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Abstract: Lithium metal batteries are considered “rough diamonds” in electrochemical energy storage
systems. Li-metal anodes have the versatile advantages of high theoretical capacity, low density, and
low reaction potential, making them feasible candidates for next-generation battery applications.
However, unsolved problems, such as dendritic growths, high reactivity of Li-metal, low Coulombic
efficiency, and safety hazards, still exist and hamper the improvement of cell performance and
reliability. The use of functional separators is one of the technologies that can contribute to solving
these problems. Recently, functional separators have been actively studied and developed. In this
paper, we summarize trends in the research on separators and predict future prospects.
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1. Introduction

Rechargeable batteries are chemical energy storage systems that interconvert chemical energy and
electrical energy through the redox reactions of cathode and anode materials. Fossil fuel-based energy
cycles are being replaced by renewable energy cycles at a high pace. In this regard, energy storage
devices have proven to be essential in fulfilling the global demands of sustainable energy supply and
solving problems such as oil depletion and environmental pollution [1–5].

Electrochemical rechargeable batteries consist of two electrodes, the cathode and the anode,
separated by an electrolyte and a separator. Their application varies widely from small electronic
devices to electric vehicles. Thus, studies on the stability of these batteries are essential because it is
directly related to human safety concerns. Additionally, the separator is one of the technologies that
contribute to increasing the reliability of these batteries. In the commercial lithium nickel manganese
cobalt oxide (NMC) battery cell (cathode: NMC 6:2:2|anode: graphite), the separator accounts for 7% of
the price. Considering the fact that the global demand for separators is expected to be ~$1300 million
in 2025 [6,7], it is essential to focus on the economic aspect of these batteries.

Generally, most commercial separators have porous structures that are fabricated using polyolefin
polymers such as polyethylene (PE) and polypropylene (PP). The representative roles of the separator
are as follows [8–10]: (1) it provides migration paths for ions but prevents electrons from flowing directly
through the electrolyte. A high affinity (wettability) between the separator and electrolyte provides
facile ion conduction, resulting in lower internal resistance. (2) It physically prevents direct contact
between a cathode and an anode, which reduces the risk of short circuits or explosions. Therefore,
mechanical strength is an important prerequisite to avoid shrinkage and rupture during cyclic process
in different temperatures. (3) It should be sufficiently thin to enable the batteries to achieve short ion
migration paths and high volumetric energy densities. The surface properties and porous structure of
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separators are important factors to be considered while designing advanced separators for various
battery systems.

A recent research trend is the reviving of Li-metal batteries (LMBs), which use Li-metal as an
anode owing to its high theoretical capacity (3860 mAh g−1), low density (0.59 g cm−3), and low
reaction potential (−3.04 V vs. standard hydrogen electrode) [11–13]. In 1970, Whittingham developed
a new battery system using Li-metal as the anode and TiS2 as the cathode [14]. In 1989, Moli Energy
commercialized an LMB that used a MoS2-based cathode. However, because of the inherent instabilities
of Li-metal caused by Li-dendrite formation, the product disappeared from the market due to the
occurrence of safety accidents [15,16]. In 1991, Sony commercialized the modern Li-ion batteries (LIBs)
by substituting Li-metal with graphite and using LiCoO2 (LCO) as the cathode material [17]. Thereafter,
the optimization of LIBs resulted in the phasing out of LMBs [18]. Recently, as global demand for
high-energy-density batteries has increased, LMBs are becoming popular again. In addition to its high
energy density, Li-metal anode technology is important as next-generation batteries, such as Li-sulfur
batteries (LSBs) and Li-air batteries, directly use Li-metal as anodes [19–22]. In particular, LSBs have
attracted great attention owing to the high theoretical energy density and low cost. The use of sulfur as
a cathode material accompanies a huge benefit in theoretical energy density (2600 Wh kg−1), providing
opportunities to be used for electronic vehicles and portable electronic products [23,24].

However, for Li-metal to be commercialized, the following problems must be addressed: (1) during
the Li plating/stripping processes, the volume of the Li-metal expands, which causes the solid electrolyte
interphase (SEI) layer to crack. Repetitive SEI formation/decomposition decreases the energy efficiency
and generates gaseous byproducts, increasing the pressure formation in the batteries. (2) During Li
plating, the Li-ion flux increases through the cracks in the SEI layer which leads to the growth of
non-homogeneous Li-dendrites. Dendrites grow rapidly and can penetrate the separator and reach the
cathode, resulting in cell failure and explosion in the worst case [25]. (3) As the cycle continues, the
growing dendrites are isolated, resulting in the formation of “dead” Li. The efficiency and capacity of
the battery decrease when dead Li accumulates, and the SEI layer becomes excessively thick, disturbing
ion transport. (4) These problems are severe in “harsh conditions” such as overcharging, elevated
current densities, or fluctuations in temperature. (5) In the case of LSBs, intermediate polysulfide
species (Li2Sx, x = 8, 6, 4, and 3), formed during charge/discharge processes, are soluble in the
electrolyte. These polysulfide species can diffuse and cover the anode surface, leading to performance
degradation [26,27].

Various approaches have been adopted to stabilize and improve Li-metal anodes, such as changing
either the morphology of the Li-metal or constituents of electrolytes [28–30], developing host materials
with three-dimensional (3D) structures [31,32], and the use of current collectors [33–35]. Among these
components, we focused on the separators. To the best of our knowledge, although several review
articles on LMBs exist [36–38], a comprehensive review of separators for LMB applications has barely
reported [39,40]. Since several papers have reported studies on improving the performance of Li-metal
anodes by applying functional separators, this review examines the trends in the research on separators.

2. Properties of the Separator

The separator affects cell performance and safety. Therefore, understanding their characteristics
and requirements for better performance is important. This section overviews commercial separators,
specific parameters and analysis of LMB separators, and characteristics of separators for LMBs (Figure 1).
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2.1. Thickness

Uniform thickness of the separator promotes homogeneous ion distribution, leading to the
uniform use of the active materials present in the electrode layer and induces flat Li-metal formation
by suppressing the growth of Li-dendrites [41]. Commercial separators have a thickness ranging
between 20–25 µm [42]. Thin separators can maximize the energy density of batteries by providing
more space for electrodes. However, thin separators increase the possibility of punctures and short
circuits. In contrast, if a separator is too thick, it causes high resistance and decreases the energy density.
In the case of LMB application, an optimal thickness should be systematically determined to prevent
the growth of sharp Li-dendrites.

2.2. Porosity

Optimum porosity enables the electrolyte to be thoroughly wetted into the pores and provides
facile ionic conduction. Generally, commercial separators with pores of 1 µm or less have a porosity
of ~40% [42]. A high porosity reduces the mechanical strength of the separator and increases the
possibility of punctures. In contrast, if the porosity is too low, electrolyte wettability decreases and
the internal resistance increases. Therefore, an optimum thickness should be determined and the
pores of the separator should have even morphology and pore size distribution. The homogeneous
pore size distribution facilitates uniform ion distribution. Pore size should be sufficiently large to
absorb the electrolyte and enable Li-ions to pass; however, it should be smaller than the size of the
particles of the electrode material [41]. In the case of LMBs, a sub-micrometer pore size has proven
to be adequate to block the penetrating Li-dendrites [43]. Generally, the porosity is measured by
comparing the weight of the liquid electrolyte before and after absorption. Information on the surface
topography and cross-section morphology can be obtained using a scanning electron microscope
(SEM) [44]. In addition, nano-computed tomography (nano-CT) and mercury porosimetry techniques
are applied to characterize porosity, pore structure/distribution, and pore sizes.
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2.3. Wettability

The separator must absorb a sufficient quantity of electrolyte; during cell operation, the pores
should retain the absorbed electrolyte [45]. If the wettability is high, the ionic resistance in the cell
is lowered, which improves the cell performance. On the other hand, low wettability results in
non-uniform ion distribution causing dendritic growth, causing electrode materials not to be fully
used. Hence, wettability is crucial to both cell capacity and lifecycle. The degree of the wettability is
indicated by the contact angle measured between the electrode and electrolyte. The contact angle is
obtained by placing an electrolyte droplet on a dry separator and observing the droplet shape over
time. A contact angle greater than 90◦ indicates poor wettability, and a lower contact angle indicates
greater affinity between the separator and the electrolyte [44].

2.4. Ionic Conductivity

The ionic conductivity of a separator containing electrolytes is ideally expected to be in the range
of 10−3 to 10−1 S cm−1 [44]. Generally, the MacMullin number is used to predict the ionic conductivity
in the assembled cell. The MacMullin number is defined as the ratio of the resistance of the separator
wetted with electrolyte to that of the electrolyte. The lower the MacMullin number, the better the
cell performance and safety. Air permeability is used to estimate the MacMullin number, and it
is expressed using the Gurley number and defined as the time required for air to pass through a
specific region of the membrane under particular pressure. A low Gurley number indicates a high air
permeability, high separator porosity, and low roughness. Generally, the separator requires a Gurley
number lower than 25 s per 25.4 mm (ASTM D726) [44,45]. Chun et al. measured the air permeability
of a commercial PP/PE/PP separator and carbon nanotube (CNT) separators with various isopropyl
alcohol (IPA) volumes by measuring the Gurley value using a Gurley densometer (4110N). High IPA
content in the CNT separators significantly decreased the Gurley value and MacMullin number and
increased the ionic conductivity (Table 1) [46]. Ionic conductivity is calculated using the bulk resistance,
which is obtained using electrochemical impedance spectroscopy, sample thickness, and area of the
separator [44].

Table 1. Gurley value, ionic conductivity, MacMullin of a PP/PE/PP separator and CNT separators as a
function of the IPA-water composition ratio [46]. Copyright (2012) ROYAL SOCIETY OF CHEMISTRY.

IPA-Water Ratio
(vol/vol%)

Gurley Value
[s 100cm−3 Air]

Ionic Conductivity
[mS cm−1]

MacMullin Number

60/40 Too high to be
determined 0.02 337.6

80/20 850 0.53 14.1
95/5 496 0.75 10.1
100/0 487 0.77 9.9

PP/PE/PP separator 500 0.73 10.3

2.5. Chemical and Electrochemical Stability

The separator must be an electronic insulator [41]. Additionally, it should be electrochemically
stable under redox reaction potentials. Using cyclic voltammetry or linear sweep voltammetry,
electrochemical redox processes can be obtained to predict the stability of the separator [44]. For example,
experiments were conducted to analyze the stability of a separator by measuring the cyclic performance
using Li|Li symmetric cells [47]. In addition, chemical and electrochemical stability were analyzed by
observing changes in the chemical state of the elements in the separator during the charge/discharge
process using X-ray photoelectron microscopy and Fourier transform infrared spectroscopy [47].
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2.6. Thermal Stability

The separator should be stably maintained over a wide temperature range [41]. The thermal
stability of the separator is characterized using the melt integrity and the “shutdown function.”
The melt integrity temperature is the temperature at which the separator can no longer maintain its
mechanical properties, and the ideal melt integrity temperature is 200 ◦C or higher [44]. The separator
begins melting down under abnormally high temperatures. Thus, it blocks the Li-ion conduction by
eliminating the pores. This process is called the shutdown function. When it attains the shutdown
temperature, the polymeric separator begins melting the pores and blocking the ionic flow. Mechanical
integrity should be maintained to prevent contact between electrodes after shutdown [45]. Zhao et al.
measured the shutdown performance of separators (Figure 2). They confirmed the shutdown process
in PP/PE/PP and PE/Polyimide (PI)/S separators at 140 ◦C for 0.5 h and reported that the resistance
increased after shutdown [48].
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Figure 2. (a–d) SEM images: (a,c) cross-section of a PP/PE/PP separator before and after hot treatment
at 140 ◦C for 0.5 h; (b,d) cross-section of a PE-PI-S nonwoven membrane before and after hot treatment
140 ◦C for 0.5 h. (e) Impedance change with a heating rate 1 ◦C min−1 of the PP/PE/PP separator and
PE-PI-S nonwoven membrane. (f) differential scanning calorimetry of the PI, PP/PE/PP, and PE/PI/S
membranes [48]. Copyright (2015) Elsevier B.V.

Ductile-to-brittle transition and melting temperature can be measured using thermogravimetric
analysis and differential scanning calorimetry. The shutdown temperature and degree of shutdown
can be quantified by measuring the impedance spectroscopy and temperature changes in the cell
containing the separator [49,50].

2.7. (Thermal) Dimensional Stability

The shrinkage in commercial-grade separators should be less than 5% in all directions.
The shrinkage is measured by comparing the areas of original separator and areas of separator
which is impregnated with liquid electrolyte during a few hours. Also, the thermal shrinkage should
be less than 5% after 60 min at 90 ◦C. [45]. Kang et al. reported the synthesis of a silica-PE separator
and applied it in a graphite|LiMn2O4 cell (Figure 3). Silica prevents electrolyte/thermal shrinkage by
mechanically maintaining the size of separator. Moreover, the pore structures achieved by binder-free,
thin-layer growth of silica facilitate efficient ion transport. Consequently, the bioinspired silica-coated
separator improved thermal stability (1 h at 140 ◦C) and exhibited high electrolyte wettability.
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The improvement of ionic conductivity would synergistically contribute to the enhanced rate capability
of silica-PE separators compared with the unmodified PE and 2-dimethylaminoethanethiol(DMAET)-PE
separators [51].
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Figure 3. (a) SEM and water contact angle images of various membranes. (b) Rate capabilities of the
different separators (1 C for charge and various C-rates for discharge). The anode and cathode are
graphite and LiMn2O4, respectively. (c) Digital images of the different separators after exposure to
140 ◦C for 1 h. (d) Open circuit voltage measurements of the cells with various separators at 140 ◦C.
Reprinted with permission from [51]. Copyright (2012) American Chemical Society.

2.8. Mechanical Properties

The separator must have sufficient mechanical properties to withstand physical stress caused by
external compression and electrode expansion. Generally, the mechanical properties of conventional
separators differ when the separator is placed in an electrolyte. Therefore, mechanical stabilities in
the electrolyte system must be considered to design high-stability separators. Mechanical properties
are characterized by measuring tensile and puncture strengths; the higher the tensile strength of the
separator, the better the rigidity. Also, a high puncture strength increases the resistance to dendrites,
leading to prevent dendrite penetration. A separator should have a high mechanical strength to
prevent dendritic growth in LMBs from penetrating it.

2.9. Preventing Shuttle Effects

In LSBs, cathode is known to have two plateaus during the discharge process. In the first plateau
(~2.4 V vs. Li+/Li), sulfur is reduced from S8 to S4

2−, at which various Li polysulfides (LiPS, Li2Sx)
dissolve in the electrolyte. In the second plateau (~1.95 V vs. Li+/Li), Li2S4 converts into insoluble Li2S2

and Li2S [52]. As-formed LiPS diffuses to anode side owing to electrostatic attraction between Li-metal
and charged LiPS, and this phenomenon is designated as shuttle effects [53,54]. Shuttle effects lead to
several degradations such as loss of active materials, low Coulombic efficiency (CE), and passivation
of the Li anode [55]. Accordingly, separators have to prevent LiPS from migration. The chemical
interaction between LiPS and separator can obstruct the diffusion of LiPS to anode side. In addition,
the separator can enable the reuse of LiPS as active materials [56].
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3. Limitations of Commercial Separators in Lithium Metal Batteries

Polyolefin is commonly used in commercial separators for LIB applications. In particular, PE and
PP are mostly used, which are produced using wet and dry processes (Figure 4a–c).
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Figure 4. SEM images of the surfaces of various separators: (a) Celgard 2730 (PE), (b) Celgard 2500
(PP), (c) Celgard 2400 (PP). Reprinted with permission from [41]. Copyright (2004) American Chemical
Society. (d) PVDF membrane (ethanol precipitation bath). Reprinted with permission from [57].
Copyright (2008) Elsevier B.V. (e) PMMA particles Reprinted with permission from [58] Copyright
(2018) CC BY. (f) PAN nanofibers Reprinted with permission from [59] Copyright (2019) CC BY.

Both processes include extrusion and stretching steps. Solvent extraction and annealing process
are generally applied in the synthesis of these materials [8]. Polyolefin has high mechanical strength
and is chemically stable and cost-effective. Additionally, its conductivity increases after it is soaked in
an electrolyte because of its large pore volume and size. However, there are some inherent properties
of polyolefin such as poor thermal stability and low wettability. The poor thermal stability can
cause thermal shrinkage at high temperature, leading to short circuit. The low wettability can cause
overpotential and capacity degradation at rapid charge/discharge rate [8]. Moreover, the affinity
between the separator and a conventional polarized alkyl carbonate electrolyte solution is low because
of the lack of polar groups in the separator. Therefore, the impeded ion transport and low compatibility
of the interface hinder the migration of Li-ions, resulting capacity degradation. Also, uneven Li-ion
distribution induces the growth of Li-dendrites, which can cause low cycling performance [60].
In particular, for polyolefin separators in LMBs, frameworks with large pores cause dendritic growth,
resulting in poor stability.

