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The ever-growing demand for portable devices and electric vehicles are drawing widespread
attention to advanced energy storage systems. Over the past few decades, lithium-sulfur
batteries (LSBs) have vast potential to act as the next-generation of rechargeable power
source due to their high theoretical specific energy, cost-effectiveness, and environmental
benignity. However, insufficient sulfur utilization, inferior cyclability, and rate capability
originating from the intrinsic insulating features of the sulfur and notorious polysulfide
shuttle are major obstacles to fulfiling the industrialization of LSBs. In this respect, the
introduction of a functional barrier layer coating on a separator has been verified as an
effective strategy to overcome the aforementioned intractable problems. In this review, we
focus on summarizing the current progress of the modified polyolefin-based separators
(known as functional separators), including functional separator facing cathodes and
functional separator facing anodes. According to the working mechanism, functional
separator facing cathodes are divided into physical adsorption separators, chemical
adsorption separators, catalytic conversion separators, and multifunctional separators.
Meanwhile, functional separator facing anodes are classified into physical barrier
separators, induced lithium growth separators, regulated lithium nucleation separators,
and hybrid mechanism separators. Finally, the future perspective coupled with the practical
utilization of functional separators in LSBs is proposed.

Keywords: functional separator facing anode, functional separator facing cathode, surface modification, polyolefin-
based separators, lithium-sulfur batteries

INTRODUCTION

Benefiting from the efficiency and durability of the energy storage system, portable electronic and
smart electronic fields have been devoted to developing minimization for meeting the fast-increasing
requirements of human to novel electrified products. Nevertheless, the present-day commercialized
lithium-ion batteries (LIBs) are difficult to satisfy the large-scale application of smart grids and
electric vehicles due to its high cost and low energy density (<300 Wh kg™") (Fang et al., 2018; Lin

Frontiers in Energy Research | www.frontiersin.org 1

November 2020 | Volume 8 | Article 593640


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2020.593640&domain=pdf&date_stamp=2020-11-30
https://www.frontiersin.org/articles/10.3389/fenrg.2020.593640/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.593640/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.593640/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.593640/full
http://creativecommons.org/licenses/by/4.0/
mailto:jiarui.he@utexas.edu
mailto:nanoshine@zjut.edu.cn
https://doi.org/10.3389/fenrg.2020.593640
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles
https://www.frontiersin.org/journals/energy-research#
https://www.frontiersin.org/journals/energy- research#editorial-board
https://www.frontiersin.org/journals/energy- research#editorial-board
https://doi.org/10.3389/fenrg.2020.593640

Lietal

et al, 2020). Therefore, under the premise of the scalable
utilization of a high energy density battery system, lithium-
sulfur batteries (LSBs) with the advantages in large energy
density (>500 Whkg™"), high natural abundance, inexpensive
and nontoxicity are one of the most fascinating battery
candidates (Liu et al., 2017b). When it comes to the energy
density required for the practical application of LSBs, it can be
described via the following formula (Huang et al., 2020):

E=(CxP)/W (1)

where E (Whkg™) is the gravimetric energy density of LSBs; C
(Ah) is specific to the actual discharge capacity of the sulfur
cathode; P (V) represents the average potential of the sulfur
cathode; W (kg) is the weight of the entire LSB. Obviously, the
energy density of LSBs is mainly determined by the sulfur
cathode. In other words, the sulfur content, loading, and
utilization should be as high as possible (e.g., sulfur content
>90 wt. %, sulfur loading > 7 mgcem™?) (Huang et al., 2020).
Meanwhile, the total mass of LSBs are made up of a sulfur
cathode, Li anode, separator, current collector, and the
package weight should be as low as possible.

Despite of the desirable merits, taking LSBs to the
commercialized market is still beset with intractable problems.
For a sulfur cathode, the insulating nature of sulfur and lithium
sulfides (Li,S/Li,S,), the volume expansion of a sulfur cathode,
and a serious polysulfide (Li,S,,, 4 < n < 8) shuttle will lead to low
reaction kinetics, weak structural integrity as well as the large loss
of active materials (Xia et al., 2018). For a lithium anode,
polysulfide deposits on the anode surface and subsequently
reacts with lithium, which inevitably causes the dendrite,
deterioration, and consumption of lithium, increasing the
interfacial resistance. The results eventually trigger poor rate
capability, inferior capacity, potential safety hazards, and low
energy density for LSBs. Generally, in order to settle the above
bottlenecks for fulfilling high energy density LSBs, incorporating
sulfur into conductive materials could not only improve the
conductivity of cathode but also suppress the polysulfide
shuttle, thereby delivering the superior electrochemical
properties (Fang et al., 2016). Unfortunately, the fabrication
methods of those cathodes wusually involve complex
procedures, toxic solvents, poor reproducibility, and high
energy consumption, which strictly limit the practicality of
LSBs. Besides, sulfur-based composites are often associated
with low sulfur content and loading, which significantly
decrease the energy density of the battery (Zhu et al, 2016).
Consequently, there is still an urgent need to search for an
inexpensive and industrialized strategy to realize advanced
LSBs with high sulfur content and loading.

Recently, apart from the design of “inside” sulfur cathodes,
novel cell configurations are concentrated on “outside” cathode
strategies including modifying the polyolefin separator (known as
the functional separator) or placing a functional interlayer
between the cathode and separator. On the one hand, these
functional separators and interlayers serve as polysulfide
reservoirs to alleviate the shuttle effect. On the other hand,
these functional separators and interlayers with high
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conductive materials also act as upper-current collectors to
provide additional electron channels for reutilizing the
intercepted active materials, thereby leading to the significantly
enhanced electrochemical performance of LSBs (Fan et al., 2018;
Chen et al,, 2020). In this respect, the functionalization of the
separator has been prioritized for eliminating the polysulfide
shuttle under high sulfur content and loading in recent years.
The reasons are elaborated as follows. Firstly, even though the
interlayer is beneficial to cell performance, the extra weight from
the interlayer may reduce the cell energy density (Chang et al.,
2016). Beyond that, the nonpolar feature of routine separators
(e.g., polypropylene: PP, polyethylene: PE) can hardly hinder the
dissolution and migration of polar polysulfides (Kong et al.,
2017b). Last but not least, directly coating the barrier layer
onto the surface of the commercial separator can inherit the
perfect features of each material, such as strong polysulfide-
trapping, excellent flexibility, and exceptional mechanical
strength. Most importantly, the functional separators are
completed by either sample filtration or the slurry process.
(Huang et al,, 2015a). The latter has a mass production ability
with powerful regulation to the parameter of the coating layer
(e.g., size, thickness, weight), which could easily achieve a
satisfactory separator for LSBs. Thus, considering these factors,
the development of functionally modified separators is highly
desirable for the commercialization of LSBs.

So far, many reviews have referred to the functional separators.
For example, Xiang et al. (Xiang et al, 2016) discussed the
characteristics, advantages, and limitations of functional
separators in LSBs. However, most of previous reviews mainly
focus on the scientific issues rather than the fabrication protocols
of functional separators. These are a big barrier for the further
exploration and large-scale application of novel functional
separators. Given all that, in this review, we outline the
current progress in functional separators and propose rational
design and fabrication protocols to achieve a high-quality
separator for LSBs. Specifically, two aspects in terms of
functional separators are discussed systematically. 1) The
classifications of functional separators are summarized by
virtue of its working mechanism, and the corresponding
research is included comprehensively 2) The rational designs
of functional separators (e.g., thickness, weight, porosity, and
scalable production) are analyzed, and the resolution strategies
are also introduced (Figure 1). Meanwhile, the influence of the
design protocols and fabrication methods of functional separators
on the electrochemical performance of LSBs are analyzed. This
review paves the way for obtaining satisfactory functional
separators for the industrial application of LSBs with high
sulfur utilization and high energy density in the near future.

