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ABSTRACT: Alkali metal batteries based on lithium, sodium, and potassium anodes and
sulfur-based cathodes are regarded as key for next-generation energy storage due to their high
theoretical energy and potential cost effectiveness. However, metal−sulfur batteries remain
challenged by several factors, including polysulfides’ (PSs) dissolution, sluggish sulfur redox
kinetics at the cathode, and metallic dendrite growth at the anode. Functional separators and
interlayers are an innovative approach to remedying these drawbacks. Here we critically review
the state-of-the-art in separators/interlayers for cathode and anode protection, covering the
Li−S and the emerging Na−S and K−S systems. The approaches for improving
electrochemical performance may be categorized as one or a combination of the following:
Immobilization of polysulfides (cathode); catalyzing sulfur redox kinetics (cathode);
introduction of protective layers to serve as an artificial solid electrolyte interphase (SEI)
(anode); and combined improvement in electrolyte wetting and homogenization of ion flux
(anode and cathode). It is demonstrated that while the advances in Li−S are relatively mature,
less progress has been made with Na−S and K−S due to the more challenging redox chemistry
at the cathode and increased electrochemical instability at the anode. Throughout these sections there is a complementary discussion
of functional separators for emerging alkali metal systems based on metal−selenium and the metal−selenium sulfide. The focus then
shifts to interlayers and artificial SEI/cathode electrolyte interphase (CEI) layers employed to stabilize solid-state electrolytes (SSEs)
in metal−sulfur solid-state batteries (SSBs). The discussion of SSEs focuses on inorganic electrolytes based on Li- and Na-based
oxides and sulfides but also touches on some hybrid systems with an inorganic matrix and a minority polymer phase. The review
then moves to practical considerations for functional separators, including scaleup issues and Li−S technoeconomics. The review
concludes with an outlook section, where we discuss emerging mechanics, spectroscopy, and advanced electron microscopy (e.g.
cryo-transmission electron microscopy (cryo-TEM) and cryo-focused ion beam (cryo-FIB))-based approaches for analysis of
functional separator structure−battery electrochemical performance interrelations. Throughout the review we identify the
outstanding open scientific and technological questions while providing recommendations for future research topics.
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1. INTRODUCTION: BACKGROUND OF
METAL−SULFUR BATTERIES AND BEYOND

Over the past few decades, rechargeable batteries have been
widely applied in a broad range of applications ranging from
portable electronics to electric vehicles. Commercial lithium
ion batteries (LIBs) rely on the reversible insertion−extraction
of Li ions in the oxide cathodes (layered, spinel, and polyanion
families) and graphite anodes.1,2 This generation of LIBs is
limited to a specific energy of around 225 Wh kg−1, with
incremental energy improvements being made with increased
cathode voltage, anode capacity, cell form factors, etc. To
expand the use of LIBs into heavy trucking and other long-
range automotive applications, there is a strong incentive to
develop batteries with energies over 400 Wh kg−1.3,4 Lithium
metal batteries (LMBs), sodium metal batteries (SMBs), and
potassium metal batteries (KMBs) are attracting wide scientific
attention, with the Li−S system being the most commercially
mature. Lithium−sulfur batteries (LSBs) are highly promising
due to the theoretical specific capacities of S (1673 mAh g−1)
and Li (3860 mA h g−1), as well the favorable technoeco-
nomics and earth abundance of S. Alkali metal batteries based
on Na metal and K metal offer the possibility of even lower
cost and greater availability of precursors, but at the expense of
specific energy and overall battery performance.
While Li−S has been studied for several decades prior, the

work by Nazar et al. in 2009 set off a flurry of the most recent
research activity.5 The two-electron-transfer cathodic discharge
process involves the phase transitions from elemental sulfur to
lithium sulfide (S8 + 16 e− + 16 Li+ → 8 Li2S), theoretically
delivering a remarkable specific energy density of 2600 Wh
kg−1. In practical terms, the specific energy of Li−S can reach
400−600 Wh kg−1.6 The difference between the practical and
theoretical values arises from several factors including the need
to employ around 50 wt % inactive carbon host for the S, as
well as the practical need to employ an oversized metal anode
foil. Despite the inability to achieve even one-fourth of the
anticipated specific energy in practical cells, Li−S batteries
remain promising. It is expected that with the advent of sub-
50-μm Li foils and of “Li-free anode” cell architectures (where
the capacity-balanced Li is stored in the cathode), substantially
higher cell energies will be possible.7,8

The Na−S and K−S systems undergo somewhat analogous
electrochemical storage mechanisms as Li−S, although with a
different intermediate phase transition sequence.9−12 Based on
the two-electron reaction of sulfur, the Na−S and K−S
batteries can deliver theoretical energies of 1273 Wh kg−1 and
1023 Wh kg−1, respectively. If one-third of that energy is
ultimately achievable in practical cells, this makes the energies
of Na−S and K−S batteries competitive with existing LIBs.
There are several electrochemical disparities between Na−S
and K−S versus the Li−S system. Issues with Na−S and K−S
include less distinct two-phase voltage plateaus, larger
polarization voltages, different intermediate phases, and
potentially a lower capacity terminal phase for the case of
K−S. Table 1 shows the physical properties of the three alkali
metals and the corresponding theoretical and measured
electrochemical properties.

With analogous chemical properties to sulfur, selenium (Se)
represents another promising cathode material with a
theoretical specific capacity of 675 mA g−1, being widely
paired with Li, Na, and K metal anodes for high-energy metal
batteries’ construction.13−15 Compared to sulfur, Se possesses
much higher electrical conductivity (1 × 10−11 vs 0.5 × 10−27 S
m−1) and, thus, improved reaction kinetics with alkali metals.
Polyselenide dissolution, crossover, and shuttle are issues for
Se-based cathodes. However, they appear to be substantially
less severe than the polysulfide shuttle in terms of causing poor
Coulombic efficiency (CE) and capacity decay.16,17 Selenium−
sulfur SexSy alloys (e.g., SeS2 and SeS) made in carbon or other
hosts represent another emerging cathode system, combining
the fast rate capability of Se with the higher capacity of S.18−20

To date, there have been extensive research efforts to
understand the intrinsic electrochemistry mechanisms of alkali
metal−sulfur batteries and beyond. Optimizing performance
has been approached from broad perspectives. This includes

Table 1. Physical and Electrochemical Properties of Li, Na,
and K

Property
Lithium
(Li)

Sodium
(Na)

Potassium
(K)

Atomic mass 6.94 23.00 39.10
Abundance (%) 0.0017 2.8 2.6
Cost of carbonate ($ ton−1) 17000 200 1000
Melting point (°C) 180.5 97.7 63.5
Density (g/cm3) 0.534 0.968 0.862
Shear modulus (GPa) 4.2 3.3 1.3
Brinell hardness (MPa) 5 0.69 0.36
Shannon ionic radius (Å) 0.76 1.02 1.38
E° (M+/M) vs SHE in aqueous (V) −3.040 −2.713 −2.924
Gravimetric capacity (mA h g−1) 3860 1166 687
Volumetric capacity (mA h cm−3) 2062 1131 589
Ionic diffusivity in hard carbon
(×10−9 cm2 s−1)

2.121 122 1.222

Ionic diffusivity in tellurene and alloy
(cm2 s−1)23

10−14 −
10−15

10−15 −
10−16

10−16 −
10−17

Ionic diffusivity in black phosphorus/
graphite composite (cm2 s−1)24

10−12 −
10−10

10−13 −
10−11

10−14 −
10−12

Ionic conductivity of 1 M MFSI in DME
(mS cm−1)

16.925 1626 13.127

Ionic conductivity of 1 M MFSI in
EC:DMC (mS cm−1)28

9.3 9.7 10.7

Ionic conductivity of 1 M MPF6 in
EC:DMC (mS cm−1)29

9.8 10 11.5

Desolvation energy in EC (kJ mol−1)28 208.9 152.8 114.6
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engineering of the electrode materials and binders, designing
improved liquid or solid-state electrolytes, and creating
functional separators with tuned properties; the last aspect is
the focus of this review. While the primary function of a battery
separator is to prevent electrical shorting, the modern metal−
sulfur separator is endowed with a range of additional
functional properties.30−32 The concept of a functional
separator is traceable to a “functional interlayer”, which is
defined as a secondary film present between the separator and
the active cathode and/or anode.32,33 The film may be
freestanding, or it may remain bound to the separator surface
chemically and/or mechanically. In 2012, Manthiram’s group
demonstrated the application of a functional interlayer for a
Li−S cell.34 The authors inserted a free-standing multiwalled
carbon nanotube (MWCNT) interlayer between the separator
and cathode, which mitigated the crossover of the lithium
polysulfides (LiPSs) to the anode. Later, the same group
designed a functional separator based on a lightweight carbon
coating, which improved the electrochemical performance of
the Li−S cell as well.35 This review begins with the
electrochemistry and the associated challenges of alkali
metal−sulfur batteries and Se-based analogs, discussing and
contrasting mechanisms for the Li−S, Na−S, and K−S
systems. Functional separators/interlayers are then detailed
in terms of the key mechanisms for improving the performance
of the cathode (S, Se, and SeS) and of the anode. This review
then provides a critical discussion regarding future research
directions, focusing on the most promising emerging
approaches for extending the performance of Li−S, Na−S,
and K−S cells and of Se-based analogs. Throughout the
discussions, we emphasize the outstanding basic science
questions in addition to the technological issues. The Future
Outlook section also provides a complementary discussion of
the state-of-the-art analytical tools that are most relevant for
bringing new insight to these questions, including in situ and
operando techniques.