Polyacrylonitrile (PAN), poly(methyl methacrylate) (PMMA), or poly(vinylidene fluoride) (PVDF)
have been studied to overcome these drawbacks (Figure 4d,f). PAN-based separators can effectively
suppress dendritic growth owing to their high modulus. Although they have high conductivity,
good thermal stability, high electrolyte uptake, and good compatibility with Li-metal, PAN-based
separators still suffer from the electrolyte leakage problem. PMMA-based separators have a high
affinity and good compatibility with electrolytes, but their mechanical strength is weak because of their
amorphous nature. The ionic conductivity of PVDF-based separators is higher than that of polyolefin
materials owing to the superior wettability of PVDF-based separators. However, they cannot be
applied to LMBs due to their weak mechanical strength and low thermal stability [61]. Therefore, novel
strategies to modify commercial separator materials such as polyolefin are required. Several strategies
to enhance the performance of separators have been suggested, and these include compositing other
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materials with polyolefin, introducing inorganic materials, and hybridizing organic/inorganic materials.
These materials are discussed in the following section.

4. Various Materials for Modifying Multifunctional Separators

A commercial separator is primarily composed of organic materials such as PE or PP. Therefore,
functionalizing organic materials on the separator is easy [50]. Compared with metals and ceramics,
organic materials are light, cheap, and easy to apply to the commercial manufacturing process owing
to their simple synthetic processes. Therefore, various forms of organic materials have been placed on
commercial separators using relatively simple methods such as coating [62], vacuum filtration [63,64],
and electron beam deposition [65]. A wide range of organic materials have their own characteristics
such as ion conductivity [66], thermal stability [67], mechanical strength [68], and ability to suppress
the shuttle effect in LSBs [69]. Owing to its extensive possibility of transformation, researchers have
attempted to reinforce current commercial separators by applying organic materials [70,71].

On the other hand, inorganic materials have excellent physical strength. Thus, they have been used
to increase the strength of separators and electrolytes or electrodes. In LIBs, silica coating is a typical
method of improving the performance of the separator [72]. Additionally, a study on introducing
inorganic and polymer hybrid layers as solid ion conductors in LMBs to suppress Li-dendrites was
conducted [73]. Meanwhile, separators for LMBs should have additional competence to prevent
the growth of Li-dendrites; in LSBs, depressing LiPS shuttle effects is required. Therefore, several
researchers have introduced inorganic materials to separators to design functional inorganic separators.
To date, several inorganic materials such as ceramic compounds, metal or metal oxide, nitrides, and
phosphorus have been studied as additives or coating materials for separators.

4.1. Using the Advantages of Ceramic Compounds

4.1.1. Silica (SiO2)

The reasons for using silica to improve the performance of separators are as follows: (1) Si is
abundant and cost-effective since it is one of the most abundant elements on Earth [74]. (2) SiO2

has a high thermal stability; therefore, it can be used to increase the thermal stability of separators.
(3) Because silica reacts with Li-metal [75], it can be used in separator surfaces to prevent direct contact
with the cathode. (4) SiO2 has a high affinity to LiPS [76,77]; thus, it prevents the LiPS shuttle effect in
LSBs. Therefore, the use of SiO2 in separators in LSBs is highly appropriate.

4.1.2. Alumina (Al2O3)

Alumina has physical and chemical stabilities similar to silica and excellent LiPS adsorption [78].
Hou et al. clarified that the oxygen atom with the lone electron pair of ceramic compounds, such as
alumina and silica, has a strong interaction with LiPS through dipole-dipole interactions [79]. Wang and
co-workers fabricated a pure inorganic separator by the filtration of Al2O3 nanowires [80]. Generally,
previous researchers focused on inorganic/polymer composite separators because of inorganic materials’
brittleness, which can cause cracking during cell operation. Indeed, inorganic materials are more
beneficial in terms of thermal stability, electrolyte wettability, and overall mechanical properties than
organic materials are. Hence, it is worth that this group successfully fabricated a pure inorganic
separator by using the fine and uniform ceramic nanowire structure. Compared with commercial PP,
this ceramic separator had enhanced porosity, liquid electrolyte uptake, ionic conductivity, and thermal
stability. Additionally, this separator in a Li|LiFePO4 (LFP) cell exhibited better cyclic performance
than that of a commercial separator. At high operation temperatures, batteries with Al2O3 separators
exhibited stable cyclic performance, while the cell of a commercial separator made cell drop at first cycle.
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4.2. Using the Advantages of Metal and Metal Composites

4.2.1. Metal

Several studies attempted to stabilize LMBs by applying lithiophilic metal particles to separators.
Metal particles are known to effectively suppress the growth of Li-dendrites for the following reasons:
(1) lithiophilic metals such as Mg, Ag and Au effectively lower the Gibbs free energy required for Li
electrodeposition, aiding to achieve uniform lithium deposition [81]. (2) Preparing porous and metallic
substrates is easy; they act as Li host materials [82].

4.2.2. Metal Oxide (MO)

Metal oxides can adsorb LiPS effectively due to the presence of oxygen atoms in the molecule;
this reduces shuttle effects in LSBs [83]. For example, Xiong et al. coated a metallic oxide composite
(NiCo2O4@rGO) onto a PP separator [84]. Transition metal oxides enable the catalytic conversion of
LiPS during a recharging process because of their polar affinity. Moreover, NiCo2O4 exhibits a low
energy barrier to the diffusion of Li-ions and provides abundant active sites for the catalytic conversion
of LiPS (Figure 5). Therefore, it effectively prevents the accumulation of Li2S on the surface of Li-metal,
increasing the stability of LSBs with a high areal capacity (7.1 mAh cm−2). Also, owing to MO’s high
mechanical strength, it can stable Li-metal by preventing dendritic penetration.
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4.2.3. Transition Metal Dichalcogenide

A transition metal dichalcogenide (TMD) is a compound in which two chalcogenide elements
are attached to a transition metal. The representative elements of a chalcogenide group are transition
metal disulfides. TMDs have the following properties: (1) they have layered structures. (2) They
provide channels for Li-ion intercalation [85]. (3) They have a high chemical affinity to LiPS. (4) They
exhibit catalytic effects in the redox process of LiPS. Zhang et al. systematically revealed the correlation
between the LiPS adsorption performance of 2D layered materials such as metal sulfides and the
electrochemical performance of LSBs [76].

4.3. Using the Advantages of Carbon-Based Materials

4.3.1. Carbon

Carbon has a complex shape and can form up to four stable bonds with other materials. Therefore,
almost infinite types of carbon compounds are possible. In addition, porous carbons have high
surface areas [86], high accommodation [87], and high ionic/electronic conductivities, making them
very suitable materials for LMBs. Moreover, carbon is very light compared with other materials.
By applying electrically conductive property, carbon materials can be loaded on the surface of separator
to (1) change the direction of Li dendritic growth from carbon-coated separator to Li-metal and (2)
promote the chemical reaction of LiPS dissolved from sulfur cathode, which occurs at the carbon-coated
separator and sulfur cathode interface.
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4.3.2. Graphene

Graphene has a high electrochemically active surface area and a large mesopore volume, and
is abundant. Therefore, it is commonly used to improve the performance of separators and other
components in batteries. For example, Zhou et al. reported that a graphene coating on the one side of a
separator and on the sulfur electrode offers rapid ion- and electron-transport, accommodates the volume
expansion of sulfur, and suppresses shuttle effects by storing and reusing migrated LiPS [88]. Moreover,
some studies introduced polymers such as polydopamine [89] or a transition metal oxide such as
Li4Ti5O12 [90] together with graphene to improve the performance of LMBs. In all scenarios, cells
using graphene-modified separators were demonstrated to have excellent electrochemical performance
compared with that of commercial separators.

4.3.3. Graphene Oxide (GO)

GO can be easily fabricated, is mechanically strong, and provides channels for ion diffusion
owing to its 2D-layered structure. It is commonly used for rechargeable battery materials [83,91,92].
In particular, GO is used to enhance the performance of the separators in LSBs, of which the reasons
were explained by Jiang et al. as follows: (1) GO contains abundant functional groups, which physically
and chemically adhere to or entrap sulfur species. (2) It can effectively confine soluble polysulfide
species into the porous skeleton, reducing shuttle effects and facilitating the continuous use of the
polysulfide even in the long cycles. (3) GO enables a fast ion transportation and good rate performance
since it has a porous structure. (4) The mechanical flexibility of GO can tolerate the volume expansion
or shrinkage of sulfur cathodes; thus, it can maintain the integrity with cathode structures during
charge-discharge processes [93]. Reduced graphene oxide (rGO) has been also applied in LSBs.
The functional groups of rGO, such as epoxy and carboxyl groups, are beneficial to accommodating or
preserving the sulfur species and increase the use of active materials [94].

4.4. Using the Advantages of Other Materials

4.4.1. Nitrides (N)

Several attempts to apply nitrides, including boron nitride (BN), aluminum nitride, and niobium
nitride (NbN), to separator applications have been conducted. BN is considered a crucial material in
the field of energy storage devices because of its thermally stable, electrically insulating, and thermally
conductive properties. Moreover, a BN-coated separator induces a conformal thermal distribution
and stable SEI, resulting in uniform Li plating/stripping [95]. Hu group fabricated a separator by
combining BN nanosheets with a poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) using
a 3D printing technique [96] (Figure 6a). BN-separator improves the electrochemical performance of
full cells by inhibiting Li dendritic growth. Paik group coated BN and carbon layers on the cathode
and anode sides, respectively, of a commercial separator using an ink casting method for LSBs [97].
The carbon layer offered an additional electron transfer path and blocked dissolved LiPS. The BN layer
protected Li from LiPS, controlling Li dendritic growth (Figure 6b).
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In addition to BN, NbN were applied to improve separators. Lee group introduced flower-like
mesoporous NbN to both sides of a commercial separator and applied it to an LSB [98] (Figure 6c).
The high affinity between NbN and LiPS prevented LiPS from covering the Li anode and reactivates
captured sulfur species, resulting in an increase in the reversible capacity. Moreover, the mechanical
strength and electrolyte wettability increased, suppressing Li dendritic growth at the anode. Therefore,
a full cell achieved low capacity decay (0.061% per cycle) during 300 cycles even at high sulfur loading
(4 mg cm−2).

4.4.2. Phosphorus (P)

Extensive research has been conducted to reinforce the properties of separators, using non-metallic
and cost-effective phosphorus materials such as black-phosphorus (BP) and red-phosphorus (RP).
Cui group synthesized BP nanoflakes to fabricate a bifunctional separator, which was assembled
in an LSB [99]. BP is similar to graphite in appearance, structure, and properties: black, flaky,
and a good electrical conductor (≈300 S m−1). The ionic diffusion coefficient of the phosphorene
monolayer (zigzag direction) is 104 times larger than graphene at room temperature. In addition, it
can form chemical P-S bonds with LiPS and reactivate sulfur, resulting in higher specific capacity
and cyclability even with a high sulfur content of 80%. RP is chemically stable, cheap, and easy to
prepare and can chemically confine LiPS via Lewis acid-base interactions and sulfur chain catenation,
which are appropriate for suppressing shuttle effects [100]. In addition, Li3PO4 was detected as a
byproduct during the interaction between RP and LiPS, which promoted Li-ion conduction and aided
in accelerating sulfur reaction kinetics. As a result, an LSB with the RP-based separator exhibited
remarkable cyclability with a high capacity of 729 mAh g−1 after 500 cycles at 1 C (capacity retention of
82%).

5. Real Cases of Modifying Separators for Li-Metal Based Batteries

5.1. Separators for LMBs

5.1.1. Strategies for Improving Ionic Conductivity of Separators

As introduced in Section 2, ion flux on the electrodes must be controlled uniformly to avoid
Li-dendrite formation [101]. Therefore, researchers have coated functional materials with high
electrolyte wettability to separators because of their ordered pore size and polar functional groups.
Here are some papers that have given these properties to separator through materials coatings.
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Choi group improved the performance of a commercial separator using polydopamine [102].
When polydopamine is coated on the PE separator, it changes the surface of the PE separator to be
hydrophilic, increasing the extent of liquid electrolyte absorption. This enables Li-ions to be transported
homogeneously to the Li-metal surface and inhibits the growth of dendrites (Figure 7a). The catechol
moieties group, which is part of polydopamine, has excellent adhesion to versatile substrates. Moreover,
since the bonding strength is excellent even in a liquid electrolyte, the separator can adhere well
to the electrode. Since the separator adheres well to Li-metal electrodes, the deformation of the
substrate during charge/discharge cycles could be minimized. After polydopamine coating, electrolyte
uptake increased from 15 ± 2.7% to 112 ± 3.1%, ionic conductivity increased from 0.04 × 10−3 to
0.3 × 10−3 S cm−1, and 80% of the initial capacity was maintained even after 150 cycles in a Li|LCO cell.
Sun group reported on PP separators coated with PVDF and Li6.4La3Zr1.4Ta0.6O12 (LLZTO) coated to
increase ion conduction [103]. The interaction between PVDF and LLZTO creates a three-dimensional
high-speed Li-ion channel along the PVDF/LLZTO interface. This can effectively transport and
distribute Li-ions to the anode electrode, inhibiting dendrite growth. In addition, this separator
immobilizes negative ions to evenly disperse Li-ions in the Li-metal surface.
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(2016) American Chemical Society.

In other studies, paper-type polymers were applied to increase ionic conductivity. Nyholm group
prepared overoxidized polypyrrole (PPy) paper and cellulose composite films [104]. The overoxidizing
process can electrically insulate PPy without structural damage (Figure 7b). In addition, both oxidized
PPy and nanocellulose are hydrophilic properties, which increases the wettability of the electrolyte.
Moreover, overoxidized PPy has higher thermal stability and ionic conductivity (1.1 mS cm−1) than
commercial polyolefin-based separators. In Li|Li symmetric cell, this enables the cycle to operate for
600 h, thus proving to have a longer cyclic life than that of commercial separators.

There is a case of introducing ceramic material to increase ionic conductivity, taking advantage
of entangled structure of polymer at the same time. Zhang and co-workers synthesized a separator
using PAN and silica via centrifugal spinning. This cost-effective method developed separators



Materials 2020, 13, 4625 13 of 37

with significant ionic conductivity and good wettability owing to the high porous fibril structure of
PAN [107]. In this separator, PAN provided high ionic conductivity when the electrolyte was absorbed
and had good thermal stability, with synergetic effects with SiO2. Electrolyte uptake was 310% and
ionic conductivity was 3.6 × 10−3 S cm−1 in 12wt.% SiO2/PAN. They applied SiO2/PAN membranes to
a Li|LFP full cell, which exhibited excellent rate performance with a capacity exceeding 160 mAh g−1.

5.1.2. Strategies for Improving Mechanical Strength of Separators

The primary task of a separator is to prevent short circuits between the cathode and anode
while maintaining ionic conductivity [82]. As described earlier, high mechanical strength is required
to prevent dendrites from penetrating the separator [108]. Moreover, separators should have good
electrolyte wettability and proper porosity [109]. In this section, high-modulus and porous materials
coatings, which help in increasing the mechanical strength of separators, are discussed [61].

Ni group reported PVDF-HFP separator cross-linked with Al2O3 as the cross-linker [110].
The separator had a high ionic conductivity of 1.37 mS cm−1 in a Li|LFP half-cell. Because of
the cross-linking and the presence of Al2O3, the mechanical strength was significantly increased to 30.4
MPa and thermal stability increased up to 180 ◦C. Kim group fabricated a high-strength separator using
high-density polyethylene (HDPE) and ultra-high molecular weight polyethylene (UHMWPE) [105].
As the ratio of UHMWPE increased, the mechanical strength increased (Figure 7c). A film with 6wt.%
of UHMWPE had a tensile strength of 1000 kg cm−2. In addition, it had uniform pores (0.1–0.12 µm)
and excellent thermal stability that could withstand temperatures up to 160 ◦C.

Wang group fabricated an ultrastrong nanofiber membrane [106]. A nanoporous membrane was
fabricated using a poly(p-phenylene benzobisoxazole) nanofiber (PBO-NF) through blade casting
(Figure 7d). This separator was low cost and had a high strength of 525 MPa and Young’s modulus of
20 GPa. The membrane was stable up to 600 ◦C. In Li|Li symmetric cell, a pure Li-metal surface was
observed after 700 cycles. It exhibited excellent performance in preventing dendrites growth. Kotov
group synthesized aramid nanofibers (ANFs) [111]. In a layer by layer (LBL) structure, poly(ethylene
oxide) (PEO) was applied in the ANFs as an ionic conductor. The tensile strength, Young’s modulus, and
shear modulus were recorded as σICM = 170 ± 5 MPa, EICM = 5.0 ± 0.05 GPa, and GICM = 1.8 ± 0.06 GPa,
respectively. The crystallization of PEO, which is known to be detrimental to ion transport, can be
controlled by the presence of ANF networks. As a result, in Li|Li symmetric cell, ionic conductivity
was 1.7 × 10−4 S cm−1, which was higher than that of conventional polyolefin-based separators.

5.1.3. Strategies for Improving Thermal Stability of Separators

For the commercial use of LMBs, thermal stability is a very important factor in separators. At high
temperatures, the ionic conduction is very active, accelerating dendritic growth. Simultaneously, the
separators lose their mechanical stability at high temperatures [112]. Polyolefin-based separators
are not stable at high temperatures (130–160 ◦C) [48]. To complement this, a method of coating the
separator with a ceramic-based substance has been developed. This can provide high thermal stability
but has the disadvantage that ceramic materials can block the pores in the separator, complicating ionic
transport and should use polymer binder such as PVDF-HFP [113] and PMMA [114]. In this section,
we introduce studies that have improved thermal stability.