FUNCTIONAL SEPARATORS

For high energy density LSBs, active materials with high content
and loading as well as sufficient sulfur utilization are needed. To
date, a sulfur/carbon (S/C) cathode is a typical representative in
the research of LSBs, but it has a long road before we can realize
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FIGURE 1 | Schematic diagram of functional separators and their design based on the various working mechanisms for LSBs.

its commercialization due to the severe polysulfide shuttle. The
separator, as a key component of LSBs, plays a vital role in
preventing internal short circuits and providing transport
pathways for ions (Liao et al, 2017). However, the routine
separator is not good at restraining the polysulfide shuttle
generating from the multi-electron redox reaction within LSBs.
In this case, a separator coated with a thin functional layer facing
the cathode/anode side has been confirmed to be a successful
approach to significantly immobilize the polysulfide species, to
improve the sulfur utilization, and to protect the Li anode.
Furthermore, various functional separators have different
effects on cell performance. Meanwhile, there are several basic
parameters for designing advanced functional separators. 1) The
thickness of a functional separator directly determines the
electronic/ionic transport rate, further influencing the rate
capability of LSBs; 2) the weight of a functional separator has
an impact on the energy density of a cell; 3) the porosity of a
functional separator is highly related to the liquid electrolyte
uptake, influencing the energy density and cyclic lifespan of LSBs.
Therefore, it is necessary to comprehend the development status
and design parameters of functional a separator. In light of the
above explanation, research on the process and fabrication design
of functional separators for LSBs are elaborately discussed
as below.

Functional Separators Facing Cathode
Functional separator facing cathodes (FSFCs) have recently

raised significant concerns because they act as the first barrier
to restrict polysulfides in the cathode side while making them
available to be reutilized, greatly increasing the active material
utilization. Various coating layers, including carbon, oxides,
metal compounds, polymers, and their composites, have been
employed for the modification of commercial separators to
endow them with specific functions in LSBs (Fan et al., 2018).

Generally, on the basis of the working mechanism, FSFC in LSBs
can be categorized into physical absorption functional separators,
chemical absorption functional separators, catalytic conversion

functional separators, and dual-mechanism functional
separators. Meanwhile, it should be mentioned that a
satisfactory functional separator requires some intrinsic
characters: high ionic conductivity, remarkable shuttle-

inhibition ability, superior chemical/electrochemical stability,
robust mechanical property, and ultra-lightweight design, etc.
The reconfiguration of LSBs with FSFC is illustrated in Figure 2.

Functional Separators Facing Cathode With Physical
Absorption Mechanism

Owing to the weak Van der Waals interaction between functional
separators and polysulfides, they are considered as physical
absorption separators. Initially, within the numerous materials
with physical absorption features, carbon-based materials were
most popular with researchers owing to their high electric
conductivity. The commonly used carbon materials include
zero-dimensional (0D) conductive carbon black (Zhao et al,
2016), one-dimensional (1D) carbon nanotube (CNT), (Chung
and Manthiram, 2014c), and two-dimensional (2D) graphene
(Zhou et al., 2015). It is proven that carbon-coated separators can
hinder the polysulfide shuttle, as well as promote the cyclability
and rate capability. The enhanced electrochemical performance
of LSBs is mainly attributed to the good electric conductivity that
urges them to serve as second current collectors to decrease cell
resistance and improve sulfur utilization (Chung and Manthiram,
2014b).

Carbon black with low density and cost is extensively applied
to fabricate carbon-coated separators. For example, Chung et al.
(Chung and Manthiram, 2014a) pioneered a functional separator
with a 20 um of carbon black (Super P) layer (0.2 mg cm ™) onto a
Celgard separator (1.0 mgcm™>), shown in Figure 3A. The
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FIGURE 3 | Schematic cell configuration modification of LSBs (A) C-coated separator and the polysulfide-diffusion barrier region (B) Celgard separator and the
typical severe polysulfide diffusion. Reproduced with permission from (Chung and Manthiram, 2014a) (C) The MWCNT-coated separator (D) Cell performance of the
Li-S cells employing the MWCNT-coated separator. Reproduced with permission from (Chung and Manthiram, 2014c).

carbon-coated side of the separator facing the sulfur cathode
serves as an obstacle region. This carbon-coating layer affords
additional electron pathways for the sulfur cathode, which acts as
an “upper” current collector to boost rapid electron
transportation. More importantly, the carbon-coated separator
is employed as a physical barrier to restrict the polysulfide

diffusion (Figure 3B). Moreover, a functional separator
exhibits better flexibility and excellent mechanical strength.
Thus, the LSBs with such a modified separator deliver high
capacity (1,389 mAh g' at 0.2C) with superior cycling
stability. Unfortunately, the inefficient polysulfide-trapping
property still makes Super P difficult to permanently use in LSBs.
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Analogous to Super P, the porous conductive network of
carbon nanotube (CNT) not only plays a filtering role in
intercepting polysulfide but also acts as an upper current
collector for improving sulfur utilization. More importantly, it
can guarantee the reuse of the captured active material when the
liquid electrolyte accesses the porous and conductive CNT
network. Chung et al. (Chung and Manthiram, 2014c) used
multiwall carbon nanotubes (MWCNTSs) to modify the
cathode side of a Celgard separator as shown in Figure 3C.
With the aid of MWCNTSs, the functional separator endowed
with improved electron transport capability and polysulfide
adsorption ability exhibited significantly enhanced sulfur
utilization. Notably, the MWCNTs coating layer in the
modified separator is ultralight (mass loading = 0.17 mg cm ),
which could still guarantee the long-term cycling performance
and the high Coulombic efficiency of high sulfur content (70 wt.
%) sulfur cathode in LSBs as shown in Figure 3D. However, just
as a coin has two sides, the CNT modified separators also have
some demerits. It is not easy to achieve homogeneous CNT
coating slurry because of its high specific surface area and
large length-diameter ratio. As a result, it is hard to obtain a
smooth coating layer on the separator, let alone large-scale
application (Huang et al., 2020).

Aside from the above carbon materials, graphene is considered
as a charming coating material to ameliorate the properties of the
commercial separator. Generally, graphene has good electric
conductivity, ultralightweight, excellent ductility, extraordinary
mechanical strength, and high chemical stability. The operation
mechanism of graphene in a coated separator makes use of its
ultrathin layer, blocking the macro-pores of the polyolefin
separator, then retarding the diffusion of polysulfides and
further reutilizing the sulfur-trapping species. Surprisingly, the
areal loading of graphene in a modified separator is often
extremely low, but the electrochemical performance of LSBs
has a significant improvement. For instance, Zhuang et al.
(Zhuang et al.,, 2016) reported a functional separator decorated
by ultra-low loading graphene (0.0035 mgcm™>) via a facile
vacuum filtration technique. This rationally designed separator
is not only capable of fast Li* diffusion, but also reserves more
polysulfides in the cathode side, leading to high sulfur utilization.
In spite of these merits, graphene lacks the ability in physically
anchoring the migration of polysulfide upon the long cycling
of LSBs.