2. BASIC ELECTROCHEMISTRY OF THE LI−S, NA−S,
AND K−S SYSTEMS

A comparison of the relative properties for different S-based
alkali metal batteries is summarized in Table 2. These numbers
include the capacities, energy densities, and calculated volume
expansion for the reactions of S to Li2S, Na2S, and K2S. The
table also shows thermodynamically stable phases within the
binary systems of Li−S, Na−S, and K−S at room temperature
(RT). The differences between various polysulfides (LiPSs,
NaPSs, and KPSs) are also summarized, in terms of solubility
and diffusion coefficient. Table 3 lists the representative Li−S,
Na−S, and K−S batteries, with various host structures, sulfur
allotropes, electrolyte systems, cell configurations, and so on.
Accordingly, sulfur may undergo various redox pathways, as
those parameters change.

It should be noted that compared with Li−S and Na−S, the
emerging K−S architectures suffer from greater problems with
metal anode instability with a range of ether and carbonate
electrolytes, in part due to a K-based solid electrolyte
interphase that does not fully passivate the metal.12,42 The
ongoing growth of a K-based SEI during cycling or static aging
results in accelerated electrolyte consumption and cell drying,
leading to button cells being tested in the flooded
configuration so to achieve satisfactory performance. This is
also generally true for the Na−S system as compared with Li−
S, with an unstable (not self-terminating) Na-based SEI being
a concern in both ether and carbonate electrolytes.43 Hence,
the amount of electrolyte added to laboratory K−S and Na−S
button cells is often unrealistically large. Considering that
electrolyte takes up most of the weight of the cell, applying
lean electrolytes while maintaining rate capability and
cyclability is a key research target with these two emerging
systems, similarly to the current aims for Li−S.44
Extensive SEI growth leads to interrelated electrochemical

performance deterioration (decreased cycling life and rate
capability; electrical shorting due to dendrites) and safety
concerns (cell swelling and bursting; fires due to electrical
shorts). In laboratory stainless steel button cells, the excessive
electrolyte ensures that the cell does not dry out, while gas
generation is masked by the rigid can that does not swell or
burst under most conditions. In flexible pouch cells, which
much better represent the near-commercial Li−S architectures,
gas generation leads to rapid cell swelling and potentially to it
bursting, releasing gas (mostly CO2) and remnant electrolyte.
Hence, there is an onus to transition from button cell data to
pouch cell data for any metal−sulfur system that is being
seriously considered for commercial viability. For the Na−S
and K−S systems, this represents a largely unexplored
direction. It also represents another key future research
direction for functional separators, be it for Li, Na, or K.
Could the functional separator-enhanced performance

achieved with rigid button cell architectures be transitioned
to soft pouch cells with lean-electrolyte configurations? Could
functional separators be sufficiently effective in minimizing
unstable SEI growth as to prevent cell drying and gas
generation over thousands of cycles? Another key difference
of pouch cells versus button cells concerns the pressure that is
employed to hold the battery together. While usually being
ignored in discussing mechanisms, assembled button cells will
naturally exert above 10 MPa to the anode−separator−cathode
stack. Conversely, a flexible pouch cell will not exert any
pressure, unless it is externally applied, often being 1 MPa or
less. Without a significant stress to press a functional separator
against both electrodes, will the functionality be maintained? In
more broad terms, what is the role of pressure in the efficacy of
functional separators in stabilizing the SEI and preventing
dendrites at the anode, in aiding targeted redox reactions at the

Table 2. Thermal and Electrochemical Properties of the Li−S, Na−S, and K−S Systems

Property Li−S Na−S K−S

ΔrG° (kJ mol−1) −432.57 −357.77 −362.73
Theoretical gravimetric energy of the M−S system (Wh kg−1) 2571 1273 917
Theoretical volumetric energy of the M−S system (Wh L−1)3,11 2955 1545 952
Volume change from S8 to M2S 80% 171% 296%
Stable binary phases at RT in the phase diagram Li2S

36 Na2S, Na2S2, Na2S4, Na2S5
37 K2S, K2S2, K2S3, K2S4, K2S5, K2S6

38

Diffusion coefficient of polysulfide in DMSO (10−6 cm2/s)39 4.889 ± 0.054 5.157 ± 0.051 5.774 ± 0.053
M2S8 solubility in TEGDME (M) 0.1840 1.3241 NA
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cathode, and in minimizing the crossover of species other than
the active ions? To our knowledge, these pouch cell and
related pressure questions have received minimal attention
within the research community.
Per Figure 1a, a typical galvanostatic profile of Li−S displays

two discharge plateaus. The upper discharge plateau is located
at approximately 2.4 V vs Li/Li+. This plateau corresponds to
the opening of the cyclic octatomic sulfur ring (cyclo-S8),
followed by the transformation of lithium polysulfides from
high-chain to low-chain forms by the sequence S8 → Li2S8 →
Li2S6 →Li2S4. The complete reduction from elemental sulfur to
electrolyte-soluble Li2S4 undergoes a half electron transfer per
sulfur atom and contributes to a theoretical capacity of 418
mAh g−1. The lower voltage plateau at approximately 2.1 V is
related to the reaction from short-chain liquid Li2S4 to solid
Li2S2 and finally to equilibrium solid Li2S, making up the
remaining capacity of 1255 mAh g−1. The dip at the beginning
of the lower discharge plateau results from the kinetically
sluggish nucleation of solid Li2S/Li2S from liquid LiPSs. The
reversible oxidation from Li2S to S features the long charge
plateaus at 2.3−2.4 V, with a second dip at the initial charging
period representing the requisite overpotential to drive the
conversion of Li2S to polysulfide species. Meanwhile, the Li
metal anode undergoes a reversible stripping/platting process
during repeated discharge/charge processes.
Both the Na−S and K−S systems differ from Li−S in that

the corresponding galvanostatic profiles have relatively less
well-defined and more sloping plateaus, accompanied with a
larger voltage hysteresis, as shown in Figure 1b and c. Per
Table 1, the ionic radius increases in the order Li+ (0.76 Å),
Na+ (1.02 Å), K+ (1.38 Å), leading to the lower solid-state
diffusivities of potassium and sodium ions versus that of

lithium ions. This would impact the voltage features of the
Na−S and K−S systems from a kinetics perspective, since
solid-state concentration polarization would increase the
overpotential for a given electrochemical reaction. Per Table
2, the higher volume changes associated with the formation of
Na2S/Na2S2 and K2S2/K2S versus Li2S2/Li2S inside the various
carbon hosts would result in greater stresses opposing the
reaction. This would likewise increase the overpotentials
associated with discharging Na−S and K−S, moving the
plateaus to lower voltages. Interestingly, neither the solid-state
diffusivity limitation argument nor the solid-state volume
expansion argument is applicable to the formation of liquid
polysulfides (stoichiometries below K2S2/Na2S2), which also
occur at lower voltages than for Li2S2. The more negative
E°(Li+/Li) vs E°(K+/K) or E°(Na+/Na) would not explain this
effect, since what is being considered is the polysulfide
formation voltage relative to the corresponding metal redox.
The lowered plateaus of the liquid Na and K polysulfides are
likely related to activation polarization effects, namely the
lower reactivity of solid S with Na+ and K+ within the
electrolyte. Understanding the liquid-phase electrochemical
reactions for Na−S and K−S, as well as contrasting them to
what is known for Li−S, represents another interesting area for
future research. To date much less is known about the soluble
sodium polysulfides (NaPSs) and potassium polysulfides
(KPSs) than their lithium counterparts. For instance, side-to-
side analyses of identical cathodes tested against the three
metals would identify the degree to which KPSs, NaPSs, and
LiPSs dissolve, reversibly shuttle, and irreversibly react with the
anodes. Both the redox and the transport behaviors of soluble
NaPSs and KPSs in various ether and ester electrolytes need to
be further understood. Moreover, in-depth analysis is needed