Lin group fabricated a sandwich-structured separator composed of PI/PVDF/PI using the
electrospinning method [115]. This separator had a shutdown function (Figure 8). Because PI
has a high thermal stability of 500 ◦C and low shrinkage, it is thermally and mechanically stable.
The PVDF between the PI layers melted in 10 min at high temperatures above 170 ◦C. This is
approximately 40 ◦C higher than that of a PE membrane. In addition, the electrolyte uptake was
recorded at 476%, the ionic conductivity was 3.46 mS cm−1 in a Li|LiMnO2 coin cell, and the porosity
was measured at 83%. Because of this, the battery had a high thermal stability, good cyclic life, and
95.1% capacity retention.
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Li group fabricated polystyrene-poly(butyl acrylate) and silica(PS-b-PBA@SiO2) core-shell
structures and used PS-b-PBA@SiO2 as a thermal shutdown switch [116]. The reason for covering
silica is that it increases the thermal stability. PS-b-PBA@SiO2 was coated on a commercial PP separator
to prepare a self-shutdown separator. PS-b-PBA@SiO2 fundamentally blocks the possibility of a short
circuit of Li-dendrite because the porosity decreases to 7.5% at 80 ◦C. The separator produced using
this method had almost the same electrochemical performance as a commercial PP separator in a
Li|LFP cell.

Thermal stability can be enhanced by coating a nonflammable polymer on the separator.
Xiong group synthesized a PAN and ammonium polyphosphate (APP) separator (PAN@APP) using
electrospinning and applied this film as a separator in LSBs [117]. When the temperature increased
rapidly, the PAN@APP could cross-link while releasing liquid and gaseous ammonia to create an
insulating polymer layer. The characteristics and shape of the PAN@APP collapsed at 430 ◦C. In LSBs,
the separator reduced the shuttle effect. The very strong interaction between LiPS and the separator,
caused by the rich amine groups of APP and the phosphoric acid radical, prevented the LiPS from
passing through the separator, exhibiting capacity retention higher than 83% for 800 cycles.

5.1.4. Strategies for Stabilization of Li-Metal

Some methods to stabilize the Li-metal anode exist: (1) changing direction of Li dendritic growth
by placing Li crystal seeds on the separator and (2) coating materials that react with Li-ions on
the separator.

To address Li-dendrite formation, Liu group conducted a study on inhibiting dendritic growth by
attaching polyacrylamide (PAM)-grafted GO to a commercial PP membrane (GO-g-PAM@PP) [91].
The GO-g-PAM@PP separator had high porosity that increased electrolyte uptake and provided Li-ion
channels. Moreover, PAM has a strong lithiophilic property. Therefore, these properties guarantee
rapid ionic conduction and low electrode/electrolyte interface resistance, resulting in stable cyclic
performance. However, without the addition of GO, the PAM@PP film was brittle, breaking even at a
small impact. By adding GO to PAM, the durability increased; it was no longer brittle even bent or
folded conditions. As a result, a Li-metal electrode completed a 2600 h cycles at 2 mA cm−2 for a Li|Li
symmetric cell, and a current density with high CE values (98%) for a Li|Cu cell was achieved.

Lee et al. used magnetron DC sputtering to coat a Cu thin film (CuTF) onto one side of a commercial
PE separator [82]. The overall concept of this Janus-type separator is as follows: the side without
CuTF is on the cathode side and remains as an insulator, while the CuTF side regulates Li dendritic
growth at the anode side. The CuTF enables rapid electron conduction without interfering with ion
transportation. Thus, the separator simultaneously enables facile electrochemical plating/stripping
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and inhibits the accumulation of dead Li. In addition, the deposited Li merges in the space between
the CuTF and the Li-metal anode and expands along the surface of the anode; thus, internal short
circuits are avoided (Figure 9a).

Song and co-workers introduced Mg nanoparticles on one side of a separator [81]. Lithiophilic Mg
nanoparticles offer the sites for heterogeneous nucleation and produce a strong guiding effect to form
fixed Li crystal seeds at the initial plating process, and consequently aid in retaining a dendritic-free
and dense Li anode after the long cyclic process. Li nucleation occurs in separator-to-Cu direction
rather than Cu-to-separator direction; this was confirmed using SEM after a Li|Cu half-cell test
(Figure 9b). Cui group reported the silica nanoparticle sandwiched tri-layer separators by coating SiO2

nanoparticles between two commercial PE separators [118]. Previous studies focused on the use of
SiO2 as a physical barrier because of its thermal stability and high wettability. This study emphasized
the additional role of SiO2: it guides the growth direction of Li-dendrites due to the chemical reactions
between SiO2 and Li. They conducted Li|Li symmetric cell tests after making pinholes on various
types of separators to promote severe Li growth conditions to investigate the formation mechanisms.
Four types of separators (bare, SiO2 coated, Si coated, PMMA coated) were used for the experiments.
The SiO2-coated separator exhibited the longest lifespan (≈152 h) among the others (Figure 9c).
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Yuan group fabricated a ZrO2/polyhedral oligomeric silsesquioxane multilayer-assembled PE
separator, which was synthesized using a simple LBL self-assembly process [119]. This separator
effectively reduces electrolyte polarization and protects Li-metal anodes from Li dendritic growth,
and it exhibits excellent electrochemical performance and stability. Xie group reported an interesting
strategy, which guided the direction of dendrite growth [101]. Their concept was to allow dendritic
growth from both separator and Li-metal surfaces. These Li layers grew by facing each other, resulting
in a fused and dense Li formation. This concept was realized by coating a conductive carbon layer
on the separator surface, which faced the Li-metal anode. This structure enabled dendrites to spread
widely in a direction parallel to the electrode. The Li-metal electrode exhibited a stable cyclic life with
a capacity retention of 80% even after 800 cycles.
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5.1.5. Separators Made from Non-Toxic and Sustainable Processes

Using toxic materials during the process of fabricating separators can cause environmental
problems. For this reason, several studies on using non-toxic water-based solvents to be eco-friendly
and reduce cost have been conducted.

Lee group created a concept of a plasma-treated ceramic-coated separator (plasma CCS) [120].
In contrast to previous studies, in which toxic organic solvents were applied, they used cost-effective
and eco-friendly water-based plasma treatment to modify the surface of PE separator, increase the
pore size, and strongly fix the alumina layer. Additionally, a ceramic-coated separator was prepared
using the surfactant technique (surfactant CCS), which was commonly used in previous studies. A
Li|LiMn2O4 cell using plasma CCS exhibited better performance than other batteries in terms of
discharge capacity, resistance, and cyclic performance.

Peng et al. introduced graphene to a separator. They coated cellular graphene frameworks onto a
PP separator, suppressing the migration of LiPS [121]. However, used synthetic methods, chemical
vapor deposition (CVD) with low yields and vacuum filtration processes are not cost-effective for mass
production. Hence, they developed Janus-type porous-graphene (PG) modified separators, which
were scalable and suitable for green fabrication [60]. First, they used fluidized-bed CVD, which had a
yield of 5 g h−1. Additionally, an industrially compatible blade coating method was applied, and toxic
organic solvents were replaced with water. An amphiphilic polymer with a high polarity, poly(vinyl
pyrrolidone), was adopted as the aqueous binder because of its wettability to the PP separator and
PG and polarity for LiPS interaction. Consequently, the PG separator induced a significantly low
self-discharge rate (90% retention) at high sulfur use (86.5%) and increased the rate capability.

In addition, Lei et al. also fabricated separators using Al2O3 nanowires under mild conditions [122].
The existing methods to synthesize Al2O3 nanowires cannot be easily scaled up, since the process is
complicated and requires harsh solvents. In their study, they introduced a facile extraction process
to extract Li from Al or Mg alloys using alcohol solvents for the synthesis of alumina nanowires.
The as-made separator exhibited increased thermal stability, ionic conductivity, and wettability
compared with commercial PP and cellulose fiber separators. When applied to a graphite|LFP cell, it
exhibited much better performance than other batteries in terms of capacity retention, rate capability,
etc. This research created the possibility of the mass production and commercialization of ceramic
separators in which Al2O3 nanowires were synthesized and applied as a separator under ambient
conditions without a catalyst or external stimulus.

Wu et al. reported a functional separator by stacking a Prussian blue (PB) layer on an rGO film
(PB/G) [123]. PB, a type of MOF, is stable, non-toxic, and scalable material and has an appropriate
lattice size and open framework with large interstitial sites. Therefore, it can accommodate Li-ions
while obstructing the migration of LiPS [124]. The PB barriers are evenly distributed at the anode side
and alleviate the growth of Li-dendrites by maintaining a homogeneous Li-ion concentration. PB/G is
on the cathode side, hindering the diffusion of LiPS and increasing the conductivity of a cell. With
these characteristics, a Li|S full cell achieved a high capacity of 1481 mAh g−1 at 0.1 C and 744 mAh g−1

after 2000 cycles at 2 C.
Kim et al. have developed an eco-friendly coating process of GO to fabricate modified functional

separators [125]. Through this method, surface of the separator can be fully covered by GO flakes,
which provided the hydrophilic wetting nature owing to many hydrophilic functional groups existing
on the GO, enabling eco-friendly water-based slurry method. They fabricated GO-SiO2 composite
layer coated separator to confirm its applicability to LMBs. The SiO2 nanoparticles performed the
function of suppressing Li dendritic growth, and exhibited more stable cycling performance compared
to bare separator. Also, this study emphasized that this method can be used with not only SiO2 but
also other 1- or 2-dimensional materials including CNT, graphene, TMD, etc.
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5.2. Separators for LSBs

As described earlier, currently used polyolefin-based separators cannot prevent LiPS crossover
during the LSB cycles. Therefore, several studies on blocking LiPS in a separator are being
conducted [126]. Establishing a multi-functional separator that increases the conductivity of the
Li-ions and effectively blocks LiPS is necessary. Electrostatic repulsion and chemical trapping of LiPS
are actively investigated approaches to achieve this aim. In this section, we introduce studies on
suppressing the shuttle effect chemically and physically using various materials.

5.2.1. Strategies for Suppressing Shuttle Effects by Chemical Methods

Polymers have an advantage in that they can be prepared in multiple layers. Therefore, a
separator that exhibits the synergistic properties of each polymer can be manufactured. For example,
Lee group used multi-walled carbon nanotube (MWCNT)-wrapped polyetherimide nanomats
as top/bottom layers and poly(1-ethyl-3-methylimidazolium) bis(trifluoromethanesulfonyl)imide
(PVIm[TFSI])/poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) as a middle layer [127]
(Figure 10a). In this structure, TFSI ions chemically trapped LiPS, alleviating the shuttle effect.
In addition, PVIm[TFSI] in the middle layer improved the mechanical properties as a pillar and the
PEI/MWCNT in the top/bottom layers acted as a current collector. These multiple layers promoted
the redox reaction of the cathode but prevented the shuttle effect. Xu group conducted a study on
blocking LiPS using functional groups on the separators [128]. They prepared a gum arabic (GA) and
conductive carbon nanofiber (CNF) mixture. GA is composed of branched polysaccharides, which
are composed of alactose, ramnose, arabinose, and hydroxyproline side chains. Thus, it traps LiPS
using hydroxyl, carboxyl, and ether functional groups. The LSB with this separator exhibited excellent
performance: 94% capacity retention even after 250 cycles.

Various inorganic materials which have functional groups with great affinity to LiPS also can take
a significant role of suppressing shuttle effects. Wang group fabricated a PP-SiO2 separator by simply
immersing a PP separator in the hydrolysis solution of tetraethyl orthosilicate with the assistance of
Tween-80. When this separator was applied to an LSB, cyclic stability and rate capability increased
considerably because the PP-SiO2 separator (1) enabled facile Li-ion transportation owing to its
improved wettability, and (2) mitigated the shuttle effect owing to a strong physicochemical interaction
between SiO2 and LiPS (Figure 10b). Lai et al. applied a hydrothermal method to fabricate hollow
carbon nanofiber@mesoporous δ-MnO2 nanosheets (HCNF@pδ-MnO2). This nanomaterial was coated
on the commercial separator [129]. Birnessite-type MnO2 (δ-MnO2) exhibits a strong chemical affinity
to LiPS through surface bonding and is considered an effective sulfur host. The δ-MnO2 prevents
long-chain LiPS from dissolving into the electrolyte and promotes the deposition of short-chain LiPS;
thus, it is suitable for modifying the properties of separators in LSBs. However, since δ-MnO2 has an
intrinsically low electrical conductivity, HCNF was selected as the electrically conductive material.
Additionally, HCNF can form a robust 3D matrix because of its high length/diameter ratio and can be
easily combined with δ-MnO2. As a result, the separator can suppress shuttle effects physically and
chemically, resulting in stable cyclic stability (Figure 10c).
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Xiang et al. improved the performance of LSB by applying SnO2 to commercial separators [131].
This separator increases the mobility of Li-ions by increasing wettability and inhibits the migration
of LiPS by strong physical and chemical interactions between SnO2 and LiPS. Furthermore, since
SnO2 coating slightly affects the mass or volume of the separator, a high energy density of an LSB
can be maintained. Kang group fabricated a sandwich composite interlayer, placing a VS2/CNT
composite on a CNF framework and covering graphene on it [132]. VS2/CNT effectively reduces
the self-discharge phenomenon of LSBs owing to its strong affinity to LiPS. Specifically, VS2 has a
function of forming polar V-S groups with LiPS, while the CNT forms a 3D conductive network. CNF
substrates synthesized on PAN as a supporting framework increase the wettability and facilitate Li-ion
conduction. The graphene coating layer serves as a second current collector and effectively recovers
the inactivated sulfur species. An LSB with this separator achieved a high capacity (1150 mAh g−1 and
750 mAh g−1 at 0.1 C and 0.3 C, respectively) even at high sulfur loading (5.6 mg cm−2).

Moreover, Kim group fabricated a SnS2-modified separator to facilitate the redox reaction of
LiPS [133]. SnS2 is a conductive, polar, and catalytic material used in the conversion reaction of
LiPS. Therefore, a SnS2 nanosheet-modified separator stabilized LSBs by capturing LiPS, facilitating
ion diffusion, and performing additional current collector functions. Additionally, Tang group
reported a MoS2/Celgard composite separator that acted as an effective LiPS barrier in LSB [134].
2D flexibility and high Li conductive property of MoS2 were effective in suppressing LiPS shuttle
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effects. Furthermore, nitrogen-doped carbons have been actively investigated in LSB separator
applications [135]. Nitrogen-doped carbon has high ionic conductivity and chemically absorption
ability. Zheng group coated 2D porous nitrogen-doped carbon nanosheets on a commercial PP
membrane [130] (Figure 10d). The density and thickness of the coated layer were 0.075 mg cm−2 and
0.9 µm, respectively. The high surface area of this layer trapped LiPS. In addition, since the materials
gathered compactly, an excellent barrier effect was achieved even with a small weight. After nitrogen
doping, the chemical interaction between LiPS and the carbon layer increased, and the film also acted
as an extended current collector, enabling an 88.6% capacity retention after 500 cycles.

5.2.2. Strategies for Suppressing Shuttle Effects by Physical Methods

Some functional separators can block LiPS by physical phenomena including electrostatic repulsion
and structural trap. In this subsection, various cases which prevented LiPS from migrating through
separator will be discussed. Ding group fabricated a PP separator coated by graft poly(acrylic acid)
(PPA) for LSB applications [136]. PP grafted with PPA (PP-g-PPA separator) selectively passes Li-ions
well, but LiPS is blocked by electrostatic repulsion. Thus, LiPS did not pass toward the anode and
remained in the separator at the cathode side. In addition, because of the strong bonding energy of
PP and PPA, consistent and uniform blocking of LiPS during the long cyclic process was observed.
The LSB exhibited an initial capacity of 800 mAh g−1, and 580 mAh g−1 after 250 cycles. Yamauchi
group reported a double-layered modified separator as a shuttle suppressing interlayer for LSBs [137].
They fabricated this double-layered separator combining a microporous PP matrix layer and an arrayed
PMMA microsphere retarding layer. In this separator, the arrayed PMMA microspheres blocked the
diffusion of polysulfides chemically and physically. Ester groups of PMMA interact with polysulfides
and chemically adsorb them. Moreover, the arrayed PMMA microspheres are easily formed by
self-assembly. Owing to its physical and chemical effects on suppressing diffusion of polysulfides, a
sulfur with the PP/PMMA separator exhibited an initial capacity of 1100 mAh g−1 at a current density
of 0.1 mA cm−2, which is higher than the first discharge capacity of the commercial PP separator
(948 mAh g−1).

Zhang et al. prepared an Al2O3-modified separator for LSBs and suppressed the shuttle effects
effectively [138]. In their study, an Al2O3 layer was coated onto a commercial separator using slurry
coating. In this separator, well-connected voids existed between nanoparticles, aiding Li-ions to move
freely. Additionally, the entangled structure reduced the shuttle effects. Choi group used permanent
dipoles in BaTiO3 (BTO) particles to effectively prevent LiPS from passing through a separator by
electrostatic repulsion [139] (Figure 11a). A BTO coating increases the mechanical strength of a PE
separator to prevent thermal shrinkage. Consequently, the BTO-coated separator in a Li|S full cell
exhibited a high specific capacity and extended cyclic life.

