
partially electron-deficient Zn metal sites in ZnO particles lead to
a surface property of high polarity. Hence, the S anions and Li cat-
ions of LiPSs chemically interact with the Zn metal and O anions
of ZnO, respectively. This chemical adsorption effect of the ZnO
coating layer effectively suppresses the diffusion of LiPSs from the
cathode to the anode during cell operation, improving the cycling
stability of Li-S batteries. Furthermore, this study revealed the im-
portance of controlling the particle dimensions of the coating materi-
als. Among the various dimensions (from 0 to 3D) of the ZnO
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particles, the 1D ZnO nanotubes exhibited the most outstanding
cell performance. This is attributed to the nanotube morphology
offering orientational paths for facile Li* ion transfer and inhibit-
ing the overgrowth of insulating Li,S on the separator. As a result,
the functional separator with ZnO nanotubes showed 927 mA h
g ' at 1.0C rate even after 200 cycles. Likewise, the use of metal
oxide as the coating material is a powerful strategy for fabricating
advanced functional separators, but the low electrical conductivity
of these metal oxide-contained materials restricts the reactivation
reaction of LiPSs on the separator because of the high charge trans-
fer resistance. In this regard, composite coating materials of metal
oxides and conductive carbon materials have been considered prom-
ising for simultaneously achieving a strong chemical adsorption
effect and facile reactivation of LiPSs.

Gao et al. prepared a functional separator using composite mate-
rials of titanium dioxide (TiO,) particles and porous carbon nano-
tubes (SCNT) with high surface areas (Fig. 3(b)) [42]. TiO, is one
of the most intensively studied coating materials for fabricating
functional separators for high-performance Li-S batteries owing to
its advantages, including facile production, low price, and eco-
friendliness [43]. Furthermore, LiPSs can be strongly adsorbed on
the surface of TiO, by the Ti-S bond. On the other hand, SCNT
facilitates electron transfer throughout this composite coating layer.
Therefore, LiPSs chemically adsorbed on TiO, can further partici-
pate in the conversion reaction, enhancing the reversible capacity.
Consequently, the Li-S cell with the polypropylene (PP) separator
coated by the composite of TiO, and SCNT (TiO,@SCNT/PP)
exhibits a high initial discharge capacity of 1,103.9mA h g and
remarkable capacity decay per cycle of only 0.066% over 900 cycles.

Metal sulfides with layered structures (e.g,, MoS,, WS,, and SnS,)
have also been extensively investigated as coating materials for func-
tional separators [44-47]. This is because the S* anions of metal
sulfides are powerful adsorption sites for soluble LiPSs, similar to
the O* anions of metal oxides. Moreover, the unsaturated metal
and S atoms at the edge sites of layered structured metal sulfides
exhibit unique LiPS adsorption behavior.

For instance, Manthirams group reported molybdenum disul-
fide nanoparticle (MoS,-NPs) coated separator (Fig. 4(a) and (b))
[44]. Compared to the commercial bulk MoS, particles, the syn-
thesized MoS,-NPs showed a low interlayer spacing (0.55 nm) and
thickness, as demonstrated by the crystalline peak shift of the X-
ray diffraction (XRD) patterns and the red-shift of the lEzg and A,
peaks of Raman spectroscopy, respectively (Fig. 4(c) and (d)). Cyclic
voltammetry (CV) of functional separators of MoS,-NPs exhib-
ited a higher current density and lower overpotential than those of
functional separators of commercial MoS, (Fig. 4(e) and (f)). Fur-
thermore, during the ten cycles, MoS,-NPs did not show an obvi-
ous decrease in the current densities of the cathodic and anodic
peaks, whereas commercial MoS, showed a drastic decrease, indi-
cating that MoS,-NPs are desirable coating materials for enhancing
the redox kinetics and reversibility of the LiPS conversion reac-
tion throughout the separator coating layers. This is because the
number of exposed edge sites of MoS,-NPs is much higher than
that of commercial bulk MoS,. Therefore, precise control of parti-
cle size is important for developing effective layered-metal-sulfide-
based coating materials for functional separators.
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Fig. 4. (a) Microstructure of MoS,-NPs via SEM analysis. (b) Transmission electron microscopy (TEM) analysis result of MoS,-NP. (c) Com-
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Fig. 5. Schematic diagram of Li-S battery with MoS,/Celgard separator, which is a physical barrier of polysulfides (reproduced with permis-

sion from Ref. [55]).