As described earlier, mono-component carbon presents
obvious shortcomings in eliminating polysulfide migration.
Recently, multi-component carbon composites, such as
graphene/CNT, graphene/carbon fiber, have won considerable
success in this respect. The combination of carbon materials
occupies certain advantages. On one hand, the porous conductive
structure provides the additional electrical contract and the
predominant accommodation for polysulfides, thereby
efficiently constraining the polysulfide shuttle. On the other
hand, the related fabrication technologies (e.g, vacuum
filtration, doctoral blade casting, dip casting, etc.) are facile
and efficient, and the obtained coating layers are ultralight,
which are not prone to influence the gravimetric energy
density of LSBs. However, non-polar carbon material can only

Functional Separators of Li-S Batteries

provide weak physical adsorption to polar polysulfides, which
makes it unavailable for high sulfur loading. Additionally,
although the areal density is satisfactory (<0.1 mgcm™2), the
thickness (15-30 ym) is much higher than routine separators
(12-16 ym), leading to the high electrolyte dosage and low
gravimetric energy density.

Functional Separators Facing Cathode With Chemical
Adsorption Mechanism

Compared to the intensive studies on physical barrier separators,
chemical adsorption mechanism-based functional separators are
further developed, which are defined as creating chemical
bonding between polar substances. For the entrapping of polar
polysulfide, polar materials are bound to become an optimal
choice due to their powerful force on polysulfides. Normally,
chemical adsorption is split into two types: atom doping and
substance doping. The former type introduces polar atoms (e.g.,
B-, F-, N-, Co—, O—, S—, Cl-, etc.) into nonpolar carbon
materials to enhance the polysulfide-trapping ability (Huang
et al, 2015a). In particular, N/O doping or N-O co-doping is
more beneficial tat anchoring polysulfides than B, F, Cl and S
(Hou et al, 2016). On this point , Pei et al. (Pei et al., 2018)
proposed a bifunctional separator consisted of an N-doped
carbon porous nanosheet and a PP separator (G@PC/PP) for
LSBs. The N-doped carbon coating has an ultra-thin thickness
(0.9 ym) and wultra-low weight (0.075mg cm™2), which is
uniformly distributed onto the surface of PP. The N-doped
carbon nanosheet with laminar architecture and an ultrahigh
specific area has a key role in increasing the polysulfide-binding
ability. The cell with an N-doped carbon nanosheet modified PP
separator presents a high initial discharge capacity
(1,416 mAh g " at 0.05C) and a remarkable retention capacity
(95.1% after 72h), significantly higher than that of the PP
counterpart. To further satisfy cell properties under high
sulfur loading, research on co-doped material modified
separators is on its way to a discovery, such as N-P co-doped
carbon coated on the separator (Zeng et al., 2018). For various
atom-doped materials, they should have a strong capture ability
for polysulfide so that they can inhibit the shuttle effect.
Nevertheless, atom doping only provides weak chemical
binding. Meanwhile, doping atoms into a matrix accompanies
uneven distribution, which affects the polysulfide adsorption
capability. Thus, great endeavors are being made to achieve
strong chemical adsorption in the following section.

The latter method called substance doping, with rich polar
active sites, unique band structure, and high conductivity, has
drawn great attention from researchers in the modification of
novel separators for suppressing the polysulfide shuttle.
Impressively, metal oxides and metal sulfides have been
brought to the foreground. As is well known, metal oxides can
produce different bonds to polysulfides. Meanwhile, some metals
are prone to losing electrons and turn into ions, which can form
chemical bonds to suppress the “shuttle effect” under high sulfur
content. In this respect, metal oxides can tightly adhere to the
surface of the separator, which are not easy to detach from the
separator substrate during long-term cycling. More importantly,
metal oxides with nanostructures are beneficial for insertion into
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various polymers and porous carbon templates to achieve
functional separators. Zhang et al. (Zhang et al, 2014)
employed aluminum oxide (Al,O;) nanoparticles to modify
routine separators for preventing polysulfide diffusion. The
well-connected interstitial voids originating from aggregated
Al,O5 nanoparticles not only act as the rapid ion-conducting
pathway, but could also immobilize the polysulfide within the
cathode region by electrochemical deposition. The cell with an
AL O; coated separator exhibited a high reversible capacity of
593 mA h g™" after 50 cycles at 0.2 C with nearly 100% Coulombic
efficiency. Metal sulfides, containing ionic bonding, contribute to
forming robust chemical bonds with polysulfide and afford more
ionic passageways. Besides, the features of their native defects
cooperating with chemically active surfaces are helpful to
enhance the conductivity of the electron transport (Deng
et al,, 2019). Ghazi et al. (Ghazi et al,, 2017) prepared a MoS,/
Celgard separator as an efficient polysulfide barrier for LSBs
(Figures 4A,B). Thanks to the Mo-S,” interaction disclosed by
XPS (Figure 4C), the stacked structure of MoS, supplies free
spaces to store polysulfide via chemical interaction, leading to a
significantly enhanced electrochemical performance better than a
Celgard separator (Figure 4D).

Nevertheless, substance doping still occupies a certain space to
realize long-life LSBs due to the sluggish reaction kinetic and

Functional Separators of Li-S Batteries

inferior conversion rate of long-chain polysulfide to short-chain
sulfides. Meanwhile, the thickness and weight of the metallic
compound coating layer (100~200um, 1.5~3.0 mgcm 2) are
much higher than the carbon coating layer (15~30um,
0.03~0.1 mgcm ), leading to additional weight gain, and
further sacrificing the gravimetric energy density of the cell.
Thus, it is necessary to make a balance between the properties
of the metallic-based coating layer (thickness, weight) and the
energy density of LSBs.

Functional Separators Facing Cathode With Catalytic
Conversion Mechanism

To acquire high energy density LSBs, the relationship of sulfur
loading/content and sulfur utilization should be balanced. It is
necessary that soluble polysulfide is not only “passively” sieved,
but can also be reactivated (Liu et al., 2018). However, FSFC based
on physical or chemical adsorption can not meet this
requirement. The physically/chemically-adsorptive materials
only play a low effective role for the efficient utilization of
polysulfide. Notably, the weak contact between the sulfur
cathode and polysulfides resulting from the dissolution of the
polysulfides into liquid electrolytes normally leads to more
sluggish reaction kinetics of Sg to Li,S (Deng et al, 2019).
And the “dead sulfur” will continue to cover the surface of the

A
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FIGURE 4 | (A) Schematic cell configuration and (B) cross section of the MoS,/Celgard separator in LSBs (C) X-ray photoelectron spectroscopy of 3 days peaks of
Mo before/after charge-discharge (D) Cyclic voltammetry profile and Galvanostatic charge—discharge profiles of the cells with MoS,/Celgard separator, and Long life
cycle test for various separators in LSBs. Reproduced with permission from (Ghazi et al., 2017).
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cathode, causing the loss of sulfur. Under this circumstance,
effectively boosting the soluble polysulfide conversion to
insoluble Li,S,/Li,S during the discharge process is essential
for removing the polysulfide shuttle. In addition, in the
charging process, activation energy of solid Li,S,/Li,S back to
polysulfide should be enough for guaranteeing fast reaction
kinetics (Li et al., 2019b). In general, the lower the activation
energy is, the higher the conversion rate is, which could fully
exploit the role of catalysts. Different from physically/chemically-
adsorptive materials, the catalytically active materials can
improve the rate of the oxidation reduction reaction to
accelerate the conversion of polysulfides to Li,S,/Li,S, further
addressing the root problem of the polysulfide shuttle in LSBs.
Because the polar catalysts can provide abundant exposed sites, it
is helpful to seize the dissolved polysulfides, and to shift electrons
from the catalysts to the exposed sites at the surface interface, and
further transfer to the S-S bond of polysulfides, which promotes
the conversion of polysulfides. Moreover, the intrinsic catalytic
effect of the catalysts can reduce the reaction barrier and the
chemical overpotential of sulfur species, accelerating the
electrochemical reactions of sulfur (Yuan et al, 2019).
Therefore, the study on catalytic conversion of polysulfide to
Li,S,/Li,S is a non-negligible direction for achieving high sulfur
utilization for LSBs. Until now, the catalysts of decorating

Functional Separators of Li-S Batteries

separator for strengthening the redox reaction rate mainly
include metal-based catalysts, phosphide catalysts and metal-
organic frameworks (MOF)-based catalysts, etc.