Cui group coated a 30-nm carbon nanoparticle and polyvinylidene mixture (9:1 in mass ratio)
on one side of a PP separator. This separator enabled a large quantity of LiPS to be accommodated
in the separator layer [26]. Therefore, a large quantity of LiPS could be located on the cathode side
of the separator. During 500 cycles, the LSB exhibited an initial specific capacity of 1350 mAh g−1

at 0.5 C and achieved stable cyclic performance with a decrease of 0.09% in every cycle. Giebeler
group coated mesoporous carbon on a PP separator to trap LiPS to be placed in the cathode [140]
(Figure 11b). Goodenough group fabricated a rGO@sodium lignosulfonate (SL)/PP separator using a
thin coating of rGO/SL on a standard PP separator [141] (Figure 12). They used the principle that a
negatively charged separator effectively suppresses negatively charged LiPS ions. The SL, a byproduct
of chemical industries, contains an abundant quantity of negatively charged sulfonic and dendritic
groups; thus, it was used to inhibit the shuttle effects. The flexible characteristic of rGO successfully
prevented SL from flaking off from PP. It functioned as a robust separator, which guaranteed fast ion
transportation, and delayed the migration of LiPS.
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corresponding separator, and a Li-metal anode. Reprinted with permission from [140]. Copyright
(2015) WILEY-VCH.
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An MOF is a composite of metal ions and organics. It has a very large surface area and highly
ordered pores, and it has been studied as a cathode host material for LSBs. However, the framework
gradually degrades and its capacity decreases owing to its naturally insulating property. However,
MOFs can selectively pass and trap ions because of their precisely adjustable pore sizes. Therefore,
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researchers have applied MOFs to block LiPS while facilitating Li-ion conduction by applying their
porous structures and insulating property [92].

MOFs are frequently used in the coating process with GO or carbon nanotube (CNT) because of
their weak mechanical and poor conductive properties. Zhou group conducted a study to improve the
performance of a separator by combining a MOF and GO [92]. The parallel GO layer was coated on the
uniform crystalline MOF nanoparticles. Cu3(BTC)2 (HKUST-1) was used as the MOF. Its 9Å pore size
was smaller than that of LiPS. Therefore, it could decrease the shuttle effect. In their study, the poor
cyclic life of the MOF separator exhibited an increasing LiPS crossover during the cycles. However,
the GO in MOF@GO acted as a barrier and increased Li-ion conduction. The MOF@GO-separator
LSB exhibited an initial capacity of 1126 mAh g−1 and a capacity reduction of 0.019% per cycle for
1500 cycles.

Chen group prepared CNT and MOF separators [142]. A zeolitic imidazolate framework (ZIF)
was used as MOF and combined with MWCNTs (CNT@ZIF). The nano-sized MOF particles were
not evenly dispersed and tended to gather (Figure 13). Such agglomeration causes non-uniform
coating, which causes LiPS to pass through the separator. Therefore, Zn ions were added to MWCNTs
to evenly disperse them. Additionally, CNT@ZIF composites were coated onto one side of a PP
membrane. Because MWCNTs are electron conductors, coating the separator film is a simple approach
to efficiently use the sulfur cathode. However, if MWCNTs penetrate the separator, a short circuit
can be induced owing to the electronic conductivity of carbon. Additionally, by adding MWCNTs, a
separator that can have both ionic conductivity and mechanical strength can be obtained. Therefore, a
high capacity of 1588 mAh g−1 can be obtained at 0.2 C, and a 36.2% higher capacity retention can be
obtained in LSBs compared with batteries with commercial separators for the first 100 cycles. Park
group synthesized a functional separator by applying the vacuum filtering of MOF and Nafion on a
PE membrane [143]. Zr6O4(OH)4(BDC)6 (BDC = 1,4-benzenedicarboxylate), termed as UiO-66, was
used as the MOF. A sulfonic acid functional group (-SO3H) was attached to the MOF. Since UiO-66
has a smaller pore size than LiPS, it can block LiPS and -SO3H can prevent LiPS diffusion through
electrostatic repulsion. Here, Nafion acts as a framework of the separator and provides a selective
ion channel.
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6. Hybridized Use of Electrolytes and Separators: Solid and Gel Polymer Electrolytes

In commercial LIBs, organic solutions containing Li salt have been used as liquid electrolytes.
However, flammability, leakages, and decomposition problems have caused cell expansion and severe
safety problems [144]. To overcome these disadvantages, several studies have been conducted to
develop robust solid electrolyte (SE) and gel polymer electrolyte (GPE) materials. The limitations
of commercial liquid electrolyte-based LMBs, such as dendritic growth and continuous electrolyte
decomposition reactions, can also be addressed by applying these SEs or GPEs that can simultaneously
function as separators and electrolytes [145–147].

Although these electrolytes are considered promising, persistent problems still exist: both
electrolytes have limited kinetic properties because of their low conductivity at room temperature and
high interfacial resistance [148]. GPEs have suffered from a poor mechanical strength and low CE
values, while SEs suffer from Li dendritic formation and severe chemical reactivity at the SE/Li-metal
interfaces. These problems can cause side reaction, safety problems and poor life-spans [149,150].
In this section, we introduce studies on GPEs and SEs that aimed to stabilize LMBs by suppressing the
growth of Li-dendrites using only an electrolyte without conventional polymer separators.

6.1. Interfacial Resistance and Instability Resulting in Low Capacities

The major causes of SE failure are the decomposition of electrolytes by electrochemical and
interfacial instability, volume change during the cyclic process, and short circuit owing to dendritic
growth [151]. The deficient contact between SEs and the Li-metal anode results in non-uniform
current distribution and facilitates the growth of dendrites. In particular, solid inorganic electrolytes
cannot withstand the volume change during charge/discharge processes, resulting in cracks or defects.
Moreover, interfacial reactions occur between the anode and electrolytes when the cathodic limit of the
SE is lower than the electrochemical potential of the anode materials. This reaction forms an interfacial
layer, which significantly increases the interfacial resistance [152].

PEO-based derivatives have been widely used as host materials in GPE fabrication. This is because
their ether chains have strong interactions with Li-ions and electrolyte solvents. Nevertheless, the
as-made GPEs cause short circuit problems, decreasing the mechanical strength through plasticization
induced by organic solvents. Typical cross-linking reactions are frequently initiated by thermal radicals,
such as benzoyl peroxide, di(4-t-butylcyclohexyl) peroxycarbonate, and azobisisobutyronitrile. This
causes a drawback in that residual monomers and thermal initiators such as free radicals are very
reactive with Li-metal. As these byproducts cover the Li-metal surface, the resistance increases, and
the performance of batteries deteriorates. Fabricating GPEs not involved with thermal initiation is
crucial to overcoming this disadvantage [148].

6.2. Modified SEs

6.2.1. Composite SEs

To solve the challenge of interfacial resistance in SEs, Wang et al. suggested a method of coating
nanoscale and lithiophilic zinc oxide (ZnO) onto the surface of a garnet-type SE [153]. Generally, the
garnet-type SE is widely used in SEs owing to its high energy density, electrochemical stability, high
temperature stability, and safety [154]. Because of the ultrathin and conformal ZnO surface coating,
molten Li reacts with ZnO and produces better contact with the surface of the garnet electrolyte by
reducing the interfacial resistance (Figure 14a). Although the conformal ZnO layer can be coated on
the internal structure of 3D porous garnet SE, some methods such as sputtering or CVD cannot achieve
the uniform coating. Therefore, the atomic layer deposition technique was successfully applied, which
provided a good infiltration of Li-metal into the porous garnet by increasing the wettability of 3D
porous garnet SEs. This garnet electrolyte coated with 30 nm of ZnO lowered the interfacial resistance
to 20 Ω cm2, which was significantly lower than that of an untreated sample (~2000 Ω cm2), and
maintained the stability during the plating/stripping process.
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Hu and co-workers attempted to lower the interfacial resistance by depositing a thin germanium
(Ge) layer onto a garnet electrolyte to provide a better contact between the Li-metal anode and the
garnet [155] (Figure 14b). To fabricate the garnet pellet, they used LiOH, La2O3, and ZrO2 as starting
materials, and SE was fabricated with the composition of Li6.85La2.9Ca0.1Zr1.75Nb0.25O12 (LLZO) with
the addition of CaCO3 and Nb2O5 to lower the manufacturing temperature. Ge was coated onto the
LLZO SE, and a Li-Ge alloy was formed to be used as a Li-ion conductor between Li-metal and the
garnet. The Li|Ge-modified-garnet|Li cell exhibited an interfacial resistance of 115 Ω cm2. In terms
of cycling stability, a Li|Ge-modified-garnet|LFP full cell exhibited capacity of 140 mAh g−1 up to
100 cycles with an efficiency of ≈100% at 1 C.

Research on novel SE has attracted interest, even in the field of LSBs. Fu et al. fabricated a
3D bilayer garnet SE framework [156]. One side of the garnet SE layer had a thick and porous
structure, while the other side was thin and dense. The dense layer suppressed dendritic growth and
functioned as a rigid barrier. Simultaneously, the porous layer supported the dense layer mechanically.
This solid-state framework locally confined cathode materials and tolerated the volume change of the
materials such as solid sulfur and polysulfide catholytes. The extent of sulfur cathode loading of an
LSB went up to > 7 mg cm−2, exhibiting an initial CE of 99.8% and an average CE of 99%.

6.2.2. Artificial Interface Layers between Li-Metal Anodes and Electrolytes

An artificial SEI layer between a Li-metal anode and electrolyte can suppress Li dendritic growth,
which is a function of the separator. Fan et al. demonstrated that a fluorinated SEI layer between
a Li-metal anode and LiPS4 (LPS) SE restrains the formation of Li-dendrites and prevents side
reactions [157]. An LiF-rich SEI is easily formed by contacting LiFSI-coated/infiltrated LPS onto the
Li-metal. An artificial SEI has high interface energy with Li-metal and a strong modulus; thus, it has an
important function of suppressing the growth of dendrites. When a symmetric Li|LiFSI@LPS|Li cell was
fabricated (Figure 15a), the CE increased from ~88% to ~98% compared with a Li|LPS|Li cell. Moreover,
the critical current density increased from 0.7 mA cm−2 to a record-high value of >2 mA cm−2.
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As another example, Fan and co-workers deposited a soft polymer electrolyte (SPE) layer on the
surface of a garnet electrolyte (Ta-doped LLZO (LLZTO)) to increase interfacial conductivity, decrease
polarization, and increase CE [152]. Furthermore, they fabricated a 3D Li-metal anode using a melt
infusion strategy to improve the interfacial interactions. This strategy was demonstrated in their
previous study [158]. An artificial SPE layer supports the mechanical role of separators by inducing
the better contact between the electrode and electrolyte, suppressing dendritic growth. With the effect
of increased wettability from the SPE-coating layer, an LFP|SPE-LLZTO-SPE|3D Li full cell (Figure 15b)
at 90 ◦C exhibited a CE of 99.6% and a stable cyclic life of 135 mAh g−1 after 200 cycles.

6.3. Modified GPEs: Strategies to Enhance the Function of Separators

Although several studies on PEO, PAN, and PMMA have been conducted, applying them is
difficult since their ionic conductivities at low temperatures are too low [159,160]. As a result, GPEs
have attracted much interest. When GPEs are cross-linked, liquid components are incorporated into a
polymer matrix; thus, they block the leakage of liquid electrolytes and induce high ionic conductivity.
However, GPEs can be easily penetrated by Li-dendrites because of their low mechanical strength.
To overcome this, several approaches have been applied to ensure stability against dendrite growth by
increasing the mechanical strength using additive materials. In addition, strategies to increase ionic
conduction have been introduced.

Various strategies for designing separators with the use of GPEs exist: (1) introducing inorganic
materials that have strong mechanical properties to effectively suppress dendritic growth, (2) designing
specialized structures to enhance ionic conductivity and mechanical properties, and (3) forming an
electrolyte interphase layer between Li-metal anodes and electrolytes.

To suppress dendritic growth by using inorganic materials to increase the mechanical properties,
Zhou et al. designed a hollow SiO2 nanosphere-based composite SE (SiSE) [161]. This hierarchical
SiO2/polymer composite electrolyte was fabricated using the in situ polymerization of tripropylene
glycol diacrylate (TPGDA) (Figure 16). To overcome the poor contact resistance between the electrodes
and SE, they integrated SiSE and a TPGDA-based GPE. The cross-linked TPGDA polymer framework
protected the SiSE to maintain a safe quasi-solid-state, decreasing the risks of electrolyte leakage.
This electrolyte was liquid, absorbed in a hollow SiO2 nanosphere layer, providing both high ionic
conductivity and low interfacial resistance. Several electrochemical tests depicted the performance of
an LFP|SiSE|Li cell. This cell exhibited an ionic conductivity of 1.74 × 10−3 S cm−1 and low interfacial
resistance. Moreover, it had an ion transference number of 0.44 and stable voltage window up to 4.91 V.
The discharge capacity and CE were 158 mAh g−1 and 98.6%, respectively. After 200 cycles at 0.2 C, it
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had a discharge capacity of 159 mAh g−1 and exhibited a capacity retention ratio of 100.2%. This result
implied that the quasi-solid-state strategy of combining GPE and SE can provide a synergetic effect
that eliminates the drawbacks of each.
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Figure 16. (a) Illustration for preparation steps of SiSE. (b) Comparison of SiSE to separator/liquid
electrolyte system. Reprinted with permission from [161]. Copyright (2016) John Wiley and Sons.

In the GPE field, existing cross-linking reactions have obstacles created from thermal initiation
caused by free radicals and residual monomers. To avoid these disadvantages, Yang and co-workers
reported a novel initiator-free one-pot synthesis strategy to fabricate a tough and compact 3D network
GPE using a ring-opening polymerization reaction [148] (Figure 17a,c). They used the diglycidyl ether
of bisphenol-A (DEBA) as a supporting framework to increase the mechanical strength. Meanwhile,
poly(ethylene glycol) diglycidyl ether and diamino-poly(propylene oxide) were cross-linked through
this framework for fast ion transport. The compact structure of the 3D-GPE forced the SEI layer to
be formed homogeneously, obstructing the growth of dendrites. The as-made 3D-GPE successfully
suppressed the growth of dendrites, created a stable interface, and complemented the ionic conductivity.
Therefore, a 3D-GPE-based battery exhibited better electrochemical performance than a battery using
liquid electrolytes and typical separators.
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Similarly, Li and co-workers designed a novel dual-salt lithium 
bis(trifluoromethanesulfonyl)imide–lithium hexafluorophosphate (LiTFSI-LiPF6) GPE with a 3D 
cross-linked polymer network [162] (Figure 17b). The 3D cross-linked polymer network by 
poly(ethylene glycol) diacrylate (PEGDA) and ethoxylated trimethylolpropane triacrylate was 
formed using dual-salts. Accordingly, higher thermal stability and ion transference were obtained. 
The compact GPE solved contact problems by facilitating the uniform deposition of Li atoms and 
successfully restricted the growth of dendrites. Moreover, the linear chain motion of PEGDA 
increased ionic conduction. As a result, the measured ionic conductivity at 25 °C was 5.6 × 10−4 S cm−1, 
which was higher than that of single salt GPE, LiTFSI (1.6 × 10−4 S cm−1) and LiPF6 (1.2 × 10−4 S cm−1). 

A remarkable method of converting liquid electrolytes to quasi-solid GPEs by the addition of 
commercial LiPF6 exists. Guo and co-workers added LiPF6 to simply transform traditional ether-
based 1,3-dioxolane and 1,2-dimethoxyethane to a quasi-solid GPE [163]. They reported various 
scenarios applying the specialized electrolyte to several different cathode materials. The quasi-solid 

Figure 17. (a) Illustration of the synthesis of the GPE. Reprinted with permission from [148]. Copyright
(2017) John Wiley and Sons. (b) Step process for in situ polymerization of GPE. Reprinted with
permission from [162]. Copyright (2018) John Wiley and Sons. (c) Schematics of the changes in the
Li electrodes using a liquid electrolyte and 3D-GPE during the Li plating/stripping. Reprinted with
permission from [148]. Copyright (2017) John Wiley and Sons.

Similarly, Li and co-workers designed a novel dual-salt lithium
bis(trifluoromethanesulfonyl)imide–lithium hexafluorophosphate (LiTFSI-LiPF6) GPE with a
3D cross-linked polymer network [162] (Figure 17b). The 3D cross-linked polymer network by
poly(ethylene glycol) diacrylate (PEGDA) and ethoxylated trimethylolpropane triacrylate was
formed using dual-salts. Accordingly, higher thermal stability and ion transference were obtained.
The compact GPE solved contact problems by facilitating the uniform deposition of Li atoms and
successfully restricted the growth of dendrites. Moreover, the linear chain motion of PEGDA increased
ionic conduction. As a result, the measured ionic conductivity at 25 ◦C was 5.6 × 10−4 S cm−1, which
was higher than that of single salt GPE, LiTFSI (1.6 × 10−4 S cm−1) and LiPF6 (1.2 × 10−4 S cm−1).