2. Segregation Effect

The segregation effect is another strategy to prevent LiPSs from
passing through the separators during cell operation. In contrast to
the adsorption effects that inhibit LiPS crossover by physically and
chemically capturing the soluble LiPSs, segregation effects block LiPS
crossover by physical confinement and electrostatic repulsion.

2-1. Physical Confinement

Owing to the size difference between Li" ions and soluble LiPSs,
careful control of the pore size of the coating materials on the sur-
face of the separators enables the selective transport of Li* ions
through the separators [48-50].

In this regard, metal-organic framework (MOF)-based materi-
als have been widely used as molecular sieves owing to their well-
developed ordered micropores and facile tunability of pore size
[51,52]. Zhou et al. developed a functional separator using an MOF

with a micropore of 0.9 nm, which is much smaller than the solu-
ble LiPSs [1,53,54]. This unique porous structure of the MOF blocks
the diffusion of LiPSs. Therefore, LiPSs are physically confined to
the cathode, whereas Li" ions are selectively transported through-
out the MOF particles. Furthermore, the additional use of graphene
oxide (GO) with the MOF increased the mechanical properties of
the MOF-based coating layer, which is desirable for fabricating
defect-free functional separators. The physical confinement effect
of LiPSs by microporous MOF coating materials, the high initial
discharge capacity of 1,207 mA h g, and the outstanding cycling
stability (discharge capacity of 855 mA h g™ after 1500 cycles) were
achieved.

In addition to controlling the porous structure of the coating
materials, thin 2D nanosheet particles can also realize the physical
confinement effect of LiPSs for high-performance Li-S batteries.

Korean J. Chem. Eng.(Vol. 40, No. 3)
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For instance, 2D MoS, with a thickness of 350 nm was coated on
the surface of a separator, as reported by Tangs group (Fig. 5) [55].
The dense coating layer induced by the stacking of 2D MoS, phys-
ically blocks the transport of soluble LiPSs, whereas introduces
high Li" jon conductivity and transference number on the surface
of MoS, to facilitate Li* ion diffusion. Consequently, an open cir-
cuit voltage (OCV) of 2.38 V was well maintained in the case of
the Li-S cell with MoS, coated functional separator, implying a
suppressed self-discharge phenomenon owing to the physical con-
finement effect of the dense MoS, coating layers. In addition, the
Li-S cell with the as-fabricated MoS, coated separators exhibited a
high discharge capacity of 808 mA h g in the first cycle at 0.5C
rate. During long-term cell operation over 600 cycles, the capacity
decay per cycle was only 0.083%.

2-2. Electrostatic Repulsion

In general, soluble LiPSs exhibit a negative charge because the
number of S anions is higher than that of Li* cations in their mol-
ecules. Therefore, developing functional separator coated materials
with negatively charged functional groups (e.g., SO; and COO") is
one of the most studied strategies to inhibit the LiPS crossover.
This is because the electrostatic repulsion force between negatively
charged LiPSs and coating materials allows soluble LiPSs to be
confined to the cathode part without severe crossover throughout
the separator [56]. Furthermore, negatively charged coating mate-
rials on the separator also improve the transfer behavior of posi-
tively charged Li" ions, thereby decreasing the mass transfer resistance
within the cell.

For example, Wei et al. introduced a negatively charged sulfon-
ate functional group (SO3) on the separator surface by coating it
with a Nafion solution [57]. Based on the rate performance and
CV data, it was found that the Nafion-coated separators exhibit
highly stable characteristics. The capacity retention was enhanced
by 90% when the current density was increased to a 5.0 C rate and
then set back to a 0.2 C rate, and the cathodic peaks were highly
overlapped. The cell with Nafion-coated separators of 1 um thick-
ness delivered a highly enhanced cycling stability with a capacity
decay rate of only 0.08% per cycle over 500 cycles at 1.0 C rate.