For instance, Qian et al. (Qian et al., 2017) prepared a
functional separator by coating hollow spherical La,O; with a
lightweight of 0.4 mgcm ™ and a thin thickness of 15 um. The
LSBs matched with the La,0j3-coated separator exhibit a high rate
capacity and remarkable capacity retention. The enhanced
electrochemical performance is ascribed to the La,Os
functional layer that not only effectively captures polysulfide,
but also acts as a chemical catalyst upon the sulfur redox reaction.
As a typical representative of phosphide, cobalt phosphide (CoP)
can catalyze the conversion of polysulfide and dramatically
increase the sulfur utilization. Lin et al. (Lin et al., 2020)
modified a PP separator by co-coating CoP and carbon on the
surface of a PP separator as illustrated in Figure 5A. According to
the XPS results (Figure 5B), the CoP/C-coated separator could
localize the insoluble polysulfide on the cathode by strong
interactions between Co. atoms derived from CoP and S
atoms in the Li,S¢ solution. Moreover, it is emphasized that
CoP/C can facilitate the catalysis of polysulfide reduction/
oxidation due to the fast transfer at the interface. Finally, the
rapid redox kinetic, high conductive performance, and
outstanding cyclic capacity are presented in Figure 5C.

Reproduced with permission from (Lin et al., 2020).
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Recently, MOF-based materials as the templates of
nanocomposites have raised great concerns depending on their
functions in batteries. 1) Large specific surface area for filtering
polysulfides and further preventing polysulfides from cathode to
anode; 2) highly ordered pores with tunable porosity for
governing the electrolyte uptake and unique functional groups
for promoting catalytic redox conversion. Song et al. (Song et al.,
2020) reported 3D catalytic MOF-derived CNTs and N-doped
carbon nanosheets (NCNS) as well as Co. nanoparticles
(abbreviated as 3D Co./NCNS/CNT) as the coating layer of a
separator for LSBs. These decorated separators have excellent
sulphiphilicity, good conductivity, and marvelous -catalytic
activity from large numbers of N, and Co. nanoparticles. It
was demonstrated that these functional separators with high
adsorption to polysulfides could rapidly catalyze the
polysulfide conversion, leading to the superior cycling stability
of LSBs with a high sulfur loading of 5 mgcm ™.

All in all, to realize fast catalytic conversion, most catalysts
coated on functional separators should have high electronic
conductivity, large surface area, and outstanding catalytic
ability. Actually, metal-based and phosphide-based catalysts
tend to be granular nanostructures, which are not conductive
enough to convert lithium polysulfide. In contrast, MOF-based
catalysts have unique 3D conductive frameworks that will
facilitate the catalytic transformation of polysulfides, which
gradually makes it fully feasible for the future development
trend of LSBs. However, such coating layers with a fast
conversion rate may reduce the efficient transfer of Li"
(Tan et al, 2018). Additionally, these catalysts frequently
involve the use of toxic solvents or reagents (eg, DMF, Co.),
thereby we should seek alternative green solvents to synthesize
these catalysts.

Functional Separators of Li-S Batteries

Functional Separators Facing Cathode With
Dual-Mechanisms Synergistic Effect

To further amplify the working efficiency of FSFCs, scholars
rationally design dual-mechanisms materials with perfectly
inherited characters from parental materials. Recently, the
synergistic effect of physical adsorption and chemical
immobilization has become a forceful strategy to restrain
polysulfides, which not only significantly improves sulfur
utilization, but also is favorable for increasing the energy
density of LSBs. As shown in Table 1, metal oxides, carbon
nanofibers, and transition-metal carbides have been widely
employed to decorate routine separators owing to their
intrinsic nanostructure with a strong polysulfide-trapping
ability. Li et al. (Xiang et al, 2018) fabricated an SnO,
functionalized separator, which presented a more pronounced
electrochemical performance than that of a PP separator. The
advantages of the utilization of SnO, to modify separators are
discussed below: 1) The SnO, layer has a negligible effect on the
weight and volume of the PP separator; 2) the nano-skeleton of a
coated separator facilitates the fast Li* transfer, as well as
physically blocks the migration of polysulfides. 3) The
chemical interaction of SnO, to S in polysulfides further
prevents the against “shuttle effect.” Therefore, it is easily
concluded that metal oxides as coating materials allows for the
fine governing of the thickness and porosity of coating layers and
further influences the Li* transfer number and polysulfide-
capturing ability.

Meanwhile, carbon nanofiber coatings have effectively positive
roles in limiting polysulfide shuttles by dual-effects. Due to the
high strength to weight ratio, adjustable microarchitecture, and
facile preparation, carbon nanofibers are prone to an ideal specific
surface area, porosity, and size, determining the capability of

TABLE 1 | Overview of the studies about modified separators with dual-working mechanisms for LSBs.

Coating Thickness Mass Method Active
materials (um) loading content
(mg cm™2) (wt. %)
MPC/PEG 8.0 ~0.15 Tape casting 70
ACNF-filter 25 ~0.35 Vacuum filtration 63
PANINF/ 8.0 ~0.01 Vacuum filtration 60
MWCNT
MCNT@PEG 6.7 ~0.26 Doctor blade coating -
MnO-KB 8.0 ~0.15 Doctor blade coating —
N-PCNW 9 0.4 Slurry coating 60
B-rGO 25 ~0.25 Roll press 90
CNTOH 8.4 ~0.14 Vacuum filtration —
TiO,/C65 7.5 ~0.4 Blade-coating —
AB/MWCNT 28 - Doctor blade coating —
PW12/Super P 4 ~0.25 Doctor blade coating 70
C-WS, 15 ~0.39 Slurry coating 70
MWCNTs/CeO» 10.5 ~0.15 Vacuum filtration —
FeP/rGO 12.6 ~0.75 Vacuum filtration 74.5
CNT/Fe30,@C 15 ~0.38 Casting method 72
CB/PEDOT:PSS 6.4 ~0.6 Doctor blade coating 60
TiN/C65 7.5 ~0.6 Doctor blade coating —
CuS/graphene 19.5 ~0.5 Doctor blade coating -
CNF/PI 70 — Vacuum filtration 67
LiV3Og 16 ~0.7 Doctor blade coating 60