A remarkable method of converting liquid electrolytes to quasi-solid GPEs by the addition of
commercial LiPF6 exists. Guo and co-workers added LiPF6 to simply transform traditional ether-based
1,3-dioxolane and 1,2-dimethoxyethane to a quasi-solid GPE [163]. They reported various scenarios
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applying the specialized electrolyte to several different cathode materials. The quasi-solid GPE
achieved high stability and high ionic conductivity. This process is versatile; thus, it can be applied to
different electrochemical energy storage systems.

Instead of ex-situ methods, several approaches to prepare in situ gelation/polymerization to solve
the contact issue between GPE and electrode have been suggested (Figure 18). For example, Song
group reported physical gelation of polymer and chemical polymerization of monomer processes and
their effect on electrochemical performance [164].
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With the same aim of enhancing mechanical properties and ionic conductivity simultaneously,
Yang and co-workers synthesized composite electrolytes. They prepared a 3D interconnected porous
structure and increased the affinity with liquid electrolytes via compositing bacterial cellulose (BC)
and Li0.33La0.557TiO3 nanowires (LLTO NWs) into the aerogel matrix [165] (Figure 19). The affinity
provided excellent wettability, and a composite gel electrolyte (CGE) exhibited a Young’s modulus of
1.15 GPa. Furthermore, it exhibited a high ion transference number of 0.88. The robust BC skeleton
and LLTO NWs resulted in the suppression of dendritic growth by inducing stable ion deposition.Materials 2020, 13, x 29 of 38 
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As another method of fabricating GPEs, the adaptation of ionic liquids (ILs) has been
introduced. To realize the uniform Li deposition and effective suppression of dendritic growth,
Jin and co-workers researched the immobilization of ILs in GPEs via ion-dipole interactions [166].
To prepare IL immobilized GPEs, they used an imidazolium salt, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)-imide (EMI-TFSI) as the IL because of its high ionic strength,
electrochemical stability, and nonflammability. Meanwhile, fluorinated copolymers such as PVDF-HFP
were used as flexible gel polymer matrices because of their high dielectric constant, high stability, high
thermal endurance, and strong mechanical strength. The absorbed IL into copolymer gel electrolyte
suppressed dendritic growth by forming a 3D cross-linked network with tethered TFSI anions owing
to the strong ion-dipole interactions between imidazolium cations and fluorine atoms. Moreover, it
exhibited a self-healing capability for enhanced ionization of Li salts, promoting the Li-ion transport.
As the interaction between the imidazolium cations and the C-F dipoles on the polymer chains was
strong, a high self-healing capability was obtained. As-made cells with this GPE exhibited a high ionic
conductivity, thermal stability, and high mechanical strength, resulting in the effective suppression of
dendritic growth during the plating/stripping process.

7. Conclusions

In this review, we have summarized the recent progress in functional separators for next-generation
batteries. First, existing problems of LMBs are reviewed and various properties that affect battery
performance are defined. Second, the types of commercial separators in LIBs and their limitations for
LMB applications are described. For the design of stable separators, materials with various compositions
and structures have been applied to Li|Li symmetric cells, LMBs, and LSBs. Such various materials
can be classified into organic, inorganic, carbon-based, and solid electrolyte materials. We reviewed
their properties, synthetic methods, and positive effects in each section. Several remarkable studies
were conducted to suppress Li dendritic formation and growth, increase mechanical/thermal/chemical
stabilities, maximize the use of active materials, and prevent LiPS shuttle effects, resulting in excellent
LMB and LSB performance. The current problems and prospects are categorized according to types of
material and summarized below.

1. Introduction of multifunctional polymer materials into the separators can solve problems such as
dendritic growth, poor ionic conductivity, and poor thermal stability. Because only a few types of
polymers are applied in separator research, securing new polymers for separator raw materials
should be widely conducted. To develop functional separators, polymers should be cheap, easy
to prepare, and stable under Li-metal-based battery systems.

2. Inorganic materials can offer robustness to separators by enhancing mechanical properties
and minimize formation (or dissolution) of byproducts owing to strong chemical affinity.
However, toxic solvents, expensive nanomaterials, or binders are required in most coating
methods to functionalize inorganic materials on separators, resulting in environmental or cost
concerns. Therefore, researchers should consider eco-friendly methods for inorganic-organic
hybrid separators. In addition, for stable LMBs, separators with all-inorganic components could
provide excellent stabilities. Because the compositions of inorganic materials are various, we
expect the inorganic separators will have significant effects on LMB research.

3. Carbon- or graphene-based composites are commonly used for LSB studies owing to their easy
preparation, good conductivity, stability, and good affinity with LiPS. In addition, C-based
composites are cost-effective and can form various composites. Therefore, precise control in
pore sizes and structures and research on eliminating the risk of direct electron conduction via
separator layers are required to develop functional separators.

4. Several studies have focused on applying SE and GPE on LMBs because of their superior
mechanical strength. However, compared with the liquid electrolyte system, they exhibit poor
electrochemical performance owing to the low conduction at the interface between the separator
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and electrode. Therefore, reducing the interface resistance is mainly aimed so that they can be
used to stabilize LMBs.

As summarized in this review, several researchers have investigated a variety of materials and
structures to enhance the performance of separators in LMBs. Therefore, in the near future, we believe
functional separators will enable LMBs to be commercialized. We expect this review will provide a
general overview and insight into future designs of separators.

Author Contributions: All authors designed the content and wrote this review. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the Chung-Ang University Research Scholarship Grants in 2020.
This work was further supported by the National Research Foundation of Korea (NRF) grant funded by the Korea
government (No. 2020R1G1A1101146).

Acknowledgments: This research was supported by the Chung-Ang University Research Scholarship Grants
in 2020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Armand, M.; Tarascon, J.M. Building better batteries. Nature 2008, 451, 652–657. [CrossRef] [PubMed]
2. Dresselhaus, M.S.; Thomas, I.L. Alternative energy technologies. Nature 2001, 414, 332–337.

[CrossRef] [PubMed]
3. Goodenough, J.B.; Park, K.-S. The Li-Ion Rechargeable Battery: A Perspective. J. Am. Chem. Soc. 2013, 135,

1167–1176. [CrossRef] [PubMed]
4. Lee, J.T.; Jo, C.; De Volder, M. Bicontinuous phase separation of lithium-ion battery electrodes for ultrahigh

areal loading. Proc. Natl. Acad. Sci. USA 2020, 117, 21155–21161. [CrossRef]
5. Nitta, N.; Wu, F.; Lee, J.T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 2015, 18,

252–264. [CrossRef]
6. Berckmans, G.; Messagie, M.; Smekens, J.; Omar, N.; Vanhaverbeke, L.; Van Mierlo, J. Cost Projection of State

of the Art Lithium-Ion Batteries for Electric Vehicles Up to 2030. Energies 2017, 10, 1314. [CrossRef]
7. Pillot, C. The rechargeable battery market and main trends 2016–2025. In Proceedings of the 33rd Annual

International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA, 20 March 2017; pp. 35–41.
8. Lee, H.; Yanilmaz, M.; Toprakci, O.; Fu, K.; Zhang, X. A review of recent developments in membrane

separators for rechargeable lithium-ion batteries. Energy Environ. Sci. 2014, 7, 3857–3886. [CrossRef]
9. Hao, J.; Lei, G.; Li, Z.; Wu, L.; Xiao, Q.; Wang, L. A novel polyethylene terephthalate nonwoven separator

based on electrospinning technique for lithium ion battery. J. Membr. Sci. 2013, 428, 11–16. [CrossRef]
10. Orendorff, C.J.; Lambert, T.N.; Chavez, C.A.; Bencomo, M.; Fenton, K.R. Polyester separators for lithium-ion

cells: Improving thermal stability and abuse tolerance. Adv. Energy Mater. 2013, 3, 314–320. [CrossRef]
11. Xu, W.; Wang, J.; Ding, F.; Chen, X.; Nasybulin, E.; Zhang, Y.; Zhang, J.-G. Lithium metal anodes for

rechargeable batteries. Energy Environ. Sci. 2014, 7, 513–537. [CrossRef]
12. Liu, B.; Zhang, J.-G.; Xu, W. Advancing Lithium Metal Batteries. Joule 2018, 2, 833–845. [CrossRef]
13. Jeong, J.; Chun, J.; Lim, W.-G.; Kim, W.B.; Jo, C.; Lee, J. Mesoporous carbon host material for stable lithium

metal anode. Nanoscale 2020, 12, 11818–11824. [CrossRef]
14. Whittingham, M.S. Electrical energy storage and intercalation chemistry. Science 1976, 192, 1126–1127.

[CrossRef] [PubMed]
15. Aurbach, D.; Zinigrad, E.; Cohen, Y.; Teller, H. A short review of failure mechanisms of lithium metal and

lithiated graphite anodes in liquid electrolyte solutions. Solid State Ion. 2002, 148, 405–416. [CrossRef]
16. Aurbach, D. Nonaqueous Electrochemistry; CRC Press: Boca Raton, FL, USA, 1999.
17. Brandt, K. Historical development of secondary lithium batteries. Solid State Ion. 1994, 69, 173–183. [CrossRef]
18. Zhamu, A.; Chen, G.; Liu, C.; Neff, D.; Fang, Q.; Yu, Z.; Xiong, W.; Wang, Y.; Wang, X.; Jang, B.Z.

Reviving rechargeable lithium metal batteries: Enabling next-generation high-energy and high-power cells.
Energy Environ. Sci. 2012, 5, 5701–5707. [CrossRef]

19. Lin, D.; Liu, Y.; Cui, Y. Reviving the lithium metal anode for high-energy batteries. Nat. Nanotechnol. 2017,
12, 194. [CrossRef]

http://dx.doi.org/10.1038/451652a
http://www.ncbi.nlm.nih.gov/pubmed/18256660
http://dx.doi.org/10.1038/35104599
http://www.ncbi.nlm.nih.gov/pubmed/11713539
http://dx.doi.org/10.1021/ja3091438
http://www.ncbi.nlm.nih.gov/pubmed/23294028
http://dx.doi.org/10.1073/pnas.2007250117
http://dx.doi.org/10.1016/j.mattod.2014.10.040
http://dx.doi.org/10.3390/en10091314
http://dx.doi.org/10.1039/C4EE01432D
http://dx.doi.org/10.1016/j.memsci.2012.09.058
http://dx.doi.org/10.1002/aenm.201200292
http://dx.doi.org/10.1039/C3EE40795K
http://dx.doi.org/10.1016/j.joule.2018.03.008
http://dx.doi.org/10.1039/D0NR02258F
http://dx.doi.org/10.1126/science.192.4244.1126
http://www.ncbi.nlm.nih.gov/pubmed/17748676
http://dx.doi.org/10.1016/S0167-2738(02)00080-2
http://dx.doi.org/10.1016/0167-2738(94)90408-1
http://dx.doi.org/10.1039/C2EE02911A
http://dx.doi.org/10.1038/nnano.2017.16


Materials 2020, 13, 4625 30 of 37

20. Lim, W.-G.; Mun, Y.; Cho, A.; Jo, C.; Lee, S.; Han, J.W.; Lee, J. Synergistic Effect of Molecular-Type
Electrocatalysts with Ultrahigh Pore Volume Carbon Microspheres for Lithium–Sulfur Batteries. ACS Nano
2018, 12, 6013–6022. [CrossRef]

21. Lim, W.-G.; Jo, C.; Cho, A.; Hwang, J.; Kim, S.; Han, J.W.; Lee, J. Approaching Ultrastable High-Rate Li–S
Batteries through Hierarchically Porous Titanium Nitride Synthesized by Multiscale Phase Separation.
Adv. Mater. 2019, 31, 1806547. [CrossRef]

22. Kim, B.G.; Jo, C.; Shin, J.; Mun, Y.; Lee, J.; Choi, J.W. Ordered Mesoporous Titanium Nitride as a Promising
Carbon-Free Cathode for Aprotic Lithium-Oxygen Batteries. ACS Nano 2017, 11, 1736–1746. [CrossRef]

23. Xin, S.; Gu, L.; Zhao, N.-H.; Yin, Y.-X.; Zhou, L.-J.; Guo, Y.-G.; Wan, L.-J. Smaller Sulfur Molecules Promise
Better Lithium–Sulfur Batteries. J. Am. Chem. Soc. 2012, 134, 18510–18513. [PubMed]

24. Zhao, H.; Deng, N.; Yan, J.; Kang, W.; Ju, J.; Ruan, Y.; Wang, X.; Zhuang, X.; Li, Q.; Cheng, B. A review on
anode for lithium-sulfur batteries: Progress and prospects. Chem. Eng. J. 2018, 347, 343–365.

25. Liu, Y.; Lin, D.; Liang, Z.; Zhao, J.; Yan, K.; Cui, Y. Lithium-coated polymeric matrix as a minimum
volume-change and dendrite-free lithium metal anode. Nat. Commun. 2016, 7, 10992. [CrossRef]

26. Yao, H.; Yan, K.; Li, W.; Zheng, G.; Kong, D.; Seh, Z.W.; Narasimhan, V.K.; Liang, Z.; Cui, Y. Improved
lithium–sulfur batteries with a conductive coating on the separator to prevent the accumulation of inactive
S-related species at the cathode–Separator interface. Energy Environ. Sci. 2014, 7, 3381–3390.

27. Lim, W.-G.; Kim, S.; Jo, C.; Lee, J. A Comprehensive Review of Materials with Catalytic Effects in Li–S
Batteries: Enhanced Redox Kinetics. Angew. Chem. Int. Ed. 2019, 58, 18746–18757. [CrossRef] [PubMed]

28. Zhang, Y.; Qian, J.; Xu, W.; Russell, S.M.; Chen, X.; Nasybulin, E.; Bhattacharya, P.; Engelhard, M.H.; Mei, D.;
Cao, R.; et al. Dendrite-Free Lithium Deposition with Self-Aligned Nanorod Structure. Nano Lett. 2014, 14,
6889–6896.

29. Ren, X.; Zhang, Y.; Engelhard, M.H.; Li, Q.; Zhang, J.-G.; Xu, W. Guided Lithium Metal Deposition and
Improved Lithium Coulombic Efficiency through Synergistic Effects of LiAsF6 and Cyclic Carbonate
Additives. ACS Energy Lett. 2018, 3, 14–19.

30. Bouchet, R.; Maria, S.; Meziane, R.; Aboulaich, A.; Lienafa, L.; Bonnet, J.-P.; Phan, T.N.T.; Bertin, D.; Gigmes, D.;
Devaux, D.; et al. Single-ion BAB triblock copolymers as highly efficient electrolytes for lithium-metal
batteries. Nat. Mater. 2013, 12, 452–457. [PubMed]

31. Yu, B.; Tao, T.; Mateti, S.; Lu, S.; Chen, Y. Nanoflake Arrays of Lithiophilic Metal Oxides for the Ultra-Stable
Anodes of Lithium-Metal Batteries. Adv. Funct. Mater. 2018, 28, 1803023.

32. Liu, L.; Yin, Y.-X.; Li, J.-Y.; Li, N.-W.; Zeng, X.-X.; Ye, H.; Guo, Y.-G.; Wan, L.-J. Free-Standing Hollow Carbon
Fibers as High-Capacity Containers for Stable Lithium Metal Anodes. Joule 2017, 1, 563–575. [CrossRef]

33. Li, Q.; Zhu, S.; Lu, Y. 3D porous Cu current collector/Li-metal composite anode for stable lithium-metal
batteries. Adv. Funct. Mater. 2017, 27, 1606422. [CrossRef]

34. Yang, C.-P.; Yin, Y.-X.; Zhang, S.-F.; Li, N.-W.; Guo, Y.-G. Accommodating lithium into 3D current collectors
with a submicron skeleton towards long-life lithium metal anodes. Nat. Commun. 2015, 6, 8058. [CrossRef]

35. Yun, Q.; He, Y.-B.; Lv, W.; Zhao, Y.; Li, B.; Kang, F.; Yang, Q.-H. Chemical Dealloying Derived 3D Porous
Current Collector for Li Metal Anodes. Adv. Mater. 2016, 28, 6932–6939. [CrossRef]

36. Cheng, X.-B.; Zhang, R.; Zhao, C.-Z.; Zhang, Q. Toward Safe Lithium Metal Anode in Rechargeable Batteries:
A Review. Chem. Rev. 2017, 117, 10403–10473. [CrossRef] [PubMed]

37. Cheng, X.-B.; Zhang, R.; Zhao, C.-Z.; Wei, F.; Zhang, J.-G.; Zhang, Q. A Review of Solid Electrolyte Interphases
on Lithium Metal Anode. Adv. Sci. 2016, 3, 1500213. [CrossRef]

38. Liu, J.; Yuan, H.; Cheng, X.B.; Chen, W.J.; Titirici, M.M.; Huang, J.Q.; Yuan, T.Q.; Zhang, Q. A review
of naturally derived nanostructured materials for safe lithium metal batteries. Mater. Today Nano 2019,
8, 100049. [CrossRef]

39. Pan, Y.; Chou, S.; Liu, H.K.; Dou, S.X. Functional membrane separators for next-generation high-energy
rechargeable batteries. Natl. Sci. Rev. 2017, 4, 917–933. [CrossRef]

40. Deng, N.; Kang, W.; Liu, Y.; Ju, J.; Wu, D.; Li, L.; Hassan, B.S.; Cheng, B. A review on separators for
lithiumsulfur battery: Progress and prospects. J. Power Sources 2016, 331, 132–155.