Figure 1. (a−c) Representative voltage profiles of cyclo-S8-based cathodes for (a) Li−S, (b) Na−S, and (c) K−S metal batteries in ether-based
electrolytes. (d and e) Representative voltage profiles of small molecule S2−4-based cathodes for (d) Li−S, (e) Na−S, and (f) K−S metal batteries
in ester-based electrolytes. Panel a is reproduced with permission from ref 45. Copyright 2019 Royal Society of Chemistry. Panel b is reproduced
with permission from ref 46. Copyright 2020 Royal Society of Chemistry. Panel c is reproduced with permission from ref 47. Copyright 2017
American Chemical Society. Panel d is reproduced with permission from ref 48. Copyright 2014 John Wiley & Sons, Inc. Panel e is reproduced
with permission from ref 49. Copyright 2020 John Wiley & Sons, Inc. Panel f is reproduced with permission from ref 50. Copyright 2019 American
Chemical Society.
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for the reversible and irreversible reactions of KPSs, NaPSs,
and LiPSs (although more is known) with the metal anodes at
different states of charge, cycling conditions, rates, temper-
atures, etc.
During the charging process of the Li−S system, a

prominent plateau appearing at 2.2−2.4 V corresponds to a
relatively facile transformation of Li2S back to S. In the K−S
and Na−S systems, the concentration and activation polar-
ization effects result in the charging plateau being less distinct,
being more sloping, and having a relatively larger hysteresis
versus discharge. The larger hysteresis would be a significant
problem for commercial applications, since heat would be
generated. An underappreciated source increasing over-
potentials during both charge and discharge is the thicker
and less stable SEI layer formed below ∼1 V on both the S
cathode and the K and Na metal anodes versus their S−Li
counterpart. Thus, with K and Na salts and with K and Na
metal anodes, the SEI layer is known to be significantly less
stable than with Li salts and Li metal.12,42,43 A relatively thicker
SEI layer, both initially and with extended cycling, will raise the
cell impedance, leading to increased polarization during charge
and discharge.51,52 The role of anode SEI-related impedance in
establishing the voltage profiles of K−S, Na−S, and Li−S cells
has received only limited consideration. It should also be
pointed out that cycling-induced SEI thickening is not
necessarily uniform; in fact, it is likely heterogeneous across
the electrode surface. The SEI is a micro- and nanoscale
composite based on various organic and inorganic phases.
Electroanalytical techniques such as impedance spectroscopy
and overpotential analysis are able to indirectly evaluate SEI
growth. Analytical methods such as sputter-down X-ray
photoelectron spectroscopy (XPS) and time of flight
secondary mass ion spectroscopy (TOF-SIMS) are able to
resolve global variations in SEI structure normal to the
electrode surface. However, it is the in-plane variations in the
SEI thickness and structure that are perhaps the most
meaningful for initiating electrochemical instabilities, such as
growth of dendrites. Those may be tracked by site-specific
methods such as cryo-stage focused ion beam (FIB) and
transmission electron microscopy (TEM). Linking the local
SEI structure with the electrochemical performance of full
metal−sulfur batteries therefore represents an exciting
emerging research topic and will be discussed further in this
review.
Figure 1b displays a representative voltage profile of a room

temperature Na−S cell in an ether-based electrolyte.10 The
authors identified the reaction intermediates using XPS and
UV/vis absorption spectroscopy. They correspondingly
proposed the following four continuous stages during the
discharge process: (i) cyclo-S8 first undergoes a solid−liquid
phase transition to long-chain Na2S8, corresponding to the
upper discharge plateau at around 2.2 V; (ii) the consequent
transformation from long-chain Na2S8 to short-chain Na2S4
features the sloping region in the voltage range 2.20−1.65 V;
(iii) the lower plateau at approximately 1.65−1.6 V reflects a
liquid−solid reaction from soluble Na2S4 to insoluble Na2S2 or
Na2S; (iv) the solid−solid transition between Na2S2 and end-
discharge product Na2S proceeds in the last sloping potential,
ranging from 1.6 to 1.2 V. Most discharge capacity is
contributed by the sloping regions of the curve. For the
charging process, the lower-order sodium sulfides (Na2Sn, 1 ≤
n ≤ 2) undergo the two-step conversion to higher-order

sodium polysulfides (Na2Sn, 4 ≤ n ≤ 8) and finally back to
elemental sulfur (S8).
As Table 2 summarizes, the equilibrium K−S phase diagram

shows that a series of stable phases of K2Sn (n = 1, 2, 3, 4, 5,
and 6) can form at room temperature.38 As compared to Li−S
(Li2S serves as the only equilibrium phase) and Na−S (Na2Sn,
n = 1, 2, 4, and 5; stoichiometric Na2S3 is actually a mixture of
equal amounts of Na2S2 and Na2S4), the phase transition in K−
S is much more complicated and less understood.12 In
principle, each phase transition step between K2Sn and K2Sn+1
will yield its own plateau. In conjunction with the more
sluggish reaction kinetics and possibly lower solid-state
potassium ion diffusivity, such series of “miniplateaus” would
merge together into a single sloping capacitor-like profile, both
during discharge and during charge. Most of these equilibrium
phases have not been reported, and it is not known whether
this is a thermodynamic or a kinetic limitation. An early
version of a room temperature K−S cell was based on a
cathode of sulfur impregnated into mesoporous CMK-3
carbon, a K metal anode, and 1 M KClO4 in tetraethylene
glycol dimethyl ether (TEGDME) as the electrolyte.47 Figure
1c shows the corresponding sloping voltage profiles at cycles 1,
5, and 20. The discharge platform at 1.8 V corresponds to the
transition from high-chain polysulfides to insoluble K2S3 phase,
which was determined as the potassiation product by
diffraction data. The K2S3 phase being the terminal discharge
product has been reported by several groups (Table 3),66,71

although it is not yet known whether the inability to form K2S
is a thermodynamic or a kinetic limitation. One explanation
may be the severity of the potassiation-induced volume
expansion, with the associated stress creating a nucleation
barrier that is insurmountable at room temperature.12 Stronger
cation−anion electrostatic interaction between K+ and S4

2−/
S3

2−, owing to weaker K+ solvation energy, would be another
explanation the impediment of the K2S2 to K2S solid-state
phase transformation.39

The metastable allotropes of small sulfur molecules (S2−4)
either confined in carbon nanopores or covalently bonded to
carbon could undergo a deep reduction beyond K2S3 even
reaching K2S,

50,70,72 indicating the higher intrinsic reactivity
versus the cyclo-S8. These results point to the reaction being
thermodynamically feasible but kinetically limited, and hence
being improvable with advanced separators. For example, Yu et
al. reported enhanced cyclo-S8 utilization when employing a
single wall carbon nanotube (SWCNT)-functionalized separa-
tor, exceeding the theoretical capacity of K2S2 and approaching
K2S.

73 It is not obvious how (or why) the initial structure
would influence the K2S3 to K2S solid−solid transformation,
since nominally S is fully reacted to K2S3 regardless of its initial
state in the electrode. Understanding the relationship between
the initial structure and the bonding state of the sulfur
molecules within a given carbon host and the terminal
potassiation products represents an interesting future research
direction. Since carbon hosts can be relatively pure or
heteroatom-rich, the sulfur molecules will possess a different
degree of chemical interaction with the host walls. This may
have a significant influence on both the intermediate and the
terminal potassiation products and should be explored further.
Carbonate-based electrolytes are less employed in alkali

metal−sulfur batteries than ether-based ones, as carbonate-
type solvent molecules are more apt to suffer from nucleophilic
attack by the dissociated long-chain polysulfide anions.74 Such
parasitic reactions result in rapid cell failure due to
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uncontrolled dissolution of the polysulfides. Per Table 3, to
enable the utilization of carbonate-based electrolytes and take
the battery architecture closer to the current commercial
embodiments, the metastable allotropes of small sulfur
molecules (S2−4) are impregnated into the micropores (D ≤
0.7 nm) of carbon hosts.48,49,75−79 Alternatively, the S is
covalently bonded to the carbon skeleton, virtually eliminating
all dissolution. In the case of small S molecules in micropores,
polysulfides are generated but remain trapped inside the pores.
In the case of covalently bonded S (Table 3), liquid polysulfide
formation is eliminated altogether along with the associated
high-voltage portion of the discharge−charge plateaus, leading
to a reduction in the reversible capacity, the cell voltage, and
the cell energy. One classic example of such an approach is a
sulfurized pyrolyzed poly(acrylonitrile) (S@pPAN) cathode,
where the covalently bonded sulfur undergoes direct solid−
solid conversion in ester-based electrolytes (Table 3).80−83