Yim et al. proposed a dipole-aligned functional separator with
ferroelectric barium titanium oxide (BaTiO,, BTO) using a simple
dip-coating method [58]. Under an electric field, a permanent dipole
was generated inside the BTO particles aligned in the direction of
the electric field, and the dipole remained even in the absence of
an external electric field. The BTO-coated separator could restrict
the diffusion of polysulfides across the separator through electro-
static repulsive force and suppress thermal shrinkage, which is an
issue with the routine polyethylene (PE) separator in Li-S batteries
(Fig. 6(a)). Overcharging was alleviated in the case of the BTO-
coated separator with an enhanced initial CE of 42.3% compared
to that of the pristine PE separator (26.3%) in the absence of the
LiNO, additive. Scanning electron microscopy (SEM) analysis (Fig.
6(b)) revealed that the pores in the pristine PE separator clogged
after 50 cycles, exacerbating the Li" ion conductivity of 0.035 mS
cm™' (90.9% before cycling) and Gurley number of 1,062.5s 100
cc' (466.7% before cycling), which expresses the degree of air per-
meability of the separators. On the other hand, the PE-poled BTO
separator, which prevents the diffusion of polysulfides, showed a
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Fig. 6. (a) Schematic diagram of poling of BaTiO; (BTO) on PE sep-
arator. (b) Surface morphology comparison between PE, PE-
BTO, and PE-poled BTO from SEM analysis before and after
50 cycles (reproduced with permission from Ref. [58]).

higher ionic conductivity of 0.141 mS cm™' and a smaller Gurley
number of 784.1s 100 cc”* than the bare PE separator. The cell with
dipole aligned PE-poled BTO coated separator delivered a high dis-
charge capacity of 1,122.1mA h g’ and 929.5mA h g after 50
cycles at 0.1 C rate.

3. Electrocatalysis Effect

Introducing an electrocatalyst into the separator improves the
kinetics of the LiPS conversion [59]. Promoting the sluggish con-
version from soluble LiPSs to Li,S by adsorbing LiPSs on the sur-
face of the electrocatalyst is desirable for improving the overall cell
performance of Li-S batteries. As long as the sluggish conversion
of LiPS is not addressed, the adsorbed LiPSs eventually cover the
entire surface of the coating material. As a result of the saturation
of the surface by LiPSs, the additional adsorption of LiPSs is lim-
ited. However, the accelerated conversion of LiPSs by electrocata-
lysts enhances the reactivation of LiPSs, resulting in the continuous
formation of unsaturated adsorption sites. Furthermore, electroca-
talysis decreases the opportunity for LiPSs to dissolve in the elec-
trolyte, so the shuttle phenomenon can also be suppressed.

Before investigating which strategies have been adopted and
which catalyst materials have been used to fabricate advanced func-
tional separators for Li-S batteries, it is important to understand
the mechanisms of electrocatalysis. The mechanisms are divided
into three parts: i) the adsorption of LiPSs on the surface of elec-
trocatalyst materials, ii) the surface diffusion of LiPSs on the sur-
face of electrocatalysts, and iii) the redox reaction of LiPSs [60].
The adsorption of LiPSs is a prerequisite for the occurrence of elec-
trocatalysis. Although LiPSs can be physically adsorbed by nonpo-
lar carbon materials via van der Waals forces, adsorptive interactions
between the adsorbent and LiPSs are relatively weak. Therefore,
heteroatom doping on carbon materials [61] or different types of
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port pathway (reproduced with permission from Ref. [67]).

polar transition metal compound-based electrocatalyst materials,
including metal oxides [62], sulfides [63], carbides [64], and nitrides
[65], have been proposed to strengthen the adsorption energy of
LiPSs.

3-1. Metal Oxide

Transition metal oxides have been widely used as catalytic mate-
rials because of their chemical adsorption capability of LiPSs related
to their high polarity.

Manganese dioxide (MnQ,), a transition-metal oxide, was intro-
duced by Nazar et al. [66]. The thiosulfate functional groups formed
after the first oxidation of LiPSs, accompanied by the reduction of
Mn*" to Mn™, can trap high-order polysulfides and facilitate the
precipitation of Li,S by disproportionation as a redox mediator.
Nazar et al. suggested that the polythionate complex was created
via the catenation of polysulfides to thiosulfate, which could trig-
ger a conversion reaction to Li,S. Thus, the long chain polysulfides
were converted to lower polysulfides while the shuttle phenome-
non was alleviated owing to the poor solubility of the polythionate
complex in the electrolyte. The cell with the S/MnO, nanosheet
composite cathode showed a highly reversible initial discharge capac-
ity of 1,300 mA h g™' at 0.2 C rate and a low capacity decay rate of
only 0.036% per cycle over 2000 cycles at 2.0 C rate.