41. Arora, P.; Zhang, Z. Battery Separators. Chem. Rev. 2004, 104, 4419–4462. [PubMed]
42. Costa, C.M.; Silva, M.M.; Lanceros-Mendez, S. Battery separators based on vinylidene fluoride (VDF)

polymers and copolymers for lithium ion battery applications. RSC Adv. 2013, 3, 11404–11417.

http://dx.doi.org/10.1021/acsnano.8b02258
http://dx.doi.org/10.1002/adma.201806547
http://dx.doi.org/10.1021/acsnano.6b07635
http://www.ncbi.nlm.nih.gov/pubmed/23101502
http://dx.doi.org/10.1038/ncomms10992
http://dx.doi.org/10.1002/anie.201902413
http://www.ncbi.nlm.nih.gov/pubmed/31069949
http://www.ncbi.nlm.nih.gov/pubmed/23542871
http://dx.doi.org/10.1016/j.joule.2017.06.004
http://dx.doi.org/10.1002/adfm.201606422
http://dx.doi.org/10.1038/ncomms9058
http://dx.doi.org/10.1002/adma.201601409
http://dx.doi.org/10.1021/acs.chemrev.7b00115
http://www.ncbi.nlm.nih.gov/pubmed/28753298
http://dx.doi.org/10.1002/advs.201500213
http://dx.doi.org/10.1016/j.mtnano.2019.100049
http://dx.doi.org/10.1093/nsr/nwx037
http://www.ncbi.nlm.nih.gov/pubmed/15669158


Materials 2020, 13, 4625 31 of 37

43. Deimede, V.; Elmasides, C. Separators for Lithium-Ion Batteries: A Review on the Production Processes and
Recent Developments. Energy Technol. 2015, 3, 453–468. [CrossRef]

44. Francis, C.F.; Kyratzis, I.L.; Best, A.S. Lithium-Ion Battery Separators for Ionic-Liquid Electrolytes: A Review.
Adv. Mater. 2020, 32, 1904205. [CrossRef]

45. Zhang, S.S. A review on the separators of liquid electrolyte Li-ion batteries. J. Power Sources 2007, 164,
351–364. [CrossRef]

46. Chun, S.-J.; Choi, E.-S.; Lee, E.-H.; Kim, J.H.; Lee, S.-Y.; Lee, S.-Y. Eco-friendly cellulose nanofiber
paper-derived separator membranes featuring tunable nanoporous network channels for lithium-ion
batteries. J. Mater. Chem. 2012, 22, 16618–16626. [CrossRef]

47. Pan, R.; Sun, R.; Wang, Z.; Lindh, J.; Edström, K.; Strømme, M.; Nyholm, L. Sandwich-structured nano/micro
fiber-based separators for lithium metal batteries. Nano Energy 2019, 55, 316–326. [CrossRef]

48. Shi, C.; Zhang, P.; Huang, S.; He, X.; Yang, P.; Wu, D.; Sun, D.; Zhao, J. Functional separator consisted of
polyimide nonwoven fabrics and polyethylene coating layer for lithium-ion batteries. J. Power Sources 2015,
298, 158–165. [CrossRef]

49. Liu, K.; Liu, W.; Qiu, Y.; Kong, B.; Sun, Y.; Chen, Z.; Zhuo, D.; Lin, D.; Cui, Y. Electrospun core-shell microfiber
separator with thermal-triggered flame-retardant properties for lithium-ion batteries. Sci. Adv. 2017, 3,
e1601978. [CrossRef] [PubMed]

50. Liu, J.; Liu, Y.; Yang, W.; Ren, Q.; Li, F.; Huang, Z. Lithium ion battery separator with high performance and
high safety enabled by tri-layered SiO2@ PI/m-PE/SiO2@ PI nanofiber composite membrane. J. Power Sources
2018, 396, 265–275. [CrossRef]

51. Kang, S.M.; Ryou, M.-H.; Choi, J.W.; Lee, H. Mussel- and Diatom-Inspired Silica Coating on Separators
Yields Improved Power and Safety in Li-Ion Batteries. Chem. Mater. 2012, 24, 3481–3485. [CrossRef]

52. Yamin, H.; Peled, E. Electrochemistry of a nonaqueous lithium/sulfur cell. J. Power Sources 1983, 9,
281–287. [CrossRef]

53. Hua, W.; Yang, Z.; Nie, H.; Li, Z.; Yang, J.; Guo, Z.; Ruan, C.; Chen, X.A.; Huang, S. Polysulfide-Scission
Reagents for the Suppression of the Shuttle Effect in Lithium–Sulfur Batteries. ACS Nano 2017, 11,
2209–2218. [CrossRef]

54. Babu, G.; Sawas, A.; Thangavel, N.K.; Arava, L.M.R. Two-Dimensional Material-Reinforced Separator for
Li–Sulfur Battery. J. Phys. Chem. 2018, 122, 10765–10772. [CrossRef]

55. Mikhaylik, Y.V.; Akridge, J.R. Polysulfide Shuttle Study in the Li/S Battery System. J. Electrochem. Soc. 2004,
151, A1969. [CrossRef]

56. Fang, D.; Wang, Y.; Liu, X.; Yu, J.; Qian, C.; Chen, S.; Wang, X.; Zhang, S. Spider-Web-Inspired
Nanocomposite-Modified Separator: Structural and Chemical Cooperativity Inhibiting the Shuttle Effect in
Li–S Batteries. ACS Nano 2019, 13, 1563–1573. [CrossRef]

57. Djian, D.; Alloin, F.; Martinet, S.; Lignier, H. Macroporous poly(vinylidene fluoride) membrane as a separator
for lithium-ion batteries with high charge rate capacity. J. Power Sources 2009, 187, 575–580. [CrossRef]

58. Khan, F.A.; Akhtar, S.; Almohazey, D.; Alomari, M.; Almofty, S.A.; Badr, I.; Elaissari, A. Targeted delivery
of poly (methyl methacrylate) particles in colon cancer cells selectively attenuates cancer cell proliferation.
Artif. Cells Nanomed. Biotechnol. 2019, 47, 1533–1542. [CrossRef]

59. Liu, H.; Zhang, S.; Yang, J.; Ji, M.; Yu, J.; Wang, M.; Chai, X.; Yang, B.; Zhu, C.; Xu, J. Preparation,
Stabilization and Carbonization of a Novel Polyacrylonitrile-Based Carbon Fiber Precursor. Polymers 2019,
11, 1150. [CrossRef]

60. Zhai, P.-Y.; Peng, H.-J.; Cheng, X.-B.; Zhu, L.; Huang, J.-Q.; Zhu, W.; Zhang, Q. Scaled-up fabrication of
porous-graphene-modified separators for high-capacity lithium–Sulfur batteries. Energy Storage Mater. 2017,
7, 56–63. [CrossRef]

61. Zhang, W.; Tu, Z.; Qian, J.; Choudhury, S.; Archer, L.A.; Lu, Y. Design principles of functional polymer
separators for high-energy, metal-based batteries. Small 2018, 14, 1703001. [CrossRef]

62. Jeong, Y.-B.; Kim, D.-W. Effect of thickness of coating layer on polymer-coated separator on cycling
performance of lithium-ion polymer cells. J. Power Sources 2004, 128, 256–262. [CrossRef]

63. Ma, G.; Huang, F.; Wen, Z.; Wang, Q.; Hong, X.; Jin, J.; Wu, X. Enhanced performance of lithium sulfur
batteries with conductive polymer modified separators. J. Mater. Chem. 2016, 4, 16968–16974. [CrossRef]

http://dx.doi.org/10.1002/ente.201402215
http://dx.doi.org/10.1002/adma.201904205
http://dx.doi.org/10.1016/j.jpowsour.2006.10.065
http://dx.doi.org/10.1039/c2jm32415f
http://dx.doi.org/10.1016/j.nanoen.2018.11.005
http://dx.doi.org/10.1016/j.jpowsour.2015.08.008
http://dx.doi.org/10.1126/sciadv.1601978
http://www.ncbi.nlm.nih.gov/pubmed/28097221
http://dx.doi.org/10.1016/j.jpowsour.2018.06.008
http://dx.doi.org/10.1021/cm301967f
http://dx.doi.org/10.1016/0378-7753(83)87029-3
http://dx.doi.org/10.1021/acsnano.6b08627
http://dx.doi.org/10.1021/acs.jpcc.8b02633
http://dx.doi.org/10.1149/1.1806394
http://dx.doi.org/10.1021/acsnano.8b07491
http://dx.doi.org/10.1016/j.jpowsour.2008.11.027
http://dx.doi.org/10.1080/21691401.2019.1577886
http://dx.doi.org/10.3390/polym11071150
http://dx.doi.org/10.1016/j.ensm.2016.12.004
http://dx.doi.org/10.1002/smll.201703001
http://dx.doi.org/10.1016/j.jpowsour.2003.09.073
http://dx.doi.org/10.1039/C6TA07198H


Materials 2020, 13, 4625 32 of 37

64. Shin, W.-K.; Kannan, A.G.; Kim, D.-W. Effective suppression of dendritic lithium growth using an ultrathin
coating of nitrogen and sulfur codoped graphene nanosheets on polymer separator for lithium metal batteries.
ACS Appl. Mater. Interfaces 2015, 7, 23700–23707. [CrossRef] [PubMed]

65. Gao, K.; Hu, X.; Yi, T.; Dai, C. PE-g-MMA polymer electrolyte membrane for lithium polymer battery.
Electrochim. Acta 2006, 52, 443–449. [CrossRef]

66. Song, Y.-Z.; Yuan, J.-J.; Yin, X.; Zhang, Y.; Lin, C.-E.; Sun, C.-C.; Fang, L.-F.; Zhu, B.; Zhu, L.-P. Effect of
polyphenol-polyamine treated polyethylene separator on the ionic conduction and interface properties for
lithium-metal anode batteries. J. Electroanal. Chem. 2018, 816, 68–74. [CrossRef]

67. Kim, K.J.; Kim, J.-H.; Park, M.-S.; Kwon, H.K.; Kim, H.; Kim, Y.-J. Enhancement of electrochemical and
thermal properties of polyethylene separators coated with polyvinylidene fluoride–hexafluoropropylene
co-polymer for Li-ion batteries. J. Power Sources 2012, 198, 298–302. [CrossRef]

68. Zhai, Y.; Wang, N.; Mao, X.; Si, Y.; Yu, J.; Al-Deyab, S.S.; El-Newehy, M.; Ding, B. Sandwich-structured
PVdF/PMIA/PVdF nanofibrous separators with robust mechanical strength and thermal stability for lithium
ion batteries. J. Mater. Chem. 2014, 2, 14511–14518. [CrossRef]

69. Ou, X.; Yu, Y.; Wu, R.; Tyagi, A.; Zhuang, M.; Ding, Y.; Abidi, I.H.; Wu, H.; Wang, F.; Luo, Z. Shuttle
suppression by polymer-sealed graphene-coated polypropylene separator. ACS Appl. Mater. Interfaces 2018,
10, 5534–5542. [CrossRef]

70. Fang, L.-F.; Shi, J.-L.; Jiang, J.-H.; Li, H.; Zhu, B.-K.; Zhu, L.-P. Improving the wettability and thermal resistance
of polypropylene separators with a thin inorganic–organic hybrid layer stabilized by polydopamine for
lithium ion batteries. RSC Adv. 2014, 4, 22501–22508. [CrossRef]

71. Dai, J.; Shi, C.; Li, C.; Shen, X.; Peng, L.; Wu, D.; Sun, D.; Zhang, P.; Zhao, J. A rational design of separator with
substantially enhanced thermal features for lithium-ion batteries by the polydopamine–ceramic composite
modification of polyolefin membranes. Energy Environ. Sci. 2016, 9, 3252–3261. [CrossRef]

72. Zhang, C.; Xia, Y.; Zuo, K.; Zeng, Y.-P. The effect of silica addition on the microstructure and properties of
polyethylene separators prepared by thermally induced phase separation. J. Appl. Polym. Sci. 2014, 131,
40724. [CrossRef]

73. Fu, C.; Venturi, V.; Kim, J.; Ahmad, Z.; Ells, A.W.; Viswanathan, V.; Helms, B.A. Universal chemomechanical
design rules for solid-ion conductors to prevent dendrite formation in lithium metal batteries. Nat. Mater.
2020, 19, 758–766. [CrossRef] [PubMed]

74. Favors, Z.; Wang, W.; Bay, H.H.; George, A.; Ozkan, M.; Ozkan, C.S. Stable Cycling of SiO2 Nanotubes as
High-Performance Anodes for Lithium-Ion Batteries. Sci. Rep. 2014, 4, 4605. [CrossRef] [PubMed]

75. Yan, N.; Wang, F.; Zhong, H.; Li, Y.; Wang, Y.; Hu, L.; Chen, Q. Hollow Porous SiO2 Nanocubes Towards
High-performance Anodes for Lithium-ion Batteries. Sci. Rep. 2013, 3, 1568. [CrossRef] [PubMed]

76. Zhang, Q.; Wang, Y.; Seh, Z.W.; Fu, Z.; Zhang, R.; Cui, Y. Understanding the Anchoring Effect of
Two-Dimensional Layered Materials for Lithium–Sulfur Batteries. Nano Lett. 2015, 15, 3780–3786. [CrossRef]

77. Ji, L.; Rao, M.; Zheng, H.; Zhang, L.; Li, Y.; Duan, W.; Guo, J.; Cairns, E.J.; Zhang, Y. Graphene Oxide as a Sulfur
Immobilizer in High Performance Lithium/Sulfur Cells. J. Am. Chem. Soc. 2011, 133, 18522–18525. [CrossRef]

78. Song, R.; Fang, R.; Wen, L.; Shi, Y.; Wang, S.; Li, F. A trilayer separator with dual function for high performance
lithium–sulfur batteries. J. Power Sources 2016, 301, 179–186. [CrossRef]

79. Hou, T.-Z.; Chen, X.; Peng, H.-J.; Huang, J.-Q.; Li, B.-Q.; Zhang, Q.; Li, B. Design Principles for
Heteroatom-Doped Nanocarbon to Achieve Strong Anchoring of Polysulfides for Lithium–Sulfur Batteries.
Small 2016, 12, 3283–3291. [CrossRef]

80. He, M.; Zhang, X.; Jiang, K.; Wang, J.; Wang, Y. Pure Inorganic Separator for Lithium Ion Batteries. ACS Appl.
Mater. Interfaces 2015, 7, 738–742. [CrossRef]

81. Liu, Y.; Xiong, S.; Wang, J.; Jiao, X.; Li, S.; Zhang, C.; Song, Z.; Song, J. Dendrite-free lithium metal anode
enabled by separator engineering via uniform loading of lithiophilic nucleation sites. Energy Storage Mater.
2019, 19, 24–30. [CrossRef]

82. Lee, H.; Ren, X.; Niu, C.; Yu, L.; Engelhard, M.H.; Cho, I.; Ryou, M.H.; Jin, H.S.; Kim, H.T.; Liu, J. Suppressing
lithium dendrite growth by metallic coating on a separator. Adv. Funct. Mater. 2017, 27, 1704391. [CrossRef]

83. Li, J.; Huang, Y.; Zhang, S.; Jia, W.; Wang, X.; Guo, Y.; Jia, D.; Wang, L. Decoration of Silica Nanoparticles
on Polypropylene Separator for Lithium–Sulfur Batteries. ACS Appl. Mater. Interfaces 2017, 9, 7499–7504.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/acsami.5b07730
http://www.ncbi.nlm.nih.gov/pubmed/26458414
http://dx.doi.org/10.1016/j.electacta.2006.05.049
http://dx.doi.org/10.1016/j.jelechem.2018.03.044
http://dx.doi.org/10.1016/j.jpowsour.2011.09.086
http://dx.doi.org/10.1039/C4TA02151G
http://dx.doi.org/10.1021/acsami.7b17251
http://dx.doi.org/10.1039/C4RA01713G
http://dx.doi.org/10.1039/C6EE01219A
http://dx.doi.org/10.1002/app.40724
http://dx.doi.org/10.1038/s41563-020-0655-2
http://www.ncbi.nlm.nih.gov/pubmed/32341510
http://dx.doi.org/10.1038/srep04605
http://www.ncbi.nlm.nih.gov/pubmed/24732245
http://dx.doi.org/10.1038/srep01568
http://www.ncbi.nlm.nih.gov/pubmed/23535780
http://dx.doi.org/10.1021/acs.nanolett.5b00367
http://dx.doi.org/10.1021/ja206955k
http://dx.doi.org/10.1016/j.jpowsour.2015.10.007
http://dx.doi.org/10.1002/smll.201600809
http://dx.doi.org/10.1021/am507145h
http://dx.doi.org/10.1016/j.ensm.2018.10.015
http://dx.doi.org/10.1002/adfm.201704391
http://dx.doi.org/10.1021/acsami.7b00065
http://www.ncbi.nlm.nih.gov/pubmed/28186728


Materials 2020, 13, 4625 33 of 37

84. Lv, X.; Lei, T.; Wang, B.; Chen, W.; Jiao, Y.; Hu, Y.; Yan, Y.; Huang, J.; Chu, J.; Yan, C.; et al. An Efficient Separator
with Low Li-Ion Diffusion Energy Barrier Resolving Feeble Conductivity for Practical Lithium–Sulfur Batteries.
Adv. Energy Mater. 2019, 9, 1901800. [CrossRef]