Other examples of covalently bonded S systems include
thioether-bond-functionalized carbon,84 sulfurized carbon,65

and so on,85 all having analogous augmented voltage-capacity
profiles. Parts d−f of Figure 1 represent the typical voltage
profiles of small molecular sulfur allotropes in Li−S, Na−S,
and K−S systems.48−50 After an initial activation process, all
the S2−4 to S

2− conversion reactions feature sloping curves with
lower average redox voltages than the analogous S8 to S2−

conversion reactions. This indicates a lowering of the cell
energy as well, which is compounded by the difficulty of
achieving greater than 50 wt %S inside a primarily microporous
carbon host.48,49,70,86

Recently, the nucleophilic reactions between polysulfides
and carbonate solvents in Na−S batteries were revealed to be
less severe than those in Li−S batteries.87 It was argued that
the larger ionic radius of Na ions with lower solvation energy
than that of Li ions contributed to the lower dissociation
degree of Na+−polysulfide− ion pairs.88,89 Consequently the
parasitic reactions between sodium polysulfide anions and
carbonate solvents were more limited. With sodium, cyclo-S8-
based cathode architectures where sulfur is confined in
mesoporous/microporous hosts or chemically interacts with
polar hosts (e.g., TiO2, Mxene, or MOFs) have been shown to
be compatible with the conventional carbonate solvents (e.g.,
ethylene carbonate (EC), propylene carbonate (PC), and
diethyl carbonate (DEC)), per Table 3.62,63,90−92 Compared
with ether solvents, carbonate solvents possess lower solubility
for Na polysulfides, which can be further reduced through
addition of fluoroethylene carbonate (FEC).87 In such
carbonate electrolytes, cyclo-S8-based cathode architectures
deliver the sloping voltage curves after initial activation. The
lower average redox voltages indicate a possible quasi-solid-
phase transformation mechanism,64,93 although more work is
needed to fully understand the reaction sequence. By analogy,
K ions with the largest ionic radius of the three should possess
the lowest solvation energies, as well as the least nucleophilic
reactions between potassium polysulfides with carbonate
solvents.39 Yin et al. recently cycled cyclo-S8 in a carbonate
electrolyte (KPF6 in EC/DEC), obtaining a retained capacity
of 355 mAh g−1 at 150 cycles.68 This was achieved by utilizing
a metal−organic framework (MOF)-derived nitrogen doped
cobalt nanocluster inlaid porous carbon as a sulfur host. The
reaction sequence was reported as S8 ⇒ K2S6 ⇒ K2S5 ⇒ K2S4
⇒ K2S3. In general, more analytical and simulation work is
required to fully understand the reaction sequence in both the
Na−S and the K−S systems, especially as a function of host

structure (microporous, mesoporous, and pore-free) and host
chemistry (inert surface, polar surface, and covalent bonding).

3. POLYSULFIDE (PS) SHUTTLE AND SLUGGISH
REACTION KINETICS IN METAL−SULFUR
BATTERIES

Control of polysulfides is essential for metal−sulfur battery
performance.94 Studies have been widely conducted to
investigate the properties of polysulfides and their correspond-
ing influence on the cell redox processes. Characterization
techniques including X-band ESR spectra, in situ UV−vis
spectroscopy, and in situ X-ray absorption near edge structure
(XANES) have identified polysulfide anions with varied sulfur
atom numbers, such as S8

2−, S6
2−, S4

2−, and S2
2− dianions and

the S3
•− radical monoanion.74,94−100 Due to their similar free

energies, PS anions may coexist with each other in
disproportionation equilibrium (e.g. S8

2− ↔ S6
2− + 1/4S8)

and/or chain-breaking equilibrium (e.g. S6
2− ↔ 2S3

•−).95,100

The state of the PS species shows a strong dependence on the
electrolyte solvent. For instance, electron pair donor solvents
such as DMSO, DMA, and DMF are observed to stabilize the
S3

•− radical in the Li−S cell.100 By contrast, with glyme-based
electrolytes with low donor number such as DME and
dioxolane (DOL), the S3

•− radical is barely detectable.100

The stabilization of the S3
•− radical can provide additional

chemical pathways through which the energy barrier of S redox
is reduced.61,99 In addition to the solvent, other factors such as
the electrolyte salt, polysulfide chain length, and alkali ionic
radius also play significant roles, affecting the corresponding
solvation energy, dissociation/dissolubility, and redox kinetics
of the PS species.39,94 Steudel et al. reviewed the polysulfide
dianions and related radical monoanions [Sn

•−] evolved in the
alkali metal−sulfur batteries in detail; readers are referred to
that article for further discussion.98

In ether-based electrolytes, the intermediate high-order
polysulfide species formed Li2Sx (4 ≤ x ≤ 8) are highly
soluble.101 The soluble polysulfides species can function as
redox mediators, exposing and activating the inner parts of the
sulfur particles (i.e., S8 + S4

2− → S6
2−) upon discharge or

catalyzing the oxidation of insoluble sulfides upon charge (i.e.,
Li2S + S6

2− → S4
2−).9,102 Due to the high solubility and

mobility of polysulfide species, the intermediate redox species
(i.e., S8

2− and S6
2−) formed upon discharge can diffuse out of

the cathode and migrate toward the anode. This process occurs
spontaneously, being driven by the chemical concentration
gradient within the electrolyte. A confining host such as carbon
micropores or a barrier layer such as a functional separator can
physically and/or chemically block this process, however. The
polysulfides may electrochemically react at the metallic anode
surface, forming insoluble low-order sulfides that passivate the
electrode.103 Upon charging, the reduction of polysulfides can
occur via two paths: (n−2)Li2Sn + 4Li → nLi2Sn−2 versus (n−
2)Li2Sn + 4Li+ + 4e− → nLi2Sn−2.

104 The former does not
require external source electrons, meaning that the metal ion
corrodes at open circuit regardless of the state of charge. The
reaction involving external electrons is reversed upon cell
discharge, causing insoluble low-order sulfides to be trans-
formed back to soluble sulfides, once again going into solution.
This process does not result in charge storage but is instead
parasitic, resulting in Coulombic efficiency and capacity loss
that can be severe. It is not obvious that the above corrosion
reaction is reversible under normal cycling conditions. It may
be seen as the origin of the insulating passivation layer that
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forms on the anode after multiple cycles. Therefore, the role of
polysulfide crossover is deleterious in two ways: the irreversible
corrosion products on the anode will passivate it, while the
reversible products will create ongoing parasitic reactions.
While both affects are well recognized in Li−S literature, it
would be highly beneficial to identify and further understand
the extent of anode passivation for Na−S, as well as for the
even less explored K−S. What is the extent of irreversible
corrosion reactions, considering that Na and K are significantly
more reactive than Li in all organic electrolytes? Moreover,
what is the role of anode corrosion in the overall health of the
cell during cycling? Could the impedance and overpotential
rise associated with the passivating sulfide layers be
deconvoluted from the rise due to other deleterious effects,
such as cathode degradation?
Mikhaylik and Akridge proposed a mathematical expression

to evaluate the degree of shuttle behavior in the Li−S
system.101 The charge shuttle factor ( fc) is expressed as

=
[ ]

f
k q S

Ic
s H total

c
, where Ic, qH, [Stotal], and ks represent the charge

current, specific capacity of sulfur contributed by the upper
plateau (a constant value of 418 mAh g−1), total sulfur
concentration, and shuttle constant, respectively. Figure 2a
represents the simulated charge profiles at different charge

shuttle factors ( fc). When the charge current is high enough or
the shuttle constant is low, fc approaches zero and the cell can
be charged completely, showing a sharp voltage increase and
negligible shuttle effect. At fc > 1, the cell shows an extensive
voltage leveling representing an overcharge process. In
principle, during cell cycling the parasitic shuttle process can
proceed indefinitely. The process would involve concurrent
polysulfide migration within the electrolyte, sulfur species
redox processes at both electrodes, and reversible corrosion of
the metal anode.105