The Mai group showed that the catalytic activity and the poly-
sulfide blocking capability could be improved by engineering oxy-
gen vacancies, leading to excellent performance under very harsh
conditions (at 2.0C rate with a sulfur loading of 7.1 mg cm™)
through a thin (500 nm) and light (0.12 mg cm™) TiO, nanosheet-
coated functional separator with oxygen vacancy (OVs-TiO,@PP)
[67]. The structure of TiO, with an oxygen vacancy (OVs-TiO,)
was distinct from that of the original TiO, (O-TiO,), which caused
the movement of oxygen and titanium atoms around the oxygen
vacancy to maintain the equilibrium of uneven electron cloud den-

sity. As a result, the polarity of OVs-TiO, was increased owing to
the oxygen vacancy, and the binding energies of OVs-TiO, toward
polysulfides were higher than those of O-TiO, (Fig. 7(a)-(c)). Al-
though the OVs-TiO, coating layer was additionally introduced
on the separator, facile Li" ion migration was verified by the low
Li" ion migration barrier from the clamping-image-nudged elastic
band (CINEB) method. The catalytic ability of the OVs-TiO, was
enabled by the increased electrical conductivity and the binding
force from the movement of the conduction band toward the
Fermi level through compensation of oxygen atoms near the oxy-
gen vacancy, in addition to the smooth Li" ion migration (Fig.
7(d)). The cell with the OVs-TiO,@PP functional separator deliv-
ered an initial capacity of 802 mA h g™ and retained a capacity of
631 mA h g after 500 cydles at 2.0 C rate, while exhibiting a revers-
ible capacity of 821 mA h g ' after 100 cycles at 0.2 C rate with a
sulfur loading of 7.1 mg cm™>.

However, most metal oxides have been restricted by low con-
ductivity. Therefore, the generation of oxygen deficiency and the
composition with conductive carbon materials were treated as poten-
tial methods to catalyze the conversion reactions.

3-2. Metal Sulfide

Metal sulfides are widely known for their excellent performance
in promoting the stuggish conversion reaction of polysulfides [68,69].

Lin et al. prepared a catalytic interlayer consisting of a metallic
core and a sulfur-deficient shell with CNT(Co,S,_,/CNT) in Li-S
batteries [70]. Blocking polysulfides and catalyzing the conversion
reaction of polysulfides by metallic sulfur-deficient Co,S; , with
CNT was while reactivating polysulfides on the cathode side. The
cell with the Co,S; ,/CNT interlayer showed better kinetics than
CoySg/CNT and CNT based on CV, anodic and cathodic branches
of the Tafel plot in the configuration of the symmetric cell and Li-
S full cell. Owing to the increased contact between the catalyst and
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polysulfides with the high activity of the sulfur-deficient Co,Ss_,/
CNT core-shell structured catalytic interlayer, the cell delivered a
low capacity decay of only 0.049% per cycle over 1000 cycles at
0.3 C rate by blocking polysulfides within the cathode side and
catalyzing the conversion of polysulfides [71,72].

Xija et al. introduced zinc sulfide (ZnS) nanoparticles embed-
ded in a 3D N-doped carbon nanosheet skeleton (NCNS) as a
dual-functional separator that can alleviate the shuttle phenome-
non and stabilize the Li metal anode [73]. Polysulfides and ZnS
with unsaturated Zn centers and sulfur vacancies generated after
carbonization of the carbon material at 750 °C formed Lewis acid-
base coordination (Zn-S), leading to the chemical adsorption of
polysulfides for inhibiting polysulfides. The cell with ZnS embed-
ded in the NCNS-modified dual-functional separator showed low
self-discharge behavior with a 4.1% capacity decay rate after rest-
ing for four days, and retained a discharge capacity of 922.5mA h
g ' after 200 cycles.

Despite the high sulfiphilic strength of metal sulfides for captur-
ing polysulfides, it is difficult to use metal sulfides alone owing to
their limited electrical conductivity. Therefore, metal sulfides are
typically combined with carbon compounds to induce rapid con-
version kinetics by enhancing the electrical conductivity.

3-3. Metal Carbide
Metal carbides have been widely studied as catalysts in Li-S bat-
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3) high nucleation
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teries owing to their high electrical conductivity. Unlike metal oxides
and sulfides, metal carbides have been studied as catalytic materi-
als in Li-S batteries because of their high electrical conductivity.