85. Wang, Y.; Ma, Z.; Chen, Y.; Zou, M.; Yousaf, M.; Yang, Y.; Yang, L.; Cao, A.; Han, R.P.S. Controlled Synthesis
of Core–Shell Carbon@MoS2 Nanotube Sponges as High-Performance Battery Electrodes. Adv. Mater. 2016,
28, 10175–10181. [CrossRef] [PubMed]

86. Chen, Y.-Z.; Wang, C.; Wu, Z.-Y.; Xiong, Y.; Xu, Q.; Yu, S.-H.; Jiang, H.-L. From Bimetallic Metal-Organic
Framework to Porous Carbon: High Surface Area and Multicomponent Active Dopants for Excellent
Electrocatalysis. Adv. Mater. 2015, 27, 5010–5016. [CrossRef]

87. Yang, W.; Yang, W.; Song, A.; Sun, G.; Shao, G. 3D interconnected porous carbon nanosheets/carbon
nanotubes as a polysulfide reservoir for high performance lithium–sulfur batteries. Nanoscale 2018, 10,
816–824. [CrossRef]

88. Zhou, G.; Pei, S.; Li, L.; Wang, D.-W.; Wang, S.; Huang, K.; Yin, L.-C.; Li, F.; Cheng, H.-M. A
Graphene–Pure-Sulfur Sandwich Structure for Ultrafast, Long-Life Lithium–Sulfur Batteries. Adv. Mater.
2014, 26, 625–631. [CrossRef]

89. Kim, P.J.; Pol, V.G. High Performance Lithium Metal Batteries Enabled by Surface Tailoring of Polypropylene
Separator with a Polydopamine/Graphene Layer. Adv. Energy Mater. 2018, 8, 1802665. [CrossRef]

90. Zhao, Y.; Liu, M.; Lv, W.; He, Y.-B.; Wang, C.; Yun, Q.; Li, B.; Kang, F.; Yang, Q.-H. Dense coating of Li4Ti5O12
and graphene mixture on the separator to produce long cycle life of lithium-sulfur battery. Nano Energy 2016,
30, 1–8. [CrossRef]

91. Li, C.; Liu, S.; Shi, C.; Liang, G.; Lu, Z.; Fu, R.; Wu, D. Two-dimensional molecular brush-functionalized
porous bilayer composite separators toward ultrastable high-current density lithium metal anodes. Nat.
Commun. 2019, 10, 1–9. [CrossRef]

92. Bai, S.; Liu, X.; Zhu, K.; Wu, S.; Zhou, H. Metal–organic framework-based separator for lithium–sulfur
batteries. Nat. Energy 2016, 1, 16094. [CrossRef]

93. Jiang, Y.; Chen, F.; Gao, Y.; Wang, Y.; Wang, S.; Gao, Q.; Jiao, Z.; Zhao, B.; Chen, Z. Inhibiting the shuttle effect
of Li–S battery with a graphene oxide coating separator: Performance improvement and mechanism study. J.
Power Sources 2017, 342, 929–938. [CrossRef]

94. Wang, X.; Wang, Z.; Chen, L. Reduced graphene oxide film as a shuttle-inhibiting interlayer in a lithium–sulfur
battery. J. Power Sources 2013, 242, 65–69. [CrossRef]

95. Luo, W.; Zhou, L.; Fu, K.; Yang, Z.; Wan, J.; Manno, M.; Yao, Y.; Zhu, H.; Yang, B.; Hu, L. A Thermally
Conductive Separator for Stable Li Metal Anodes. Nano Lett. 2015, 15, 6149–6154. [CrossRef] [PubMed]

96. Liu, Y.; Qiao, Y.; Zhang, Y.; Yang, Z.; Gao, T.; Kirsch, D.; Liu, B.; Song, J.; Yang, B.; Hu, L. 3D printed separator
for the thermal management of high-performance Li metal anodes. Energy Storage Mater. 2018, 12, 197–203.
[CrossRef]

97. Kim, P.J.H.; Seo, J.; Fu, K.; Choi, J.; Liu, Z.; Kwon, J.; Hu, L.; Paik, U. Synergistic protective effect of a
BN-carbon separator for highly stable lithium sulfur batteries. NPG Asia Mater. 2017, 9, e375. [CrossRef]

98. Kim, S.; Lim, W.-G.; Cho, A.; Jeong, J.; Jo, C.; Kang, D.; Han, S.M.; Han, J.W.; Lee, J. Simultaneous Suppression
of Shuttle Effect and Lithium Dendrite Growth by Lightweight Bifunctional Separator for Li–S Batteries.
ACS Appl. Energy Mater. 2020, 3, 2643–2652. [CrossRef]

99. Sun, J.; Sun, Y.; Pasta, M.; Zhou, G.; Li, Y.; Liu, W.; Xiong, F.; Cui, Y. Entrapment of Polysulfides
by a Black-Phosphorus-Modified Separator for Lithium–Sulfur Batteries. Adv. Mater. 2016, 28,
9797–9803. [CrossRef]

100. Wang, Z.; Feng, M.; Sun, H.; Li, G.; Fu, Q.; Li, H.; Liu, J.; Sun, L.; Mauger, A.; Julien, C.M.; et al. Constructing
metal-free and cost-effective multifunctional separator for high-performance lithium-sulfur batteries. Nano
Energy 2019, 59, 390–398. [CrossRef]

101. Liu, Y.; Liu, Q.; Xin, L.; Liu, Y.; Yang, F.; Stach, E.A.; Xie, J. Making Li-metal electrodes rechargeable by
controlling the dendrite growth direction. Nat. Energy 2017, 2, 17083. [CrossRef]

102. Ryou, M.H.; Lee, D.J.; Lee, J.N.; Lee, Y.M.; Park, J.K.; Choi, J.W. Excellent cycle life of lithium-metal anodes in
lithium-ion batteries with mussel-inspired polydopamine-coated separators. Adv. Energy Mater. 2012, 2,
645–650. [CrossRef]

http://dx.doi.org/10.1002/aenm.201901800
http://dx.doi.org/10.1002/adma.201603812
http://www.ncbi.nlm.nih.gov/pubmed/27690278
http://dx.doi.org/10.1002/adma.201502315
http://dx.doi.org/10.1039/C7NR06805K
http://dx.doi.org/10.1002/adma.201302877
http://dx.doi.org/10.1002/aenm.201802665
http://dx.doi.org/10.1016/j.nanoen.2016.09.030
http://dx.doi.org/10.1038/s41467-019-09211-z
http://dx.doi.org/10.1038/nenergy.2016.94
http://dx.doi.org/10.1016/j.jpowsour.2017.01.013
http://dx.doi.org/10.1016/j.jpowsour.2013.05.063
http://dx.doi.org/10.1021/acs.nanolett.5b02432
http://www.ncbi.nlm.nih.gov/pubmed/26237519
http://dx.doi.org/10.1016/j.ensm.2017.12.019
http://dx.doi.org/10.1038/am.2017.51
http://dx.doi.org/10.1021/acsaem.9b02350
http://dx.doi.org/10.1002/adma.201602172
http://dx.doi.org/10.1016/j.nanoen.2019.02.029
http://dx.doi.org/10.1038/nenergy.2017.83
http://dx.doi.org/10.1002/aenm.201100687


Materials 2020, 13, 4625 34 of 37

103. Huo, H.; Li, X.; Chen, Y.; Liang, J.; Deng, S.; Gao, X.; Doyle-Davis, K.; Li, R.; Guo, X.; Shen, Y. Bifunctional
composite separator with a solid-state-battery strategy for dendrite-free lithium metal batteries. Energy
Storage Mater. 2020, 29, 361–366. [CrossRef]

104. Wang, Z.; Pan, R.; Xu, C.; Ruan, C.; Edström, K.; Strømme, M.; Nyholm, L. Conducting polymer paper-derived
separators for lithium metal batteries. Energy Storage Mater. 2018, 13, 283–292. [CrossRef]

105. Ihm, D.; Noh, J.; Kim, J. Effect of polymer blending and drawing conditions on properties of polyethylene
separator prepared for Li-ion secondary battery. J. Power Sources 2002, 109, 388–393. [CrossRef]

106. Hao, X.; Zhu, J.; Jiang, X.; Wu, H.; Qiao, J.; Sun, W.; Wang, Z.; Sun, K. Ultrastrong polyoxyzole nanofiber
membranes for dendrite-proof and heat-resistant battery separators. Nano Lett. 2016, 16, 2981–2987. [CrossRef]

107. Yanilmaz, M.; Lu, Y.; Li, Y.; Zhang, X. SiO2/polyacrylonitrile membranes via centrifugal spinning as a
separator for Li-ion batteries. J. Power Sources 2015, 273, 1114–1119. [CrossRef]

108. Zhang, M.; Gui, A.L.; Sun, W.; Becking, J.; Riedel, O.; He, X.; Berghus, D.; Siozios, V.; Zhou, D.; Placke, T.
High capacity utilization of Li metal anodes by application of celgard separator-reinforced ternary polymer
electrolyte. J. Electrochem. Soc. 2019, 166, A2142. [CrossRef]

109. Patel, A.; Wilcox, K.; Li, Z.; George, I.; Juneja, R.; Lollar, C.T.; Lazar, S.; Grunlan, J.C.; Tenhaeff, W.E.;
Lutkenhaus, J.L. High modulus, thermally stable, and self-extinguishing aramid nanofiber separators. ACS
Appl. Mater. Interfaces 2020, 12, 25756–25766. [CrossRef] [PubMed]

110. Wei, N.; Hu, J.; Zhang, M.; He, J.; Ni, P. Cross-linked porous polymer separator using vinyl-modified aluminum
oxide nanoparticles as cross-linker for lithium-ion batteries. Electrochim. Acta 2019, 307, 495–502. [CrossRef]

111. Tung, S.-O.; Ho, S.; Yang, M.; Zhang, R.; Kotov, N.A. A dendrite-suppressing composite ion conductor from
aramid nanofibres. Nat. Commun. 2015, 6, 6152. [CrossRef] [PubMed]

112. Shi, C.; Dai, J.; Shen, X.; Peng, L.; Li, C.; Wang, X.; Zhang, P.; Zhao, J. A high-temperature stable ceramic-coated
separator prepared with polyimide binder/Al2O3 particles for lithium-ion batteries. J. Membr. Sci. 2016, 517,
91–99. [CrossRef]

113. Jeong, H.-S.; Lee, S.-Y. Closely packed SiO2 nanoparticles/poly(vinylidene fluoride-hexafluoropropylene)
layers-coated polyethylene separators for lithium-ion batteries. J. Power Sources 2011, 196,
6716–6722. [CrossRef]

114. Gwon, S.-J.; Choi, J.-H.; Sohn, J.-Y.; Lim, Y.-M.; Nho, Y.-C.; Ihm, Y.-E. Battery performance of PMMA-grafted
PE separators prepared by pre-irradiation grafting technique. J. Ind. Eng. Chem. 2009, 15, 748–751. [CrossRef]

115. Wu, D.; Shi, C.; Huang, S.; Qiu, X.; Wang, H.; Zhan, Z.; Zhang, P.; Zhao, J.; Sun, D.; Lin, L. Electrospun
Nanofibers for Sandwiched Polyimide/Poly (vinylidene fluoride)/Polyimide Separators with the Thermal
Shutdown Function. Electrochim. Acta 2015, 176, 727–734. [CrossRef]

116. Liao, H.; Zhang, H.; Qin, G.; Hong, H.; Li, Z.; Lin, Y.; Li, L. Novel Core–Shell PS-co-PBA@SiO2 Nanoparticles
Coated on PP Separator as “Thermal Shutdown Switch” for High Safety Lithium-Ion Batteries. Macromol.
Mater. Eng. 2017, 302, 1700241. [CrossRef]

117. Lei, T.; Chen, W.; Hu, Y.; Lv, W.; Lv, X.; Yan, Y.; Huang, J.; Jiao, Y.; Chu, J.; Yan, C.; et al. A Nonflammable
and Thermotolerant Separator Suppresses Polysulfide Dissolution for Safe and Long-Cycle Lithium-Sulfur
Batteries. Adv. Energy Mater. 2018, 8, 1802441. [CrossRef]

118. Liu, K.; Zhuo, D.; Lee, H.-W.; Liu, W.; Lin, D.; Lu, Y.; Cui, Y. Extending the Life of Lithium-Based Rechargeable
Batteries by Reaction of Lithium Dendrites with a Novel Silica Nanoparticle Sandwiched Separator. Adv.
Mater. 2017, 29, 1603987. [CrossRef]

119. Chi, M.; Shi, L.; Wang, Z.; Zhu, J.; Mao, X.; Zhao, Y.; Zhang, M.; Sun, L.; Yuan, S. Excellent rate capability and
cycle life of Li metal batteries with ZrO2/POSS multilayer-assembled PE separators. Nano Energy 2016, 28,
1–11. [CrossRef]

120. Jeon, H.; Jin, S.Y.; Park, W.H.; Lee, H.; Kim, H.-T.; Ryou, M.-H.; Lee, Y.M. Plasma-assisted water-based
Al2O3 ceramic coating for polyethylene-based microporous separators for lithium metal secondary batteries.
Electrochim. Acta 2016, 212, 649–656. [CrossRef]

121. Peng, H.-J.; Wang, D.-W.; Huang, J.-Q.; Cheng, X.-B.; Yuan, Z.; Wei, F.; Zhang, Q. Janus Separator of
Polypropylene-Supported Cellular Graphene Framework for Sulfur Cathodes with High Utilization in
Lithium–Sulfur Batteries. Adv. Sci. 2016, 3, 1500268. [CrossRef]

122. Lei, D.; Benson, J.; Magasinski, A.; Berdichevsky, G.; Yushin, G. Transformation of bulk alloys to oxide
nanowires. Science 2017, 355, 267–271. [CrossRef]

http://dx.doi.org/10.1016/j.ensm.2019.12.022
http://dx.doi.org/10.1016/j.ensm.2018.02.006
http://dx.doi.org/10.1016/S0378-7753(02)00097-6
http://dx.doi.org/10.1021/acs.nanolett.5b05133
http://dx.doi.org/10.1016/j.jpowsour.2014.10.015
http://dx.doi.org/10.1149/2.1131910jes
http://dx.doi.org/10.1021/acsami.0c03671
http://www.ncbi.nlm.nih.gov/pubmed/32369328
http://dx.doi.org/10.1016/j.electacta.2019.04.010
http://dx.doi.org/10.1038/ncomms7152
http://www.ncbi.nlm.nih.gov/pubmed/25626170
http://dx.doi.org/10.1016/j.memsci.2016.06.035
http://dx.doi.org/10.1016/j.jpowsour.2010.11.037
http://dx.doi.org/10.1016/j.jiec.2009.09.057
http://dx.doi.org/10.1016/j.electacta.2015.07.072
http://dx.doi.org/10.1002/mame.201700241
http://dx.doi.org/10.1002/aenm.201802441
http://dx.doi.org/10.1002/adma.201603987
http://dx.doi.org/10.1016/j.nanoen.2016.07.037
http://dx.doi.org/10.1016/j.electacta.2016.06.172
http://dx.doi.org/10.1002/advs.201500268
http://dx.doi.org/10.1126/science.aal2239


Materials 2020, 13, 4625 35 of 37

123. Wu, X.; Liu, N.; Guo, Z.; Wang, M.; Qiu, Y.; Tian, D.; Guan, B.; Fan, L.; Zhang, N. Constructing multi-functional
Janus separator toward highly stable lithium batteries. Energy Storage Mater. 2020, 28, 153–159. [CrossRef]

124. Wu, X.; Fan, L.; Qiu, Y.; Wang, M.; Cheng, J.; Guan, B.; Guo, Z.; Zhang, N.; Sun, K. Ion-Selective
Prussian-Blue-Modified Celgard Separator for High-Performance Lithium–Sulfur Battery. ChemSusChem
2018, 11, 3345–3351. [CrossRef] [PubMed]

125. Kim, J.Y.; Shin, D.O.; Kim, K.M.; Oh, J.; Kim, J.; Kang, S.H.; Lee, M.J.; Lee, Y.-G. Graphene Oxide Induced
Surface Modification for Functional Separators in Lithium Secondary Batteries. Sci. Rep. 2019, 9, 2464.
[CrossRef] [PubMed]

126. Fan, Y.; Niu, Z.; Zhang, F.; Zhang, R.; Zhao, Y.; Lu, G. Suppressing the Shuttle Effect in Lithium–Sulfur Batteries
by a UiO-66-Modified Polypropylene Separator. ACS Omega 2019, 4, 10328–10335. [CrossRef] [PubMed]

127. Lee, Y.-H.; Kim, J.-H.; Kim, J.-H.; Yoo, J.-T.; Lee, S.-Y. Spiderweb-Mimicking Anion-Exchanging Separators
for Li–S Batteries. Adv. Funct. Mater. 2018, 28, 1801422. [CrossRef]

128. Tu, S.; Chen, X.; Zhao, X.; Cheng, M.; Xiong, P.; He, Y.; Zhang, Q.; Xu, Y. A Polysulfide-Immobilizing
Polymer Retards the Shuttling of Polysulfide Intermediates in Lithium–Sulfur Batteries. Adv. Mater. 2018,
30, 1804581. [CrossRef]

129. Lai, Y.; Wang, P.; Qin, F.; Xu, M.; Li, J.; Zhang, K.; Zhang, Z. A carbon nanofiber@mesoporous δ-MnO2

nanosheet-coated separator for high-performance lithium-sulfur batteries. Energy Storage Mater. 2017, 9,
179–187. [CrossRef]

130. Pei, F.; Lin, L.; Fu, A.; Mo, S.; Ou, D.; Fang, X.; Zheng, N. A Two-Dimensional Porous Carbon-Modified
Separator for High-Energy-Density Li-S Batteries. Joule 2018, 2, 323–336. [CrossRef]

131. Xiang, Y.; Wang, Z.; Qiu, W.; Guo, Z.; Liu, D.; Qu, D.; Xie, Z.; Tang, H.; Li, J. Interfacing soluble polysulfides
with a SnO2 functionalized separator: An efficient approach for improving performance of Li-S battery. J.
Membr. Sci. 2018, 563, 380–387. [CrossRef]

132. Wang, L.; He, Y.-B.; Shen, L.; Lei, D.; Ma, J.; Ye, H.; Shi, K.; Li, B.; Kang, F. Ultra-small self-discharge and
stable lithium-sulfur batteries achieved by synergetic effects of multicomponent sandwich-type composite
interlayer. Nano Energy 2018, 50, 367–375. [CrossRef]

133. Moorthy, B.; Kwon, S.; Kim, J.-H.; Ragupathy, P.; Lee, H.M.; Kim, D.K. Tin sulfide modified separator as
an efficient polysulfide trapper for stable cycling performance in Li–S batteries. Nanoscale Horiz. 2019, 4,
214–222. [CrossRef]

134. Ghazi, Z.A.; He, X.; Khattak, A.M.; Khan, N.A.; Liang, B.; Iqbal, A.; Wang, J.; Sin, H.; Li, L.; Tang, Z.
MoS2/Celgard Separator as Efficient Polysulfide Barrier for Long-Life Lithium–Sulfur Batteries. Adv. Mater.
2017, 29, 1606817.