The solubility of polysulfide species varies with salt types
and solvents, resulting in significant differences in the severity
of the shuttle.74,107 The solubility for Na-based salts is
substantially higher than that for Li counterparts. For example,
Guo et al. reported that tetraethylene glycol dimethyl ether
could dissolve about 0.18 M Li2S8 (equivalent to 1.44 M
sulfur) at room temperature.40 Ahn et al. reported a Na2S8
solubility of 1.32 M (equivalent to 10.56 M sulfur) in the same
solvent.41 This indicates that in ether-based electrolytes the
detrimental shuttle effect for dissolved NaPSs may be
substantially more severe than for LiPSs. This is at least part
of the explanation regarding why Na−S cells generally cycle
worse than Li−S cells. Lu et al. applied a rotating-ring-disk
electrode to investigate the diffusion processes of the
polysulfide in dimethyl sulfoxide (DMSO) model solvent.39

With the decreasing solvation energy from Li+ to K+ and the
decreasing size of the solvent−ion complex from Li+-(DMSO)n
to K+-(DMSO)n, the diffusion coefficients of the polysulfides
oppositely increased (Table 2). The results helped to predict
that the most extensive polysulfide shuttle effect occurs in K−S
cells versus in Li−S and Na−S.
The polysulfide shuttle effect has been shown to operate in

an ongoing manner during discharging and charging of Li−
S.108 It results in a series of issues including low CE and
capacity loss during cycling, loss of active S in the cathode, and
self-discharge at static conditions. Polysulfide crossover to the
anode also leads to irreversible corrosion reactions of the metal
surface and the associated formation of a lithium−sulfur
passivation layer. Noked et al. investigated the reversibility of
the lithium predeposited on copper, in the presence of
Li2S8.

103 Even at a low polysulfide concentration of 0.04 M, the
reversible stripping and plating of Li was obstructed. With the
addition of 0.2 M Li2S8 into the ether electrolyte, the capacity
retention dropped from 95% to 69% after 10 cycles. Mosslike
deposits with the chemical composition of LixSy were
discernible on the anode copper collector surface. These
passivating layers formed on the anode surface markedly
increased the cell impedance, pointing to another source of
failure due to PS dissolution into the electrolyte. The additive
LiNO3 has been widely employed as an electrolyte additive for
Li−S cells. The compound forms LixNOy and insoluble LixSOy
layers, which inhibit the reactions between lithium metal and
sulfur species.109,110 By analogy, NaNO3 additives are also
utilized for Na−S cells.10,59,111 However, results by Kaskel et
al. demonstrate that after about 20 cycles, the NaNO3 additive
is no longer effective.112 The rapid consumption of nitrate ions
during cycling is the likely explanation, in turn due to a
combination of the higher solubility of NaPSs and the greater
reactivity of the sodium metal anode vs lithium in comparable
solvent−electrolyte combinations.43

Metal−sulfur cells are also plagued by a general sluggishness
of the redox kinetics. Elemental sulfur and the discharge
products are electrical insulators, as well as poor conductors of

Figure 2. (a) Simulated charge profiles at different charge shuttle
factors ( fc) = ksqH[Stotal]/Ic. (b) Fitting of current versus time curve
for the Li2S deposition experiment. The curve (actual data in black)
was fitted as the sum of two exponential functions, representing the
reduction of Li2S8 and Li2S6 (blue and red, respectively), and a peak
resulting from the electrodeposition of Li2S. Panel a is reproduced
with permission from ref 101. Copyright 2004 The Electrochemical
Society. Panel b is reproduced with permission from ref 106.
Copyright 2015 John Wiley & Sons, Inc.
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alkali ions. For example, σe= ∼10−30 and ∼10−13 S cm−1 for S
and Li2S, respectively. The high electronic and ionic resistances
of the reactants render the cells with high polarization and
prevent the redox reactions from running to completion
without the addition of a large volume fraction of secondary
conductive phase (typically carbon) and nanostructuring of the
sulfur. As per the typical galvanostatic profile of the Li-cyclo-S8
system (Figure 1a), the dip emerging at the beginning of the
lower discharge plateau represents the necessary overpotential
for initiating the nucleation process of solid Li2S from liquid
LiPSs.
To quantitatively evaluate the kinetics of Li2S nucleation

from LiPSs, authors performed the following the following
experiment:106 A Li−Li2S8 cell was galvanostatically discharged
to a voltage of 2.06 V; the voltage was then kept at 2.05 V until
the current dropped below a certain value. Per Figure 2b, the
time dependence of the cathodic current features a character-
istic curve with monotonically decreasing current followed by a
current peak, the peak representing the nucleation and growth
processes of Li2S on the heterostructure surface. Electro-
analytical kinetic analysis in combination with phase trans-
formation theory revealed a 2D island nucleation model, with
growth occurring at the three-phase boundary between the
Li2S islands, the conductive substrate, and the electrolyte.106 It
is known that the nucleation rate of Li2S on a “routine”
conductive surface is limited, contributing to the overall kinetic
impediment of the system.113 Upon charge, there is a large
energy barrier and associated sluggish kinetics for Li2S
dissolution. This impediment combined with the slow ionic
diffusivity and high electrical resistance of Li2S/Li2S2 obstructs
the complete conversion of the discharge products back to
S8.

114 With cycling, the nonconductive Li2S2/Li2S particles
accumulate at the cathode, gradually thickening and reducing
the migration of Li ion through the interface. This in
consequence hampers deeper discharge or charge in the
batteries and thus results in a rapid capacity fade.
In practice, Na−S and K−S systems consistently display

much larger charge−discharge hysteresis and lower practical
capacity.12,115 Most reported Na−S batteries in the literature
show capacities below 1000 mAh g−1, and the values are even
less in K−S batteries. The kinetics in Na−S and K−S systems
are more sluggish as compared to Li−S, which originates from
multiple deficiencies. One is the strain effect, since the S
species is not free-standing but rather contained within the
pores of a relatively rigid host. The formation of Na2S and K2S
is associated with 171% and 296% expansion, while with Li2S
this value is 80%. Other impediments are the solid-state
diffusivity of Na and K ions. Table 1 shows the Li/Na/K ion
diffusivities from a number of reports, obtained through
diverse experimental techniques. In a broad range of electrode
materials including hard carbon,21,22,116 black phosphorus/
graphite composite,24 and tellurene,23 Na and K ions show
lower solid-state diffusivities. The low solid-state diffusivity of
Na+/K+ in the carbon host and within the Na2Sx/K2Sx
compounds will account for the kinetics’ sluggishness. Another
issue already discussed is the greater reactivity of the metal
anodes and the associated SEI structure, as well as any Na and
K corrosion products on the metal surface.
The K−S system has been particularly challenged in

achieving rapid redox kinetics. A number of innovative
strategies, including employing highly concentrated electro-
lytes, sulfurized polyacrylonitrile, microporous carbon confin-
ing small metastable sulfur allotropes (S2−4), and so on, have

not yielded “Li-like” rate capability (Table 3). Despite the
challenging nature of K, consistent advances in both rate
capability and cycling life are being achieved.47,68 It is expected
that with improved potassium-specific electrolyte formulations,
the performance of K−S batteries will improve further.66 Wu et
al. applied a potassiated Nafion film (Nafion-K+) as the
cationic selective interlayer to suppress a polysulfide shuttle in
a K−S cell.71 Without this layer, the KPSs would diffuse across
the bare Celgard separator and migrate to the K anode, leading
to reversible parasitic reactions and irreversible anode
corrosion. With the potassiated Nafion film the K metal
anode remained shiny when extracted from the cell, indicating
suppressed crossover. Despite this, the cell still suffered from
substantial capacity decay, with 184 mAh g−1 remaining after 5
cycles. Their electroanalytical investigation revealed sluggish
reduction reaction kinetics for the solid-phase K2S3 (2K2S3 +
2e− + 2K+ → 3K2S2) and K2S2 (K2S2 + 2e− + 2K+ → 2K2S),
with the overpotentials being as high as 0.8 V. Furthermore,
the reaction pathway for charging K−S materials was found to
be asymmetric with the discharge process. Upon charging,
short-chain polysulfides (K2S2−3) would undergo a dispropor-
tionation reaction to produce K2S and soluble S4

2−. The short-
chain K2S1−3 was reduced by high-order S6

2− intermediates to
the more soluble form S4

2−. Finally, the S4
2− is electrochemi-

cally oxidized back to high-order polysulfides and sulfur. A
portion of K2S without the direct contact with electrolyte
would become “dead sulfide” and not contribute to reversible
capacities. In this way, the accessible pathway to soluble high-
order S4