Peng et al. proposed a host material for conductive polar tita-
nium carbides grown in a porous graphene framework (TiC@G).
Polysulfides can be chemically adsorbed by utilizing polar materi-
als to increase the redox kinetics of Li-S batteries. However, the
role of electrical conductivity in the gradual redox kinetics of Li-S
batteries remains unclear. Appropriate binding with polysulfides
and facile charge transfer is enabled using polar and electrically con-
ductive materials, leading to interfacial electrochemical kinetics [74].
In the case of nonpolar carbon as a host, the binding force toward
polysulfides is insufficient, leading to limited coverage of polysul-
fides. Polysulfides can be easily bound to the surface of polar insu-
lators and semiconductors; however, direct conversion to polar host
materials is challenging owing to the poor electrical conductivity
of polysulfides (Fig. 8(a)-(c)). The cell with polar conductive IC@G
as the host material delivered improved electrochemical perfor-
mance compared to the semiconducting TiO,@G, which requires
an extra surface diffusion step.

Sun et al. prepared a molybdenum carbide (Mo,C)-modified sep-
arator via simple carburization for high chemical adsorption of
polysulfides and rapid redox kinetics of LiPSs [75]. The activation
overpotential during precipitation to Li,S decreased, and the reduc-

Non-polar conductor

Non-polar
conductor

u

(b)

Polar insulator/semiconductor

Polar insulator

/semiconductor
1) strong bin !H;
. 3) extra surface
N . diffusion
5) hmxlcd S Polar
sites 2)knpododchamtnmhr ‘@ c:n%uclo«
4)nucloationatthoboundary = e
(©) Polar conductor | @ Polysulfides

1) strong binding

3) nucleation on the

. — O conductive polar surface

O

Lithium sulfides

-
4) nucleation at the boundary

-~
G2

—

Fig. 8. Schematic diagram of electrochemical reaction kinetics depending on polarity and electrical conductivity of materials in Li-S batter-
ies. (a) Weak binding strength with polysulfides on non-polar conductor. (b) Sufficient binding strength with polysulfides and insuffi-
cient surface diffusion on polar insulator/semiconductor. (c) Facile electrochemical kinetics of polysulfides on polar conductor

(reproduced with permission from Ref. [74]).
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Fig. 9. Ex-situ XANES analysis data of (a) Mo K-edge, and (b) S K-edge for exploring the mechanism of polysulfide conversion reaction on
KB/MosS, coated separator during 1* discharge/charge cycle and after 50 cycles (reproduced with permission from Ref. [75]).

tion of polysulfides was facilitated by catalytic Ketjen Black/molyb-
denum carbide (KB/Mo,C). X-ray absorption near edge structure
(XANES) analysis was conducted to investigate the reaction mech-
anism of Mo,C and LiPSs during charging and discharging. It was
found that a stable C-Mo-S bond was formed via the strong inter-
action between Mo,C and LiPSs from the shifted peaks of the Mo
K-edge and S K-edge during charging and discharging (Fig. 9(a)
and (b)) [76,77]. The cell with KB/Mo,C modified separator retained
a high areal capacity of 5.2 mA h cm ™ after 60 cycles, correspond-
ing to 87% of the initial reversible discharge capacity in high sul-
fur loading of 6.5 mg cm > at 0.1 C rate.

However, high temperatures are required during the prepara-
tion process for metal carbides, resulting in inhomogeneous active
sites for trapping polysulfides by aggregation of metal carbide par-
ticles.

3-4. Metal Nitride

Unlike metal oxides and sulfides, metal nitrides have also been
studied as catalytic materials in Li-S batteries owing to their high
electrical conductivity.

Zhang et al. introduced an indium nitride (InN) nanowire-modi-
fied separator [78]. Because InN has a narrow band gap, it shows
metallic properties and can strongly adsorb polysulfides, promot-
ing slow polysulfide conversion reactions to restrict the shuttle
phenomenon. The chemical adsorptive ability of polysulfides was
verified in XPS, showing the downshifted peaks (3d;/, and 3ds),) of
the In element and upshifted N1s peak through the interaction
between In-S and N-Li, respectively. The catalytic behavior of the
InN-modified separator was confirmed with higher current inten-
sity from CV curves and low charge transfer resistance from elec-
trochemical impedance spectroscopy (EIS) plots. The Li-S batteries
with this polar bifunctional InN-modified separator exhibited a

high reversible discharge capacity of 1,430.3mA h g™ and superior
cycling stability with a low capacity decay ratio of only 0.015% per
cycle over 1000 cycles.