135. Zhang, Z.; Wang, G.; Lai, Y.; Li, J.; Zhang, Z.; Chen, W. Nitrogen-doped porous hollow carbon sphere-decorated
separators for advanced lithium–Sulfur batteries. J. Power Sources 2015, 300, 157–163.

136. Song, S.; Shi, L.; Lu, S.; Pang, Y.; Wang, Y.; Zhu, M.; Ding, D.; Ding, S. A new polysulfide blocker—Poly(acrylic
acid) modified separator for improved performance of lithium-sulfur battery. J. Membr. Sci. 2018, 563,
277–283.

137. Deng, C.; Wang, Z.; Wang, S.; Yu, J.; Martin, D.J.; Nanjundan, A.K.; Yamauchi, Y. Double-Layered Modified
Separators as Shuttle Suppressing Interlayers for Lithium–Sulfur Batteries. ACS Appl. Mater. Interfaces 2019,
11, 541–549.

138. Zhang, Z.; Lai, Y.; Zhang, Z.; Zhang, K.; Li, J. Al2O3-coated porous separator for enhanced electrochemical
performance of lithium sulfur batteries. Electrochim. Acta 2014, 129, 55–61.

139. Yim, T.; Han, S.H.; Park, N.H.; Park, M.-S.; Lee, J.H.; Shin, J.; Choi, J.W.; Jung, Y.; Jo, Y.N.; Yu, J.-S.; et al.
Effective Polysulfide Rejection by Dipole-Aligned BaTiO3 Coated Separator in Lithium–Sulfur Batteries.
Adv. Funct. Mater. 2016, 26, 7817–7823.

140. Balach, J.; Jaumann, T.; Klose, M.; Oswald, S.; Eckert, J.; Giebeler, L. Functional Mesoporous Carbon-Coated
Separator for Long-Life, High-Energy Lithium–Sulfur Batteries. Adv. Funct. Mater. 2015, 25, 5285–5291.

141. Lei, T.; Chen, W.; Lv, W.; Huang, J.; Zhu, J.; Chu, J.; Yan, C.; Wu, C.; Yan, Y.; He, W.; et al. Inhibiting Polysulfide
Shuttling with a Graphene Composite Separator for Highly Robust Lithium-Sulfur Batteries. Joule 2018, 2,
2091–2104. [CrossRef]

142. Wu, F.; Zhao, S.; Chen, L.; Lu, Y.; Su, Y.; Jia, Y.; Bao, L.; Wang, J.; Chen, S.; Chen, R. Metal-organic frameworks
composites threaded on the CNT knitted separator for suppressing the shuttle effect of lithium sulfur
batteries. Energy Storage Mater. 2018, 14, 383–391.

http://dx.doi.org/10.1016/j.ensm.2020.03.004
http://dx.doi.org/10.1002/cssc.201800871
http://www.ncbi.nlm.nih.gov/pubmed/29944212
http://dx.doi.org/10.1038/s41598-019-39237-8
http://www.ncbi.nlm.nih.gov/pubmed/30792437
http://dx.doi.org/10.1021/acsomega.9b00884
http://www.ncbi.nlm.nih.gov/pubmed/31460126
http://dx.doi.org/10.1002/adfm.201801422
http://dx.doi.org/10.1002/adma.201804581
http://dx.doi.org/10.1016/j.ensm.2017.07.009
http://dx.doi.org/10.1016/j.joule.2017.12.003
http://dx.doi.org/10.1016/j.memsci.2018.06.004
http://dx.doi.org/10.1016/j.nanoen.2018.05.043
http://dx.doi.org/10.1039/C8NH00172C
http://dx.doi.org/10.1016/j.joule.2018.07.022


Materials 2020, 13, 4625 36 of 37

143. Kim, S.H.; Yeon, J.S.; Kim, R.; Choi, K.M.; Park, H.S. A functional separator coated with sulfonated
metal–organic framework/Nafion hybrids for Li–S batteries. J. Mater. Chem. 2018, 6, 24971–24978. [CrossRef]

144. Zhang, W.; Nie, J.; Li, F.; Wang, Z.L.; Sun, C. A durable and safe solid-state lithium battery with a hybrid
electrolyte membrane. Nano Energy 2018, 45, 413–419.

145. Manthiram, A.; Yu, X.; Wang, S. Lithium battery chemistries enabled by solid-state electrolytes.
Nat. Rev. Mater. 2017, 2, 16103. [CrossRef]

146. Kato, Y.; Hori, S.; Saito, T.; Suzuki, K.; Hirayama, M.; Mitsui, A.; Yonemura, M.; Iba, H.; Kanno, R. High-power
all-solid-state batteries using sulfide superionic conductors. Nat. Energy 2016, 1, 16030.

147. Yang, X.; Zhang, F.; Zhang, L.; Zhang, T.; Huang, Y.; Chen, Y. A High-Performance Graphene Oxide-Doped
Ion Gel as Gel Polymer Electrolyte for All-Solid-State Supercapacitor Applications. Adv. Funct. Mater. 2013,
23, 3353–3360.

148. Lu, Q.; He, Y.-B.; Yu, Q.; Li, B.; Kaneti, Y.V.; Yao, Y.; Kang, F.; Yang, Q.-H. Dendrite-Free, High-Rate, Long-Life
Lithium Metal Batteries with a 3D Cross-Linked Network Polymer Electrolyte. Adv. Mater. 2017, 29, 1604460.
[CrossRef] [PubMed]

149. Liu, M.; Zhou, D.; He, Y.-B.; Fu, Y.; Qin, X.; Miao, C.; Du, H.; Li, B.; Yang, Q.-H.; Lin, Z.; et al. Novel gel
polymer electrolyte for high-performance lithium–sulfur batteries. Nano Energy 2016, 22, 278–289.

150. Ren, Y.; Shen, Y.; Lin, Y.; Nan, C.-W. Direct observation of lithium dendrites inside garnet-type lithium-ion
solid electrolyte. Electrochem. Commun. 2015, 57, 27–30. [CrossRef]

151. Rosero-Navarro, N.C.; Kajiura, R.; Jalem, R.; Tateyama, Y.; Miura, A.; Tadanaga, K. Significant Reduction
in the Interfacial Resistance of Garnet-Type Solid Electrolyte and Lithium Metal by a Thick Amorphous
Lithium Silicate Layer. ACS Appl. Energy Mater. 2020, 3, 5533–5541.

152. Chi, S.-S.; Liu, Y.; Zhao, N.; Guo, X.; Nan, C.-W.; Fan, L.-Z. Solid polymer electrolyte soft interface layer with
3D lithium anode for all-solid-state lithium batteries. Energy Storage Mater. 2019, 17, 309–316.

153. Wang, C.; Gong, Y.; Liu, B.; Fu, K.; Yao, Y.; Hitz, E.; Li, Y.; Dai, J.; Xu, S.; Luo, W.; et al. Conformal, Nanoscale
ZnO Surface Modification of Garnet-Based Solid-State Electrolyte for Lithium Metal Anodes. Nano Lett.
2017, 17, 565–571. [CrossRef] [PubMed]

154. Wang, C.; Fu, K.; Kammampata, S.P.; McOwen, D.W.; Samson, A.J.; Zhang, L.; Hitz, G.T.; Nolan, A.M.;
Wachsman, E.D.; Mo, Y.; et al. Garnet-Type Solid-State Electrolytes: Materials, Interfaces, and Batteries.
Chem. Rev. 2020, 120, 4257–4300. [CrossRef] [PubMed]

155. Luo, W.; Gong, Y.; Zhu, Y.; Li, Y.; Yao, Y.; Zhang, Y.; Fu, K.; Pastel, G.; Lin, C.-F.; Mo, Y.; et al. Reducing
Interfacial Resistance between Garnet-Structured Solid-State Electrolyte and Li-Metal Anode by a Germanium
Layer. Adv. Mater. 2017, 29, 1606042. [CrossRef] [PubMed]

156. Fu, K.; Gong, Y.; Hitz, G.T.; McOwen, D.W.; Li, Y.; Xu, S.; Wen, Y.; Zhang, L.; Wang, C.; Pastel, G.; et al.
Three-dimensional bilayer garnet solid electrolyte based high energy density lithium metal–sulfur batteries.
Energy Environ. Sci. 2017, 10, 1568–1575. [CrossRef]

157. Fan, X.; Ji, X.; Han, F.; Yue, J.; Chen, J.; Chen, L.; Deng, T.; Jiang, J.; Wang, C. Fluorinated solid
electrolyte interphase enables highly reversible solid-state Li metal battery. Sci. Adv. 2018, 4, eaau9245.
[CrossRef] [PubMed]

158. Chi, S.-S.; Liu, Y.; Song, W.-L.; Fan, L.-Z.; Zhang, Q. Prestoring Lithium into stable 3D Nickel Foam Host as
Dendrite-Free Lithium Metal Anode. Adv. Funct. Mater. 2017, 27, 1700348. [CrossRef]

159. Zhou, W.; Wang, S.; Li, Y.; Xin, S.; Manthiram, A.; Goodenough, J.B. Plating a Dendrite-Free Lithium
Anode with a Polymer/Ceramic/Polymer Sandwich Electrolyte. J. Am. Chem. Soc. 2016, 138, 9385–9388.
[CrossRef] [PubMed]

160. Jankowsky, S.; Hiller, M.M.; Stolina, R.; Wiemhöfer, H.D. Performance of polyphosphazene based gel polymer
electrolytes in combination with lithium metal anodes. J. Power Sources 2015, 273, 574–579. [CrossRef]

161. Zhou, D.; Liu, R.; He, Y.-B.; Li, F.; Liu, M.; Li, B.; Yang, Q.-H.; Cai, Q.; Kang, F. SiO2 Hollow Nanosphere-Based
Composite Solid Electrolyte for Lithium Metal Batteries to Suppress Lithium Dendrite Growth and Enhance
Cycle Life. Adv. Energy Mater. 2016, 6, 1502214. [CrossRef]

162. Fan, W.; Li, N.-W.; Zhang, X.; Zhao, S.; Cao, R.; Yin, Y.; Xing, Y.; Wang, J.; Guo, Y.-G.; Li, C. A Dual-Salt Gel
Polymer Electrolyte with 3D Cross-Linked Polymer Network for Dendrite-Free Lithium Metal Batteries. Adv.
Sci. 2018, 5, 1800559. [CrossRef]

http://dx.doi.org/10.1039/C8TA08843H
http://dx.doi.org/10.1038/natrevmats.2016.103
http://dx.doi.org/10.1002/adma.201604460
http://www.ncbi.nlm.nih.gov/pubmed/28145599
http://dx.doi.org/10.1016/j.elecom.2015.05.001
http://dx.doi.org/10.1021/acs.nanolett.6b04695
http://www.ncbi.nlm.nih.gov/pubmed/27936780
http://dx.doi.org/10.1021/acs.chemrev.9b00427
http://www.ncbi.nlm.nih.gov/pubmed/32271022
http://dx.doi.org/10.1002/adma.201606042
http://www.ncbi.nlm.nih.gov/pubmed/28417487
http://dx.doi.org/10.1039/C7EE01004D
http://dx.doi.org/10.1126/sciadv.aau9245
http://www.ncbi.nlm.nih.gov/pubmed/30588493
http://dx.doi.org/10.1002/adfm.201700348
http://dx.doi.org/10.1021/jacs.6b05341
http://www.ncbi.nlm.nih.gov/pubmed/27440104
http://dx.doi.org/10.1016/j.jpowsour.2014.09.077
http://dx.doi.org/10.1002/aenm.201502214
http://dx.doi.org/10.1002/advs.201800559


Materials 2020, 13, 4625 37 of 37

163. Liu, F.-Q.; Wang, W.-P.; Yin, Y.-X.; Zhang, S.-F.; Shi, J.-L.; Wang, L.; Zhang, X.-D.; Zheng, Y.; Zhou, J.-J.;
Li, L.; et al. Upgrading traditional liquid electrolyte via in situ gelation for future lithium metal batteries.
Sci. Adv. 2018, 4, eaat5383. [CrossRef] [PubMed]

164. Cho, Y.-G.; Hwang, C.; Cheong, D.S.; Kim, Y.-S.; Song, H.-K. Gel/Solid Polymer Electrolytes Characterized
by In Situ Gelation or Polymerization for Electrochemical Energy Systems. Adv. Mater. 2019, 31, 1804909.
[CrossRef] [PubMed]

165. Ding, C.; Fu, X.; Li, H.; Yang, J.; Lan, J.-L.; Yu, Y.; Zhong, W.-H.; Yang, X. An Ultrarobust Composite Gel
Electrolyte Stabilizing Ion Deposition for Long-Life Lithium Metal Batteries. Adv. Funct. Mater. 2019,
29, 1904547. [CrossRef]

166. Chen, T.; Kong, W.; Zhang, Z.; Wang, L.; Hu, Y.; Zhu, G.; Chen, R.; Ma, L.; Yan, W.; Wang, Y.; et al. Ionic
liquid-immobilized polymer gel electrolyte with self-healing capability, high ionic conductivity and heat
resistance for dendrite-free lithium metal batteries. Nano Energy 2018, 54, 17–25. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/sciadv.aat5383
http://www.ncbi.nlm.nih.gov/pubmed/30310867
http://dx.doi.org/10.1002/adma.201804909
http://www.ncbi.nlm.nih.gov/pubmed/30387233
http://dx.doi.org/10.1002/adfm.201904547
http://dx.doi.org/10.1016/j.nanoen.2018.09.059
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Properties of the Separator 
	Thickness 
	Porosity 
	Wettability 
	Ionic Conductivity 
	Chemical and Electrochemical Stability 
	Thermal Stability 
	(Thermal) Dimensional Stability 
	Mechanical Properties 
	Preventing Shuttle Effects 

	Limitations of Commercial Separators in Lithium Metal Batteries 
	Various Materials for Modifying Multifunctional Separators 
	Using the Advantages of Ceramic Compounds 
	Silica (SiO2) 
	Alumina (Al2O3) 

	Using the Advantages of Metal and Metal Composites 
	Metal 
	Metal Oxide (MO) 
	Transition Metal Dichalcogenide 

	Using the Advantages of Carbon-Based Materials 
	Carbon 
	Graphene 
	Graphene Oxide (GO) 

	Using the Advantages of Other Materials 
	Nitrides (N) 
	Phosphorus (P) 


	Real Cases of Modifying Separators for Li-Metal Based Batteries 
	Separators for LMBs 
	Strategies for Improving Ionic Conductivity of Separators 
	Strategies for Improving Mechanical Strength of Separators 
	Strategies for Improving Thermal Stability of Separators 
	Strategies for Stabilization of Li-Metal 
	Separators Made from Non-Toxic and Sustainable Processes 

	Separators for LSBs 
	Strategies for Suppressing Shuttle Effects by Chemical Methods 
	Strategies for Suppressing Shuttle Effects by Physical Methods 


	Hybridized Use of Electrolytes and Separators: Solid and Gel Polymer Electrolytes 
	Interfacial Resistance and Instability Resulting in Low Capacities 
	Modified SEs 
	Composite SEs 
	Artificial Interface Layers between Li-Metal Anodes and Electrolytes 

	Modified GPEs: Strategies to Enhance the Function of Separators 

	Conclusions 
	References