Sulfur Specific Year Ref.
loading capacity
(mg cm™) (mAhg™)
- 795/200 cycles/0.5 C 2014  (Chung and Manthiram, 2014d)
2.1~2.3 819/200 cycles/0.5 C 2015  (Chung et al., 2015)
1.4 709/100 cycles/0.2 C 2015  (Chang et al., 2015)
1.6 490/500 cycles/1 C 2015  (Wang et al., 2015)
1.6~2.0 901/200 cycles/0.2 C 2016 (Qian et al., 2016)
1.56~1.7 787/200 cycles/0.5 C 2016  (Zhou et al., 2016)
1.5 593/100 cycles/2 C 2016 (Wu et al., 2016)
3.0 600/400 cycles/0.5 C 2017 (Ponrgj et al., 2017)
2.0 533/300 cycles/2 C 2017 (Xuet al, 2017)
3.2 622/200 cycles/1 C 2018  (Tian et al., 2018)
1.0 548/120 cycles/0.1 C 2018  (Yao et al, 2018)
2.5 416/1,000 cycles/1 C 2018 (Al et al.,, 2018)
1.8~2.0 520/300 cycles/0.2 C 2019  (Zhu et al.,, 2020)
2.2 483/500 cyles/0.5 C 2019  (Zhang et al., 2020)
1.4 651/1,000 cycles/1 C 2019  (Sunetal, 2019)
1.6 956/100 cycles/0.2 C 2019 (Yietal, 2019)
2.0 600/500 cycles/0.2 C 2019  (Xu et al., 2019)
1.85 760/100 cycles/0.2 C 2019  (Liet al, 2019a)
1.5 822/200 cycles/TAg™ 2019  (Kong et al., 2019)
2.7~3.0 530/500 cycle/0.5 C 2020  (Maletti et al., 2020)
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sieving polysulfides. Moreover, according to these features, coating
technology can easily access functional separators with ultrathin
thickness, high mechanical strength, and good flexibility. Chung
et al. prepared a microporous activated carbon nanofiber (ACNF)-
coated PP separator for LSBs. The ACNF coatings with small
micropores (0.4~12nm) and high porosity can effectively
intercept polysulfides via the chemical/physical interaction of
ACNF towards polysulfides. Moreover, the ACNF-coated
separator maintained its initial shape well even after being
folded and crumbed, implying its robust flexibility and
mechanical durability. Owing to these merits, ACNF-coated
separators exhibited remarkable sulfur utilization and a low
polysulfide shuttle. Benefiting from a ultrahigh conductivity and
highly active 2D structure, MXenes are of interest in versatile
applications (Naguib et al., 2011). In particular, the highly active
2D surface of MXenes can chemically anchor polar polysulfides
through the metal-sulfur interaction in LSBs (Liang et al., 2015).
Songetal. (Song et al., 2016) fabricated a functional separator by
coating Ti;C,T, MXene nanosheets (T: O, ~OH, and —F) on PP.
Owing to the ultrathin 2D structure, the mass loading of this
uniform Ti;C,T, MXene coating layer was only 0.1 mg cm™>. In
conjunction with its high conductivity, the Ti;C,T, MXene
coating layer served as second current collector to weaken
the internal resistance of the cell. Meanwhile, the highly
active polar surface of Ti;C,T, MXenes could immobilize
polar polysulfides within the cathode side by the synergistic
effects of physisorption and chemisorption. As a result, the
polysulfide shuttle is suppressed, which remarkably prolongs
the cyclability of LSBs.

Functional Separators of Li-S Batteries

Although the above-mentioned novel materials have superior
physical and chemical absorption ability to anchor polysulfides,
the preparation process often involves complex chemical
reactions, expensive raw materials, and high consumption of
time and energy. Therefore, with the exception of studying
novel materials, considerable explorations are focused on
hybrid materials since the fabrication of these materials mainly
adopt simple mechanical mixing and facile wet impregnation,
without energy consumption. Generally, the blend of non-polar
carbon materials and polar materials is a mainstream trend for
restricting polysulfides, such as carbon black-based coating (Qian
et al,, 2016) and CNTs-based coating (Liu et al., 2017a). Yang
et al. (Yang and Zhang, 2018) created a laponite nanosheets/
carbon black (LNS/CB)-coated Celgard separator to retard the
polysulfide shuttle via physical/chemical adsorption, with
detailed information in Figure 6. Such a nanolayered skeleton
not only endows the separator with high ionic and electronic
conductivity, but also provides extensive O active sites (e.g., ~-OH
groups, O atoms) and large specific surface area (3233 m’> g ") to
reactivate and reutilize the captured polysulfides by O-Li and O-S
bonds (Figures 6A-D). In addition, the LNS/CB layer has a
uniform distribution, ultrathin thickness (~3.5um), excellent
flexibility, high thermal stability, and good electrolyte
wettability compared to PP (Figures 6E-G). Consequently, the
cell assembled with an LNS/CB-coated separator exhibits an
ultralow capacity fading rate. Furthermore, Kong et al. (Kong
et al,, 2017a) proposed a nest separator integrated by PP, CNTs,
and MgBO,(OH) nanofibers. CNTs provide more conductive
pathways to boost electronic transportation, which is favorable

FIGURE 6 | Schematic illustrations of LSBs with the (A) Celgard (B) CB-Celgard (C) LNS/CB-Celgard separators, and (D) the structure of the LNS (E)
Photographs, SEM and cross-sectional images of the LNS/CB-Celgard separator (F) Dimension shrinkage of the separators after storage at 160°C for 1 h (G) Contact

angles tests. Reproduced with permission from (Yang and Zhang, 2018).
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for the fast redox conversion of polysulfides. Benefiting from the
large surface area, plentiful sulphifilic groups (O*~, ~OH) and
special 1D nanofiber structure, MgBO,(OH) has adequate
chemical sites that trap polysulfides by strong chemical
adsorption. Besides, together rigid MgBO,(OH) and flexible
CNTs render the modified separator with robust and durable
mechanical performance. The combined features of MgBO,(OH)
and CNTs facilitate a long lifespan and excellent rate capability
of LSBs.

Functional Separators Facing Cathode With Other
Mechanism

Considering that the shuttle effect originates from the migration
of dissolved polysulfides, the coating layer with ion-selective
behavior on the separator could afford an effective approach
to manage the polysulfide penetration but simultaneously allow
facile Li" transfer in LSBs (Li et al., 2020). So far, many coating
materials, such as Nafion (Huang et al, 2013), MOF-based
materials (Bai et al., 2016), polar vanadyl phosphate (VOPO,)
sheets (He et al., 2019a), and lignosulfonate (SL) (Lei et al., 2018),
have been employed to realize the charge-adsorption/repulsion of
polysulfides and further to immobilize polysulfides on the
cathode side. For instance, Huang et al. (Huang et al.,, 2013)
fabricated an ion selective separator by coating a Nafion solution
on a Ceglard 2,400. The sulfonate (SO3") group-coated channels
in the ion selective separator have permselectivity, which allow
the free transportations of charged cations (Li"), as well as block
the diffusion of polysulfide anions (S,27). Therefore, the
polysulfide shuttle is greatly suppressed, leading to enhanced
cycling stability. Although the preparation method of the ion
selective layer is facile and cost effective, the low permeation
speed makes it difficult to satisfy high mass loading sulfur
cathodes, which still need to be further improved.

In summary, each mechanism has its own merits and
demerits. Among them, the functional separators modified by
hybrid materials can physically/chemically interact with
polysulfides, leading to enhanced polysulfide absorption ability.
More importantly, only employing a thin (<10 um) and light
(0.01~0.4 mg cm ) hybrid material coating layer can successfully
fulfill high sulfur loading and cathode content, and further realize
excellent rate capability and the remarkably long-term cyclability
of LSBs. Thus, to form a high-barrier performance separator, an
ideal hybrid material should have the following features. 1)
Abundant electron pathways are beneficial for the fast Li"
diffusion; 2) an adjustable nanostructure facilitates to obtain
appropriate thickness, lightweight, high porosity, good
mechanical property, and electrolyte wettability property; 3)
unique hydrophilic/sulphiphilic groups can chemically interact
with Li or O atoms in polysulfides to eliminate the “shuttle effect”;
and 4) the fabrication methods of functional separators need be
cost-effective, eco-friendly, and available in large-scale. In light of
above standards, these hybrid material-coated separators can be
feasible for high energy LSBs.