Qi et al. introduced a separator modified with mesoporous tita-
nium nitride (MTN) microspheres [79]. TiN has been reported to
exhibit reversible utilization of sulfur and superior rate performance
owing to its high electrical conductivity and ability to adsorb LiPSs
[80,81]. The cell with the MTN-modified separator effectively alle-
viates the shuttle phenomenon by using the mesoporous spherical
structure as an extra physical barrier for polysulfides. Moreover, a
highly conductive MTN could act as an upper current collector by
reactivating captured polysulfides, resulting in a high reversible capac-
ity and excellent rate performance. A cell with a MTN-modified
separator showed a high initial reversible discharge capacity of 979
mA h g™ at 0.5C rate and retained 75%. In addition, a high dis-
charge capacity of 672 mA h g was realized with the MTN-mod-
ified separator at 3.0 C rate.

Metal nitrides that show high electrical conductivity can chemi-
cally adsorb polysulfides, but they are difficult to use in practical
applications owing to their high temperature, long processing time,
and toxic nitrogen sources for preparing metal nitrides [82].

3-5. Single Atom Catalyst

Single-atom catalysts (SACs), which are composed of atomically
dispersed metal atoms on proper support, have recently received
much attention owing to their excellent catalytic behavior with
superior atomic efficiency and high selectivity [83-85].

Cui et al. proposed a vanadium single-atom catalyst on N-doped
graphene (SAV@NG), which showed the smallest Li,S decompo-
sition barrier of 1.10eV and a small Li" diffusion barrier com-
pared to other materials (graphene (G), N-doped graphene (NG),
or single atoms Co, V, Fe, Mn, Ru, Zn) via DFT calculations (Fig.
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materials from simulation. (d) Calculated energy profile of active materials (S; to Li,S) during discharging process. (e) Cycling per-
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SAV@NG catalyst (Reprinted with permission from Ref. [86]. Copyright {2020} American Chemical Society).

10(a) and (b)) [86]. As the values of the Li" diffusion barrier were process. The weak bonding strength of Li-S in the case of SAV@NG
similar, it was apparent that breaking the Li-S bond in Li,S was the was verified by calculating the shortest bond length (Li-S) and the
dominant step in the decomposition of Li,S during the charging smallest bond angle (Li-S-Li) after adsorbing Li,S on the substrate
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Fig. 11. (a) Schematic configuration of Li-S battery with SAC modified separator which catalyzes sluggish conversion of polysulfides. Fou-
rier transformed data from Fe K-edge (b) EXAFS and (c) XANES of Fe-NG functional separator. (d) Analysis data of Fe-NG func-
tional separator from Fe L-edge XAS spectrum. (e) Long term cycling performance of the cell with Fe-NG modified separator
compared with other single atom modified separator over 750 cycles at 0.5 C rate (reproduced with permission from Ref. [87]).

(Fig. 10(c)). In addition, the Gibbs energy barrier of the rate-deter-
mining step from LS, to Li,S was sufficiently low to promote the
reduction reaction based on the energy profile of the active mate-
rial on the substrate during the discharge process (Fig. 10(d)). Owing
to the smooth formation and decomposition of Li,S by SAC@NG,
the amount of dead Li,S could be decreased by the enhanced utili-
zation of active materials, resulting in improved electrochemical per-
formance. Li-S batteries with S-SAC@NG as the cathode showed
excellent coulombic efficiency of nearly 100%, a high reversible dis-
charge capacity of 1,143 mA h g at 0.2 C rate, and excellent rate
performance even at 3.0 C rate (Fig. 10(e) and (f)).

Xie et al. prepared Fe single-atom catalysts on N-doped graphene
(Fe/NG)-modified separator (Fig. 11(a)) [87]. Immobilization of
polysulfides on the cathode side and rapid redox kinetics of the
active material were enabled by even a small metal loading of ~2 pg
in the entire cell. Extended X-ray absorption fine structure (EXAFS)

analysis showed the atomic dispersion of Fe from the lack of an
Fe-Fe coordination peak from the metallic Fe cluster. XANES anal-
ysis verified the highly oxidized state of Fe (Fe™) in Fe/NG, imply-
ing strong coordination of Fe with nearby nitrogen atoms (Fig.
11(b)-(d)). The adsorptive ability of the Fe/NG-modified separa-
tor toward polysulfides was validated by the high adsorption energy
and decreased distance between Fe and S and N-Li via DFT cal-
culations. Effective Fe single-atom catalysts, which adsorb polysul-
fides and promote the conversion reaction, contribute to the excellent
electrochemical performance of 83.7% capacity retention after 750
cycles at 0.5 C rate even in the case of a high sulfur loading of 4.5
mg cm™’ (Fig. 11(e)).
3-6. Summary of the Electrocatalysis Effect