2− intermediates was interrupted.
Lu et al.’s experimental and modeling results showed that

the larger cation radius of K+ contributed to the corresponding
weaker solvation energy as compared to Li+ and Na+ and
consequent stronger electrostatic interaction with S4

2−/S3
2−.39

This helps to explain the strongly stabilized discharge products
(i.e., K2S3). Overall, much less is known about the intermediate
redox sequence and the kinetic limitation with K−S and Na−S.
This is summarized in Table 4, where Li−S is used as the
baseline reference. Along those lines, studies that combine in-
depth analytical methods with simulation are welcome. The
Li−S system may be used as a convenient template for carrying
out such work, since there is a long and established history of
polysulfide analysis based on a number of experimental
techniques and modeling methods such as Raman, X-ray
diffraction (XRD), transmission X-ray microscopy, UV−vis
spectroscopy, high-performance liquid chromatography, equiv-
alent series resistance, and XANES.45 Understanding the
polysulfide sequence and exploring polysulfide adsorbents/
electrocatalysts represent important steps in designing the next
generation of separators to prevent species crossover, kineti-
cally accelerate the terminal solid-phase formation upon
discharge and S formation upon charge, promote uniform
ionic flux, etc. These aspects will be discussed in detail in the
subsequent sections of this review.
Considerable efforts have been devoted to enhancing sulfur-

based cathode performance, including host engineering,
electrolyte tailoring, binder functionalization, and separator
modification. The core design principles of these strategies are
to accelerate the sulfur redox kinetics and to suppress the
migration of soluble polysulfide intermediates during cycling.
In this review we closely examine functional separators and
interlayers as a method for achieving one or both aims. For
example, separators modified with the anionic groups such as
SO3

−, COO−, and CO− can block polysulfide migration
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through a distinct electrostatic repulsion mechanism while
improving the cation diffusion kinetics in the electro-
lyte.117−120 While it is possible to incorporate enhanced
functionality directly into the cathode architectures, studies
have demonstrated that employing a coated separator for this
purpose can be more effective.121,122 A key advantage that the
incorporation of electrically conductive electrocatalytic phases
gives to a separator is that it effectively functions as a
secondary current collector that is in direct contact with the
active materials in the cathode. During charging, an electrically
conductive and electrocatalytic surface is especially important
since Li2S, Na2S, and K2S are electrically insulating. Because of
the functional separator’s location within the cell, the
electrocatalytic phases are “first in line” at the reaction front
and, hence, less limited by diffusional limitations. One
potentially interesting and unexplored approach toward next-
generation separators is to design three-dimensional inter-
digitated architectures, where the functional electrocatalytic
phase extends from the separator into the bulk of the cathode,
increasing the total number of electroactive sites and further
reducing the diffusion distances.

4. METAL−SELENIUM BATTERIES AND CHALLENGES
Selenium reacts with alkali metals through a conversion-type
reaction: 2M+ + Se + 2e− ↔ M2Se, M = Li, Na, and
K.13−15,123−126 Akin to sulfur, the intermediate reaction
pathway of Se is associated with electrolytes, the host’s porous
structure, the Se chain length, and the alkali metal type.127−133

In carbonate-based electrolytes, selenium and polyselenides
(PSes) show relatively low solubility.134 Amine and co-workers
initially reported a Se/multiwalled carbon nanotubes
(MWCNTs) composite as the cathode for LMBs and
demonstrated the single-phase transformation of Se species
in carbonate electrolyte (1.2 M LiPF6 in EC/ethyl methyl
carbonate (EMC)).135 Our group reported selenium impreg-
nated monolithic carbon as free-standing cathodes for lithium
and sodium metal batteries, where Se was amorphous and was
comprised of disordered short chains.13 The carbon host was
primarily composed of small mesopores and was effective in
confining the sodium (NaPSes) and lithium (LiPSes)
polyselenides during extended cycling. For the Li−Se system
there are relatively flat discharge and charge plateaus at ≈1.8
and ≈1.9 V, respectively. The Na−Se system displays sloping
plateaus. Based on solid-state nuclear magnetic resonance
spectroscopy (SSNMR) results combined with high-resolution
transmission electron microscopy (HRTEM), the following
reaction sequence was established for sodiation of selenium
(Se) encapsulated in a nanoporous carbon host:128 SSNMR
demonstrated that during the first sodiation, the Se chains were
progressively cut to form an amorphous mixture of
polyselenides of varying lengths. There was no evidence for
discrete phase transitions during sodiation. The Se nearest the
carbon pore surface was sodiated first, leading to the formation
of a core−shell composition profile. It was demonstrated that
the vast majority of the pore confined Se was amorphous, but
with the site-specific presence of nanocrystalline equilibrium
Na2Se2 (hcp) and Na2Se (fcc) near the carbon pore surfaces.
Nevertheless, the low solubility of PSes in carbonates does

not fully eliminate the shuttle effect, and hosts that physically
or chemically confine PSes are still necessary for extended
cyclability.136 Wang employed a nitrogen, sulfur dual-doped
hierarchical porous carbon (NSHPC) as the Se host, cycling
against Na in carbonate electrolyte.17 The postcycled anodeT
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showed rough surfaces with coarse Na2Se agglomerates,
indicating crossover of sodium polyselenides and their
reduction on the metal surface. By coating a NSHPC/Se
composite with interconnected polyaniline, the stability of
Na−Se batteries was effectively promoted with 2.7% decay
after 200 cycles. The polyaniline therefore appeared to be
highly effective in blocking NaPSes’ dissolution, representing
an exciting secondary treatment of the electrode that can
overcome the limitations of a nonideal host. The approach of
secondary electrode coatings has the potential to be extremely
useful since it may allow for stable cycling of Se that is
infiltrated into large pores or potentially not infiltrated at all. As
was discussed previously, a key downside to using micropore
and small mesopore hosts is the relatively low mass loading
that can be achieved, typically in the 50% range. Conversely,
with large mesopores or even macropores much higher mass
loadings are possible, with the secondary coating treatment
being applied after infiltration. Creating Se cathode architec-
tures based on large pore hosts but with secondary electrode
coatings that will confine LiPSes, NaPSes, and potassium
selenides (KPSes) represents a highly fruitful future research
direction.
In ether-based electrolytes, the redox transformation of Se is

analogous to S, with involvement of high-order polysele-
nides.16,130 Taking the Li−Se system as an example, Se is first
reduced to Li2Sen (n ≥ 4) and then to Li2Se2/Li2Se, featuring
two plateaus at 2.1 and 1.9 V, respectively. During the charge
process, Li2Se is reversibly oxidized to Li2Sen (n ≥ 4) and
eventually back to Se. As PSes could easily dissolve in the ether

electrolytes, there are more issues with crossover and shuttle
and the associated cycling problems. Various porous carbon
hosts have been dedicated to address the above issues by
confining PSes inside the micropores and small mesopores,
although with varying levels of effectiveness.127,128,137 More-
over, dissolution, crossover, and shuttle have been mitigated
through functional separators, as well as novel electrolyte and
cell configurations.16,136,138,139 Clearly, more research on both
topics is welcome, with the learning obtained with the Li−S
system being potentially transferable to the selenium systems.

5. DENDRITE GROWTH AND UNSTABLE SOLID
ELECTROLYTE INTERPHASE (SEI)

A critical limitation of Li, Na, and K metal anodes is the
formation and growth of metal dendrites, accompanied and in
part caused by an unstable SEI.140,141 Even prior to potentially
catastrophic electrical shorting, dendrite growth will lead to
low Coulombic efficiency and electrolyte consumption due to
an unstable SEI and “dead metal” formation.142,143 To
compensate for corresponding losses caused by anode
degradation, laboratory button cells typically employ an excess
of metal and electrolyte, while having a low mass loading on
the cathode so as to ensure a fairly shallow plating/striping
regiment. While this approach is reasonable for fundamental
studies, the achieved performance cannot be extrapolated to
commercially representative pouch cells with less electrolyte
and a higher cathode/anode mass ratio. Moreover, the gas
generation−swelling concern also associated with SEI growth
is masked by the rigid 2032-type stainless steel button cell. For