Functional Separators Facing Anode
Apart from the severe polysulfide shuttle, the formation and

growth of Li dendrites upon the redox reaction process severely

Functional Separators of Li-S Batteries

restricts the practical application of LSBs. In order to solve this
issue, researchers focus on the prohibition of Li dendrites. The Li
dendrites in LSBs mainly arise from the continuous side reaction
between Li metal and polysulfides in electrolytes. Therefore,
compared with FSFC, a functional separator facing anode
(FSFA) plays the second barrier role in blocking polysulfides,
suppressing parasitic reactions, and preventing Li dendrites,
which contributes to the cyclability of LSBs (Yan et al., 2016).
Generally, there are some design considerations for FSFA. 1)
FSFA can engender low interfacial resistance and excellent
interface compatibility with the Li anode; 2) FSFA can further
suppress the “shuttle effect” and serve as a physical barrier for
restraining dendritic Li growth concurrently, further improving
the Li deposition/dissolution rate; 3) FSFA can induce the growth
of Li dendrites along special channels by specific structures to
avoid puncturing the separator; and 4) FSFA can provide the
lithiophilic scaffold for regulating Li nucleation protecting the Li
anode. It is worth noting that the design principles of FSFC and
FSFA still have some differences. Apart from the basic design
parameters including thickness, weight, porosity, mechanical
strength, and electrolyte wettability, compared with FSFC,
FSFA not only has a hinder polysulfide shuttle capability, but
also should have special lithiophilic skeletons to rationally control
the spatial distribution of Li deposition and further regulate the
interfacial behaviors of the Li anode, prohibiting the growth of
dendritic Li (Peng et al., 2017). More importantly, FSFC and
FSFA can synergistically improve the electrochemical
performance of LSBs since FSFC mitigates the migration and
diffusion of polysulfides, whereas FSFA acts as the secondary
defense to obstruct the leaked polysulfides from the cathode side
to the anode side, which concurrently protects the Li anode from
unexpected side reactions. According to the working roles of the
barrier layer against the Li dendrite, FSFA are divided into four
types, which will be elaborately demonstrated in the following
sections.

Functional Separators Facing Anode With Physical
Barrier

The stable SEI film on the surface of Li metal is aiming at forming
homogeneous lithium stripping/plating behavior for the Li
anode, which determines the life cycle, energy density and
safety of LSBs. At the anode side, similar to the SEI film, the
modified separator acted as a physical barrier to impede the
immigration of soluble polysulfides from the cathode to anode
and the formation of Li dendrites, which could improve the Li
deposition/dissolution and Coulombic efficiency. Since the
concept of a modified separator for protecting Li anode was
proposed, a wide variety of materials have been innovatively
adopted, including carbon-based materials and hydrophilic
polymers. Typically, various nanofibers coated on the anode
side of the separator can successfully inhibit the lithium
dendrite growth since they are able to form a uniform
distribution of Li" flux (Nie et al.,, 2019). Additionally, some
polymers have multiple merits, in terms of boosting electron
transportation, realizing uniform Li ionic flux, as well as arresting
polysulfides. Li et al. (Li et al., 2019¢) fabricated a conductive
polypyrrole (PPy) nanofilm on the surface of a commercial
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separator facing anode to suppress the polysulfide shuttle and to
stabilize the Li metal anode. Due to the intrinsic hydrophilicity of
PPy, it facilitates well-distributed Li plating/stripping at the anode
side and homogenous Li ionic flux, thereby physically inhibiting
the formation of Li dendrites. Moreover, PPy chemically
immobilizes the dissolved polysulfide via its special structure
and functional groups. Meanwhile, the PPy layer with lightweight
(~0.13 mg cm™?) and thin thickness (~65nm) has a negligible
loss for the energy density of LSBs. With these advantages, paired
with a PPy-coated separator, the Li||Li symmetric cells remain
stable during Li plating/stripping cycling over 250 h, and the LSBs
exhibit high capacity retention.

Except for a separator modified by materials without reacting
any components in LSBs, the way of fabricating a “creative”
physical barrier through introducing a lithium compound as a
coating layer on a separator is another effective strategy to suppress
the side reactions between polysulfides and metallic lithium.
Pioneering research demonstrated that lithium fluoride (LiF)
has quite a low solubility in ether electrolytes (McBreen et al.,
2000). Also, the Lewis acid Li atoms in LiF can interact with 1,2-
dimethoxyethane (DME) as Lewis alkali to produce DME-LiF
clusters, which form a dense and viscous sol layer as a physical
barrier to block the polysulfide shuttle, and further to protect the Li
anode. Li et al. (Li et al., 2017) proposed a functional separator
coated with LiF (thickness = 7um) to ameliorate the
electrochemical performance of LSBs. In the presence of LiF
and DME, a semitransparent and highly viscousity sol coating
layer is formed, which undoubtedly decreases the migration of
polysulfides. The high surface energy of LiF could make for the
inhibition of lithium dendrites. As a result, LSBs employed with a
LiF-coated separator exhibited high energy density and excellent
safety. Obviously, using these well-designed decoration layers on
separator towards the Li anode not only make it possible to confine
polysulfides, but also offer a promising approach to construct stable
protection for the Li anode. However, the ultrathin coating layer is
prone to peel from the separator during long-term cycling, which
will gradually weaken the ability to block Li dendrites. Thus, it is
important to understand the shortages and failure mechanism of
coating materials in overcoming dendritic Li of LSBs.

Functional Separators Facing Anode With Induced
Lithium Growth Mechanism

For a metallic Li anode, the infamous “tip effect” of lithium plays
a fatal role in deteriorating the life cycle of LSBs. To overcome this
problem, the majority of researchers put forward unique
architecture designs to induce the uniform growth of Li for
restraining Li dendrites. These special structures provide
abundant and ordered space so that they have a strong
“magnet force” to induce Li growth, which significantly
enhances the safety of LSBs (Deng et al, 2019). In this
context, Li ions smoothly and uniformly pass across the
modified separator and transfer to the Li anode without the
intervention of anions so that a dendrite-free Li anode is achieved.
Up to now, various carbon-based nanomaterials with hierarchical
porous structures have been used to modify commercial
separators, which endow the separators with the remarkable
ability to prevent the growth of Li dendrites.

Functional Separators of Li-S Batteries

It is worth mentioning that the Li dendrite grows slowly on the
anode at a low current density, the conductive and porous
skeletons herein are devoted to providing uniform Li* flux
near the anode surface (Zheng et al, 2014; Shin et al., 2015;
Zhang et al., 2016). Owing to the highly conductive 3D porous
network, CNF not only guides Li* to uniformly deposit along with
the fiber framework, which could prevent the “tip effect” of Li and
internal short circuits, but also anchors the dissolved polysulfide
to promote the utilization of sulfur species (Huang et al., 2015b).
Wang et al. (Wang et al., 2017) used CNF as a 3D coating layer to
modify both sides of a routine separator. The smooth surface
morphology of the Li anode was clearly observed after long-term
cycling, implying that 3D CNF-coated separators were favorable
to improve the safety of LSBs.

Additionally, Huo et al. (Huo et al, 2020) proposed a
composite-solid-electrolyte ~ (CSE)  layer  consisting  of
polyvinylidene fluoride (PVDF) and Lig4LlasZr; 4TagO012
(LLZTO) to modify the anode side of a PP separator for the
dendrite-free Li anode. The 3D Li* channels in CSE could
effectively promote the even Li* flux, leading to the uniform
Li deposition because of the interaction with PVDF and LLZTO.
Additionally, the higher transference number (t,) of the CSE
layer can localize more anions, further regulating the smooth Li*
deposition. By the synergetic working mechanism of Li*
redistribution and anion immobilization, LSBs exhibited
higher Coulombic efficiency and better safety.