The shuttle phenomenon of soluble LiPSs caused by sluggish
kinetics could be efficiently avoided by adopting an efficient elec-
trocatalyst to a separator. The electrocatalytic behavior of Li-S bat-
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teries consists of three steps: i) LiPSs should be effectively adsorbed
on the surface of the electrocatalytic material, ii) LiPSs should be
successfully diffused on the electrocatalyst surface, and iii) LiPSs
should undergo an electrochemical reaction.

As mentioned, studies using various transition metal compound-
based electrocatalysts such as metal oxides, sulfides, carbides, and
nitrides which can adsorb LiPSs via chemical adsorption have
been widely reported. Each material has its advantages and disad-
vantages. Metal oxides and sulfides can strongly adsorb LiPSs, but
they have insulating properties. Metal nitrides and carbides have
electrically conductive properties and the ability to chemically bond
with LiPSs; however, there are practical problems regarding their
toxic nitrogen sources and inhomogeneous active sites at high
temperatures during the preparation process, respectively. The active
sites of single-atom catalysts are entirely exposed, enabling maxi-
mum utilization and the promotion of electrochemical reactions
even with relatively small amount of electrocatalysts; however, car-
rying out a rigorous preparation and characterization is challenging.

Therefore, it is necessary to screen various materials that simul-
taneously demonstrate proper adsorption with LiPSs and excellent
electrical conductivity, and to design a process to prepare catalytic
materials in a straightforward and mass-produced manner; this
would help in the development of a functional separator with an
efficient catalytic material to enhance the electrochemical reaction.

Lastly, to maximize the energy density of Li-S batteries, it is neces-
sary to reduce the amount of electrolyte. Here, the mobility of LiPSs
is degraded owing to the increased viscosity of the electrolyte by
soluble LiPSs, resulting in limited catalytic activity induced by the
poor accessibility of LiPSs to the triple-phase boundary:.

However, most previous studies on improving the performance
by introducing electrocatalysts in Li-S batteries were conducted
under flooded electrolyte conditions (>20 uL mg ). Therefore,
through in-depth research on the factors that affect catalytic activ-
ity under lean electrolyte conditions (<5 uL mg '), a basic under-
standing of catalytic behavior under these conditions is needed to
reduce the shuttle phenomenon and improve the cydlability and
energy density of Li-S batteries.

CONCLUSION AND PERSPECTIVES

Li-S batteries are difficult to commercialize owing to the shuttle
phenomenon dominantly derived from the formation of soluble
LiPSs during cell operation. The LiPS crossover can be affected by
two key factors: i) the sulfur loading amount of the cathode and ii)
the porosity of the separator.

High sulfur loading is essential for achieving a high energy den-
sity in Li-S batteries [88]. However, the utilization of a high-sulfur-
loading cathode exacerbates the LiPS crossover owing to the in-
creased amount of soluble LiPS intermediates during cell opera-
tion. The porosity of the separator also affects LiPS crossover. The
LiPS crossover is degraded further due to the severe dissolution of
LiPSs when using a highly porous separator. Therefore, controlling
the porosity of the coating layer on the separator is crucial for real-
izing high-performance Li-S batteries when designing a functional
separator.

In conclusion, the design of functional separators has recently
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been regarded as an effective strategy for achieving high-perfor-
mance Li-S batteries by inhibiting LiPS crossover in electrolyte. It
has been demonstrated that the precise control of the physical (e.g,
particle size, dimension, and porous structures) and chemical proper-
ties (e.g, adsorption strength with LiPSs, Li* ion surface diffusivity,
and electrocatalytic activity) of functional materials on separators
can address the intrinsic problems of Li-S batteries, including the
shuttle phenomenon and low sulfur utilization ratio. A fundamen-
tal understanding of the role of functional separators and the rela-
tionship between the properties of separators and Li-S cell per-
formance have been systematically elucidated during the last seven
years by worldwide efforts.

However, despite the significant improvement in Li-S cell per-
formance at the coin cell level by developing functional separa-
tors, the achievement of high gravimetric energy density (>300 W
hkg" at a total capacity of A h level) and long cycling stability (>100
cycles at the practical pouch cell level) have been rarely reported
so far. Therefore, several issues should be carefully considered in
developing advanced functional separators for high-performance
Li-S pouch cells.