Figure 3. (a) Scheme of the cell (top); profiles of the ion concentrations and electrostatic potential based on theoretical simulation (bottom). (b)
Mosaic model for the SEI on Li metal, showing the stable inorganic reduction products nearer the metal surface. Reproduced with permission from
ref 148. Copyright 1997 The Electrochemical Society. (c) Open-circuit voltage (OCV) curves of two-electrode Li//Li, Na//Na, and K//K cells
filled with 1.0 M LiPF6/EC:DEC, 1.0 M NaPF6/EC:DEC, and 0.8 M KPF6/EC:DEC, respectively. (d) Voltage profiles of the symmetric cells
during a continual plating−stripping process. Panel a is reproduced with permission from ref 145. Copyright 1990 American Physical Society. Panel
b is reproduced with permission from ref 148. Copyright 1997 The Electrochemical Society. Panels c and d are reproduced with permission from
ref 149. Copyright 2019 American Chemical Society.
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near-commercial applications the negative/positive (N/P)
areal capacity ratio approaches 1.7,8 More studies with such
N/P ratios are necessary and may yield very different
performance results than with the less aggressive ratios.
Moreover, more work is needed for the most aggressive case
of all, which is the anode-free configuration where in effect the
negative electrode is a bare current collector and all the Li, Na,
and K is stored in the cathode. This is also the optimum
configuration in terms of safety since the cell then is fabricated
and stored in its discharged state. Without excess anode to
artificially inflate cyclability, the electrochemical performance
of anode-free full cells is limited almost entirely by the
efficiency of lithium plating and stripping. In this case, the
associated anode volume change would be infinite at every
cycle. A stable SEI layer is therefore requisite for stabilizing
anode deposition and reducing electrolyte decomposition.
Otherwise, the ongoing electrolyte decomposition and SEI
formation will result in quick depletion of the anode inventory
in the cell. A representative anode-free Li−S full cell pairing a
bare current collector on the anode side with the Li2S cathode
has recently been investigated.8 To date there are far fewer
analogous electrochemical configurations on the Na−S or K−S
system, an area that is promising for exploration.
Several models have been proposed to explain dendrite

growth from different aspects. Dendrite growth is considered
self-enhancing. Monroe and Newman revealed the intensified
electric field at Li dendrite tips, enabling the dendrites to
preferentially grow along the protrusion direction by the so-
called tip effect.144 The space-charge model proposed by
Chazalviel is widely accepted for describing the Li dendrite
formation.145 Per Figure 3a, the anion depletion in the vicinity
of the electrode surface results in a large space-charge region,
especially at high current density. The localized electric field in
this region ramifies the growth of metallic Li electrodeposits.
Such a timeline representing Li dendrite nucleation is called
the Sand’s time (τ) and calculated by
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where D, z, c, F, J, and ta correspond to the ambipolar diffusion
coefficient, the valency, the salt concentration, Faraday’s
constant, the current density, and the transference number of
anions. ta relates to the transference number of Li+ (tLi+) in the
form of eq 2, where μa and μLi+ represent the mobilities of
anions and Li+, respectively. The equations afford a conceptual
guide to delaying the emergence of metal dendrites, such as by
dissipating the effective current density (J) with a high-specific-
area conducting scaffold. The model represents an association
between the local electric field at the metal−electrolyte
interface and the concentration polarization of plating metal
cations in bulk electrolyte. The above equations disclose that
increasing the cation conductivity in the electrolyte and the
transference number will postpone dendrite formation.146,147

As will be discussed, commercial polyolefin separators
(polyethylene (PE), polypropylene (PP), etc.) will transmit
solvated alkali ions toward the electrode in an inhomogeneous
manner, due to nonuniformity of the porosity and nonideal
electrolyte wetting. These heterogeneities of liquid-state ionic
flux will in turn result in localized field effects in the vicinity of

the metal anode. Thin foil metal anodes are fundamentally
different in their geometry than powdered ion battery anodes
based on graphite, etc. Due to the three-dimensional nature of
the powdered electrodes, electrolyte wetting is enhanced, and
the ion flux is homogenized. A planar metal foil with its surface
area at least an order of magnitude lower than powder would
be much more sensitive to wetting and ion flux nonun-
iformities.150 With Na and K metal anodes, dendrites still
persistently emerge at charging rates below the space-charge
model predictions.140 This is a known effect attributed to the
unstable and nonuniform K- and Na-based SEI structure,
especially in carbonate electrolytes. According to Table 1, K
and Na ions possess faster liquid-state diffusivity than Li ions.
This runs opposite to the Sand’s time formulation, indicating
that other factors (primarily the smaller SEI) drive dendrite
emergence.
It is recognized that the structure and electrochemical

stability of the SEI have key roles in determining the cycling
stability of alkali metal anodes.151−154 The SEI on the negative
electrode’s surface is a result of thermodynamically driven
reduction of the electrolyte. The Li, Na, and K ions within the
SEI are derived from solution cations as well as from the direct
electrochemical/chemical corrosion of the metal anode.155,156

Goodenough et al. put fourth now a classical thermodynamical
theory for SEI formation:157 In summary, when the lowest
unoccupied molecular orbital (LUMO) of the anode lies above
that of the electrolyte, electrons spontaneously transfer from
the anode to the electrolyte, resulting in its reduction, i.e. the
formation of the SEI. The SEI formation process is never
ideally self-terminating, with potassium metal being more
reactive than sodium, which is in turn more reactive than
lithium in comparable electrolytes.149,158 Figure 3b shows a
classic Mosaic model employed to represent the SEI structure
on the Li surface.148 The inner layer close to the Li is mainly
composed of inorganic species such as Li2O, LiF, and Li2CO3,
originated from the reactions of the salts and solvents.159 The
organic species such as ROCO2Li, ROLi, and RCOO2Li make
up the outer part of SEI layer. An analogous dual-layer
structure in the SEI layer on the Na electrode was reported,
and one can expect that it also applies to the K anode, although
this is not fully determined yet.160 While more complex models
for the SEI on metal anodes have been proposed,161 the
Mosaic model appears to capture the essential inner inorganic
versus outer organic structure commonly reported for Li, Na,
and K anodes in standard carbonate and ether electro-
lytes.162,163

Analogous to a solid-state electrolyte, the SEI is ionically
conductive but electrically insulating. Shi et al. proposed a two-
layer/two-mechanism mode for Li ion diffusion through the
SEI. The model was based on density functional theory (DFT)
calculations combined with TOF-SIMS.164 The Li cation first
experiences a desolvation process occurring at the pore
diffusion stage in the outer SEI layer. The cation then diffuses
through the inner inorganic layer by a knock-off mechanism.
The ion diffusion in Na-based and K-based SEI layers has been
less explored experimentally or through modeling, with such
studies being important moving forward. The geometrically
and structurally heterogeneous SEI promotes uneven alkali ion
diffusion, leading to heterogeneous growth/dissolution of the
metal front.140 In addition to the intrinsic heterogeneities
within the SEI, extrinsic factors such as cracking may cause
electrochemical hot spots, triggering dendritic growth. Features
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at the metal surface, such as dislocation steps, grain boundaries,
and impurities, could drive dendrite growth as well.165

The native SEI layer on all three metals is generally
considered unstable during repeated cycling, especially for
deep stripping/plating, which leads to more volume changes,
or at fast rates where the volume changes are rapid. For the
various metal foils with a certain thickness, the corresponding
theoretical volume changes can be estimated on the basis of
the sulfur mass loading. When the S loading is 2 mg cm−2, Li
and Na foils with a thickness of 250 μm undergo volume
changes of 6.5% and 11.8%, respectively (Table 5). Much more

drastically, almost a quarter of the volume (22.7%) of the
potassium with same thickness will be theoretically stripped
and platted during cell operation. Per several high-visibility
perspective articles, thin anode foil and high sulfur mass
loading (i.e., over 5 mg cm−2) should be employed for practical
cell operation.7,166 At a thin anode thickness of 100 μm and a
sulfur mass loading of 5 mg cm−2, large interfacial fluctuations
on the metal anode will result: 40.64% and 74.2% for Li and
Na foils. Such repeated volume changes will mechanically
disrupt the native SEI layer and are another reason why
multifunctional separators are needed to ensure stable metal−
sulfur battery performance.
The electrochemical reactivity of the SEI also plagues the

stability of metal anodes during cycling. It is well established
that with extended cycling the SEI grows, leading to an
increasing electrochemical overpotential.167 This effect is
known to be most severe for K and least severe for Li in
comparable electrolytes. Younesi et al. compared the SEI
solubilities in Li and Na cells and proposed that the weaker
Lewis acidity of Na resulted in higher electrocatalytic reactivity
toward liquid electrolyte decomposition, as well as higher
solubility of Na-based SEI components.168 Two separate
studies verified that Na-based and K-based SEI could be
spontaneously formed at open-circuit potential, which is a
manifestation of the metals’ electrochemical reactivity.143,152

Komaba and co-workers compared the electrochemical
behaviors of various symmetric metal−metal cells (A//A
cells, A = Li, Na, and K) with APF6/EC/DEC electrolytes.149