Functional Separators Facing Anode With Nucleation
Regulation Mechanism

Recently, nanoparticle or nanolayer-based materials have become
in inhibiting the dendritic Li growth by controlling lithium
nucleation (Deng et al., 2019). The nanoparticles in FSFA act
as heterogeneous nucleation sites of Li by decreasing the Gibbs
free energy of Li electrodeposition, which makes Li preferentially
deposit on these nanoparticles to form regular Li crystal seeds in
the early plating stage. During the plating process, Li crystal seeds
gradually cover the whole separator surface, and finally form into
a dense Li metal layer with dendrite-free morphology, resulting in
a uniform Li anode without any growth of Li dendrites. (Liu et al.,
2019). In addition, the voids and pores formed by nanoparticle
accumulation can provide additional channels for transporting
more Li" ions, which could significantly enhance the redox
kinetics of LSBs. Apart from regulating lithium nucleation, the
thin films constructed from inorganic and oxide materials are
helpful to confine the polysulfides as well.

He et al. (He et al., 2019b) fabricated an Al,Oj3 thin film as a
protective layer onto a commercial separator facing the anodic
side to address the obstacles of Li dendrites. First of all, the Al,O3
layer suppresses the parasitic reactions between the soluble
polysulfide and lithium metal. Secondly, the porous structure
of the AL,O; layer guides the uniform nucleation of lithium and
further hinders the growth of Li dendrites, leading to a smooth
and dense Li anode. Thanks to the merits of the Al,Oj; layer, LSBs
show high sulfur utilization and superior cyclability with high
sulfur loading. Moreover, due to the intrinsic insulation and high
thermal conductivity, boron nitride (BN) is often used to modify
the commercial separators. Kim et al. (Kim et al., 2017) prepared
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the BN (~7um)/carbon (~6um) modified separator with
synergistic protective effect, in which BN and carbon were
coated on the anodic side and cathodic side of the separator,
respectively. The morphology of the BN coating layer and the
corresponding schematic illustration of the roles of the BN
coating layer in the modified separator are presented in
Figures 7A-G. Apparently, with the surface modification of
the BN coating layer on the separator, the Li anode has a
uniform Li plating/striping process, dramatically alleviating the
hazardous Li dendrites (Figure 7H). In addition, the BN layer
acts as an extra line of defense to obstruct the leaked polysulfide.
Therefore, the LSBs assembled with BN modified separators
present superior electrochemical properties (Figure 71).
Wuetal. (Wu et al., 2018) proposed ultralight dual-functional
separators, in which two sides of this functional separator were
coated by a molybdenum disulfide/poly (diallyl dimethyl
ammonium chloride) hybrid in conjunction with poly (acrylic
acid) (MoS,/PDDA-PAA, denoted as M-P/P), as shown in
Figures 8A-C. Compared with Celgard separators, the cells
employed with this rationally designed M-P/P-coated
separator exhibited superior electrochemical performance after
500 cycles at 1 C since only trivial “dead” Li and tiny particles
(sulfur and sulfides) can be detected on the surface of the M-P/P-
coated separator (Figure 8D). This is mainly attributed to the

Functional Separators of Li-S Batteries

following aspects: 1) the robust and Li* conducting MoS, layers
are beneficial for enhancing the modulus of the separator and
regulating Li deposition as well as restraining dendrite growth. 2)
The tightly packed “nanobrick wall” structure of the M-P/P-
coated separator leads to rapid Li" flux, relieving Li* depletion
and obtaining homogeneous Li deposition. 3) MoS, nanosheets
and PAA play catalysis and chemisorption roles in anchoring
polysulfide, respectively. Benefiting from the above advantages,
the sulfur utilization of LSBs with an M-P/P-coated separator at
various C-rates are superior to cells with Celgard separators
(Figure 8E).

Compared to the induced lithium growth mechanism, the
materials applied to regulate lithium deposition by nucleation
regulation also have great advantages even if there is no special
skeleton or directional channel. Moreover, these low cost and
naturally abundant materials can be added directly into the
coating layer. In addition, the coating layers consist of nano-
materials and PVDF (ranging from 20 to 30 wt. %), undoubtedly
deteriorating the lifespan of the separator. Meanwhile, the toxic
and expensive solvents (e.g., NMP) participate in the preparation
process, causing environmental risks. Thus, we should choose a
high-performance aqueous binder with about 5 wt. % to improve
the structural integrity of the coating layer, finally achieving a
powerful guidance to lithium.
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Functional Separators Facing Anode With Hybrid
Mechanism

In fact, all the functional separators can serve as physical barriers.
In order to further amplify the effects of modified separators for
protecting the Li anode, the combination of the induced lithium
growth and nucleation regulation mechanism with physical
barriers is a promising strategy to repress lithium dendrites
and to block the leaked polysulfides. For this reason, materials
with unique structures and hybrid mechanisms should be
carefully designed. Lithium nitrate (LiNO3) is extensively used
as an additive in electrolytes to inactivate the Li metal anode as
well as to diminish the parasitic reactions between the dissolved
polysulfides and lithium (Xiong et al., 2014). However, LiNO; will
be exhausted during long-term cycling because of its irreversible
reaction with lithium. Owing to the above limitations of LiNOs,
Guan et al. (Guan et al., 2018) designed a modified separator with
a LiNO3/ALO;/PVDF coating layer (thickness = 4 um, mass
density = 0.53 mg cm™?) facing the Li metal anode. In this tri-
layer separator, each component utilizes a particular
functionality. The LiNO; not only favorably forms a stable
passivation layer on the surface of the Li metal anode, but also
has excellent ionic conductivity to control the lithium nucleation
and deposition. Al,O; nanoparticles are capable of to storing
LiNO;, maintaining the durability of LiNO; Impressively, the
closely packed Al,O; improves the specific surface area of the
separator, realizing the homogenous Li infusion and deposition

via the uniform nucleation mechanism. More importantly, PVDF
not only ensures the integrity of the coating layer without
cracking in the presence of the interface fluctuation during the
charging and discharging process, but can also afford reasonably
induced lithium growth. By the dual-working mechanisms of a
LiNO3/Al,O3/PVDF-coated separator, the dendrite-free Li anode
and uniform Li" flux can be achieved, leading to the enhanced
electrochemical performance of LSBs compared to the
counterpart commercial separators.

However, until now, only some published literature have
concentrated on functional separators with dual-mechanisms
related to the protection of the Li metal anode. The following
several reasons account for this issue. Firstly, the immaturity of
the preparation process is prone to cause the uneven distribution
of coating materials on the separator, influencing the transfer
number of Li" and uniform Li* flux. Secondly, the hybrid
mechanism combined with the induced lithium growth
mechanism and nucleation regulation mechanism still hardly
guarantee a the dendrite-free Li metal anode due to the
insufficient channels, low conductivity, and poor mechanical
strength. In addition, the coating materials should be at the
nanometer scale, which will increase the manufacturing cost.

To sum up, the design and fabrication of coating materials
with the function of inhibiting dendritic lithium growth should be
considered in depth. Importantly, the coating materials with the
most outstanding synergistic effect can provide strong
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polysulfide-confining ability, homogenous Li* flux distribution,
and rapid reaction kinetics of polysulfide conversion.

Relationship of Design Protocols and
Electrochemical Performance of Functional
Separators

Here, we analyze the reported functional separators in terms of
their loading, thickness, and initial discharge capacity in recent
years. As illustrated in Figure 9, the loading and thickness of
functional separators are mainly distributed in purple circles
ranging from 0.15 to 0.4 mgcm™> and 5~15um, respectively.
Most of the LSBs assembled with these functional separators
demonstrate high initial discharge capacity. However, only a few
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FIGURE 9 | The relationship between the loading and thickness of
functional separators and the corresponding initial discharge capacities of LSBs.
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of them still have low capacity since they merely serve as physical
barriers that provide a weak physical adsorption ability to
polysulfides.  Therefore, in order to achieve high
electrochemical performance of LSBs, the rational balance
among the loading, thickness, and functions of separators
should be further optimized in sector graphs.