First, a more detailed understanding of the relationship between
the total porosity of the coating layer on the separator surface and
the Li-S cell performance is required. Most previous studies have
focused on the porous structures of coating materials, but the porous
structures derived from interparticle voids have been overlooked
so far. The diffusivities of soluble LiPSs and Li" ions are determined
by the penetration behaviors of the electrolyte into the coating layer
of the separators. Therefore, the total porosity, calculated by con-
sidering the porous structures of the coating materials and inter-
particle porous structures, is one of the most important parameters
for determining the cell performance of Li-S batteries.

Second, the tortuosity of the coating layer is also a crucial parame-
ter that affects the diffusion behavior of soluble LiPSs from the
cathode to the anode and Li" ion transfer behaviors. However, the
tortuosity of the coating layer is commonly overlooked when fab-
ricating functional separators for Li-S batteries. For example, the
high tortuosity of the functional coating layers can effectively inhibit
the shuttle phenomenon, but the mass transfer resistance can be
increased because of the poor diffusion of Li* ions. In contrast, the
low tortuosity of the functional coating layers facilitates Li* ion trans-
fer, but the severe LiPS crossover can occur. Therefore, precise con-
trol of the tortuosity of the coating layers is required with careful
consideration of the Li" ion diffusivity and LiPS adsorption strength
of the coating materials.

Third, the development of simple techniques to fabricate homo-
geneous large-area functional separators without defects or cracked
regions is required. This large-area coating strategy is necessary for
manufacturing large-area pouch cells with a practical total capacity.
Moreover, a large-area coating is required for efficient large-scale
industrial production.

Finally, minimization of the thickness and mass of the functional
coating layers is required to maximize the volumetric and gravi-
metric energy densities of Li-S batteries. It should be carefully con-
sidered that a decrease in the thickness and mass of the functional
coating layers leads to a decrease in the number of adsorption sites
for capturing the soluble LiPSs. The increase in the specific sur-
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face area of coating materials can be a breakthrough to effectively
prevent the LiPS crossover phenomenon with extremely low thick-
ness and mass of functional coating layers.

In summary, strategic guidance for the future development of
advanced functional separators for high-performance Li-S batter-
ies is as follows. 1) A fundamental understanding is required to
determine which properties of the functional separator mainly affect
the electrochemical performance of Li-S batteries. As described
above, they can be the physical properties (ie., particle size, dimen-
sions, and pore structure) or chemical properties (i.e., adsorption
force with LiPSs, diffusion of Li* ions, and electrocatalytic activ-
ity). In addition, the porosity or tortuosity of the functional coat-
ing layer on the separator is directly related to the diffusion of
LiPSs and Li" ions. 2) The effects of alleviating the problems in Li-
S batteries should be fully explored. For example, to alleviate the
shuttle phenomenon, which is mainly problematic in Li-S batter-
ies, the adsorption, segregation, and electrocatalysis effects can be
utilized, as covered in this review. To suppress the lithium dendrite
growth problem, uniform Li* ion flux induced by coating lithiophilic
materials on the separator [89], ordered pore sizes of the coating
layer [90], reversible lithium deposition/stripping through lithium
surface modification [91], and enhanced mechanical properties by
rigid coating materials [92] can be utilized. 3) An in-depth investi-
gation of various materials that can be used to solve the target
problems in Li-S batteries is needed. 4) To maximize the practical
use of Li-S batteries, it should be possible to manufacture func-
tional separators with large areas using a simple fabrication process
for operation in pouch cells. In addition, they should be as light and
thin as possible to maximize volumetric and gravimetric energy
densities. Increasing the surface area of the coating material can be
an effective solution for preventing LiPS crossover. Finally, operat-
ing a pouch cell under lean electrolyte conditions is essential to
maximizing the energy density of Li-S batteries. Under lean elec-
trolyte conditions, the mobility of soluble LiPSs is limited owing to
localized electrolyte consumption by side reactions, thus improv-
ing the wettability of the functional separator with the electrolyte,
which can be an important factor in the performance of Li-S bat-
teries.

Consequently, the use of functional separators in high-perfor-
mance Li-S batteries is a promising strategy. Further understanding
of the correlation between the overall physical and chemical prop-
erties of functional coating layers and cell performance is required
to avoid trial and error in the fabrication of multifunctional sepa-
rators.
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