To better demonstrate the importance of the design
parameters of functional separators, a group of estimated
parameters in terms of the reasonable relationship between the
cell energy density and loading, thickness of the coating layer and
electrodes as well as the dosage of electrolytes (electrolyte/sulfur
ratio, E/S ratio) are provided. Taken a five Ah pouch cell as an
example, the energy density can be calculated by Eq. 1 with the
cell parameters as listed in Table 2. Notably, only the LSBs with
the optimized loading and thickness of both electrodes and the
functional separator can achieve a high energy density, which is
much higher than that of commercial LIBs (<300 Wh kg™).

Meanwhile, the relationship between the coating mass and
thickness of functional separators and the energy density of LSBs
is illustrated in Figure 10. As the coating mass and thickness of
the coating layer gradually decrease (<0.1 mgcm™2, <1 um), the
gravimetric and volumetric energy density of LSBs can reach to
470 Wh kg™ and 610 Wh L™, respectively. The increased energy
density is mainly attributed to the advantages of functional
separators with ultrathin thickness, ultralight weight, and
suitable porosity, which not only have a negligible weight
grain for the whole cell, but also reduce the dosage of liquid
electrolyte. Therefore, in response to the satisfactory energy
density of LSBs, the coating mass and thickness of functional
separators need to be carefully balanced.

Undoubtedly, fabrication methods are critical when realizing
the rationally designed functional separators for high energy
density LSBs. Herein, the merits and demerits of the currently
reported fabrication methods of functional separators are
summarized. As illustrated in Figure 11, slurry coating,
vacuum filtration, and dip-casting are prevailing strategies to

TABLE 2 | The cell parameters and energy density of five Ah Li-S pouch cells.

Component Descriptions Values Units
Cathode (double-side) Content 65 %
Loading ~4.0 mg cm—2
Size 50 x 90 mm?
Thickness 150 pum
Layer 8 Number
Separator (single-side coating) (PP: 1.0 mg cm™2; 12 um) The loading of coating 0.15 mg cm—2
The thickness of coating 10 pm
Size 52 x 92 mm?
Anode Weight 3 g
Thickness 200 pum
Size 50 x 90 mm?
Layer 9 Number
Liquid electrolyte E/S ratio: 4 pL mg™ 10.6 g
Others (tabs and packaging) Weight 3 g
LSBs Weight 22.3 g
Size 52 x 92 mm?
Thickness 3.6 mm
Energy density Gravimetric (22.3 g) 470 Wh kg™
Volumetric (0.01722 L) 610 Wh L™
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FIGURE 11 | Merits and demerits of various fabrication methods of functional separators.

prepare surface modified functional separators. These methods
are facile and cost effective, which are easily scaled up. However,
the obtained functional separators still can not satisty the
requirements of practical application in LSBs since the coating
layers are thick, heavy, and non-uniform. In contrast, the

burgeoning methods, such as the magnetron sputtering
technique, chemical vapor deposition, atomic layer deposition,
and in-situ vapor-phase polymerization, could readily achieve
functional separators with ultrathin, ultralight and uniform
coating layers. Unfortunately, they often involve a complex

Frontiers in Energy Research | www.frontiersin.org

15

November 2020 | Volume 8 | Article 593640


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles

Lietal

manufacturing process, low yield, high cost, and high energy
consumption. Therefore, it is still essential to develop more facile,
highly efficient, and low cost synthetic strategies for functional
separators in the future.

CONCLUSION AND PROSPECTS

LSBs are considered as one of the most promising energy-storage
devices because of their high energy density, abundant raw
materials, and environmental friendliness. However, the low
utilization of sulfur, high soluble polysulfides, and unstable Li
metal anode are major bottlenecks withholding the practical
application of LSBs. The separator, a critical component in the
battery, not only prevents the direct contact between cathodes
and anodes, but also guarantees ion transportation, which is
important for the safe operation of batteries. Since polysulfides
can pass freely through the separator and further react with the
anode, developing the functionalized separator to inhibit the
polysulfide shuttle has become a current trend. In this review,
we systematically summarized the recent developments on the
functional modification of commercial separators for the
elimination of the polysulfide shuttle, improvement of sulfur
utilization and protection of the Li metal anode. With regard
to modified separators, two types are involved, including a
functional separator facing cathode (FSFC) and a functional
separator facing anode (FSFA). Meanwhile, the advantages and
disadvantages of functional separators with different working
mechanisms have been comprehensively discussed. We
attempted to provide essential experimental and theoretical
perspectives for exploring novel functionalized separators to
realize the large-scale application of LSBs.

For FSFC, it is crucial to choose an optimized functional
separator as the “first” barrier to thoroughly eliminate the “shuttle
effect.” In contrast to the single mechanism, functional separators
based on the dual-effect synergistic mechanism can not only serve
as an “upper current collector” to facilitate more Li" flux, but also
has a stronger affinity with polysulfides via physical/chemical
adsorption and catalytic conversion. For FSFA, the functionally
modified separators can be used as a “second” barrier to protect
the Li metal anode from polysulfide corrosion and to control the
growth of dendritic Li and mossy Li concurrently. However, the
design principle and fabrication protocols of FSFAs are different
from FSFCs due to their different working requirements and
working mechanisms in LSBs, the research of FSFAs is still in its
infancy stage. Therefore, more efforts are urgently needed to
develop FSFA with optimal synergistic mechanisms.

Although huge improvements have been made in functional
separators, there is still a long way to go before the large-scale
application of high-energy density LSBs with high sulfur loading
and high sulfur utilization are realized. Thus, from a practical point
of view, the ideal functional separators in LSBs should essentially
have a simple and feasible fabrication process, a powerful affinity
with polysulfides, and a superior ability to inhibit Li dendrites.

Functional Separators of Li-S Batteries

Specifically, to obtain high-energy density LSBs, several standards
related to design functional separators are emphasized as follows:
1) ultrathin thickness (<10 nm). The thinner the thickness of the
functional separator is, the higher the volumetric energy density is,
and the faster the ion transport is. To obtain ultrathin functional
separators, the magnetron sputtering technique, chemical vapor
deposition, atomic layer deposition, and in-situ vapor-phase
polymerization are currently verified to be effective in reducing
the thickness of the coating layer of functional separators. 2)
Ultralight weight (0.01~0.1 mgcm ™). The well-designed
lightweight modified separator has a negligible influence on
gravimetric energy density. Therefore, the coating materials
should have a low density so as to decrease the weight of
functional separators. In this respect, carbon nanomaterials (eg,
graphene, CNT and CNF) and conductive polymers are promising
candidates. 3) Suitable porosity. Rational porosity can reduce the
dosage of liquid electrolytes, which helps gain high gravimetric
energy density. Consequently, the coating layers with the relatively
high density are required, which could be realized by using
compression densification and introducing low specific surface
area coating materials. 4) Unique architectures, channels, and
groups. It is highly expected that functional separators with
porous architectures, array channels, and polar functional
groups will offer sufficient physical, chemical, and catalytic
interfaces for trapping and reutilizing polysulfides to promote
the electrochemical performance of LSBs. Functional separators
with these features can continuously capture and react with
polysulfides as well as form uniform Li deposition. In addition,
the mechanical strength, flexibility, and durability of functional
separators should also be paid attention to. Overall, the rapid
development of novel functional separators offers
opportunities and insights for the fundamental research and
practical application of high energy density LSBs.
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