Per Figure 3c, the K//K cell represented the largest open-
circuit potential (initially over 500 mV), which also drastically
fluctuated with a large deviation of >100 mV (represented as
error bars) during the relaxation period. Figure 3d presents the

voltage profiles of the symmetric cells during successive metal
plating−stripping at 25 μA cm−2. The Li and Na cells show
voltage polarization of less than 5 and 10 mV, respectively. By
contrast, the K cell displayed polarization of 100 mV and
above, with voltage spikes of nearly 1 V in the initial few cycles.
This behavior originates from SEI instability although the exact
cause of the early spike is not fully understood.
To improve the stability of metal anodes, various strategies

have been employed, including designing new electrolytes and
additives, modifying the current collector, fabricating func-
tional hosts, and incorporating artificial SEI layers.43,150,169−171

Favorable modification of the SEI structure can be achieved
through electrolyte additives, such as the well-documented
formation of the LiF phase adjacent to the Li metal due to
fluoroethylene carbonate. For Na metal and K metal, FEC has
yielded mixed results, an effect attributed in some studies to its
rapid consumption from the electrolyte due to a continuous
thickening of the SEI.149,172 The structure (crystalline vs
amorphous) and morphology (continuous vs discrete) of the
NaF and KF phases need further analysis, as this may also be
important in explaining the efficacy of FEC with the two
metals. The artificial SEI approach can be roughly subdivided
into (i) coating the metal anode directly with a secondary
material and (ii) employing a membrane that is fully or
partially incorporated into the SEI during electrochemical
testing. For approach (i) low-temperature chemical vapor
deposition (CVD) methods such as atomic layer deposition
(ALD) and molecular layer deposition (MLD) are often
employed. Since K melts at 64 °C and is even more reactive
with air and moisture than Li, it is extremely challenging to
coat the anode directly. Likewise, directly depositing artificial
SEI layers on Na metal also represents a greater challenge than
on Li metal. Coating the separator and then having the layer
become in situ transferred onto the metal surface during
cycling are agnostic to whether the anode is Li, Na, or K, in
principle being equally applicable to all three. Such a transfer
method avoids having to pretreat the metal anodes before
assembling the cell, making functional separators a potentially
scalable technology. For example, our recent work on
functional separators with K metal anodes focused on
double-coated tape-cast microscale AlF3 on polypropylene
(AlF3@PP).173 This layer resulted in a distinctly stable artificial
SEI film containing KF, AlF3, and Al2O3 phases on a K metal
surface, which for a range of electrolytes promoted electrolyte
wetting on the current collector, stabilized the SEI, and
prevented dendrites. Studies are needed on scale up of
functional separators including roll-to-roll (R2R) manufactur-
ing, as well as cell assembly issues related to incorporating
functional separators into commercially representative pouch
cells of various dimensions.
From a holistic view, the failure to achieve effective sulfur or

selenium immobilization in the cathode can further exasperate
the anode instability. For carbon hosts with poor PSs or PSes
confinement, insulating layers such as Li2S2/Li2S have been
reported on postcycled metal anode surfaces.17,174−176 Several
reports did report positive roles of Li2Sx/Li2Sex/Na2Sx in
stabilizing the SEI,177−179 which implies that some limited
crossover may be beneficial. However, a high concentration of
PSs has been reported to induce massive cracks and dendrites
on anodes.177 More work is needed to understand the role of
“thin” sulfide and selenide passivation layers that actually
stabilize the metal surface, versus “thick” layers that promote

Table 5. Theoretical Volume Changes for Li, Na, and K
Planar Anodes with Specific Thicknesses of 250 and 100
μm, When Paired with Various Amounts of Sulfura

Sulfur mass loading
(mg cm−2)

Li volume
change (%)

Na volume
change (%)

K volume
change (%)

Anode Thickness = 250 μm
1 3.2 5.9 11.3
2 6.5 11.8 22.7
5 16.2 29.6 56.8
10 32.5 59.3 /

Anode Thickness = 100 μm
1 8.1 14.8 28.4
2 16.2 29.6 56.8
5 40.6 74.2 /
10 81.2 / /

a“/” represents N/P ratio is less than 1 (Metal anode is insufficient
compared to sulfur cathode).
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dendrites or effectively size the plating and stripping reactions
altogether.

6. PROPERTIES AND LIMITATIONS OF
CONVENTIONAL SEPARATORS

With liquid electrolyte filling its pores, a separator takes on a
key role in the ionic transport process. Moreover, the separator
properties significantly impact the total electrolyte resistance of
the cells. Wood et al. categorized such conductivity-related
properties into two aspects: the intrinsic separator structure
and the separator−electrolyte interface interactions.180 These
two factors affect the electrolyte distribution, salt dissociation,
and ion desolvation, impacting the electrolyte ionic con-
ductivity and the ion transference number. The features of the
separator structure that affect these properties are its porosity
ε, which is the fraction of pore volume to total volume, and
tortuosity τ, which is a dimensionless quantity describing the
influence of the morphology of the solid phase on ion flow.
These in turn determine the separator’s structure-dependent
scaling parameter δgeo,eff, which is the ratio of ε to τ, per eq 3.
The δgeo,eff can be calculated using diffusion simulations on 3D
reconstructions. A geometric effective ionic transport con-
ductivity (σgeo,eff) can be derived based on eq 4, where σel
represents the ionic conductivity of the liquid electrolyte.
Assuming a porosity of 40% (a typical value for polyolefin
separators) and a tortuosity of 2.5, δ is calculated to be 0.16,
indicating relatively slow ionic conduction throughout the
separator.

δ ε
τ

=geo,eff (3)

σ δ σ=geo,eff geo,eff el (4)

σ δ σ σ= = ×
N
1

leff eff el
M

e
(5)

Electrochemical impedance spectroscopy can be applied for
measuring the ionic conductivity in the electrolyte across the
separator (σeff). An effective transport coefficient δeff can be
determined as per eq 5, with NM being the MacMullin number.
The δeff differs from the geometrically effective transport
parameter (δgeo,eff), with the discrepancy originating from the
separator surface−electrolyte interactions. The interactions
result from the functional groups on the separator’s surface and

the anion, cation, and solvent molecule species in the
electrolyte. The interactions are considered to exist as ionic,
polar, hydrophobic, or van der Waals interactions. An empirical
rule is that enhancing the interactions can promote the degree
of electrolyte uptake of the separator, that is, improve its
electrolyte wettability. In addition, salt dissociation and ion
desolvation may be facilitated by the strong chemical
interactions between the separator and electrolyte, with the
effect of improving the ion transference number and ionic
conductivity. For instance, Cui and co-workers fabricated a g-
C3N4-modified separator, which chemically interacted with the
lithium-based electrolyte.181 The Li+ desolvation process was
facilitated by the formation of numerous transient Li−N
bonds, resulting in a much reduced energy barrier for Li
deposition on the current collector. Overall, one should take
into account both the structure and the chemistry of the
separator when predicting its ion conduction performance. For
instance, coating the separator with polar materials may
inevitably reduce its porosity and the value of σgeo,eff. However,
the enhanced separator−electrolyte interaction may offset this
impact and give rise to an improved effective ionic conductivity
(σeff). Fundamental research on how the various functional
layers on separators influence these parameters would be
beneficial. Moreover, it is not fully understood the degree to
which these parameters influence the ultimate cycling and rate
performance of metal batteries. For example, are surface
modifications that lead to improved wetting and higher ionic
conductivity responsible for suppressing dendrites, or are these
secondary effects behind the role of modifications in stabilizing
the SEI? Or are they inter-related and synergistic; that is, does
improved electrolyte wetting and a higher ionic conductivity
naturally lead to a more uniform and stable SEI? Recent work
has demonstrated a strong causal link between electrolyte
wetting and SEI morphology for the case of geometrically
roughened current collectors.182 It would be useful to further
understand this effect for the case of separators with varying
electrolyte wettabilities.
The cation transference number (t+) represents the fraction

of the ionic current carried by cations and is associated with
the ionic concentration gradients in the bulk electrolyte.183

The impact of the cation transference number on cell
performance was revealed by COMSOL simulations.180 Figure
4a and b shows the electrolyte salt concentration and
electrolyte overpotential gradient across a 16-μm-thick

Figure 4. (a and b) COMSOL simulations of (a) electrolyte salt concentration and (b) electrolyte potential as a function of distance across the
separator in a symmetric Li versus Li cell (to exclude effects of electrode structure. (c) Surface (top) and cross-sectional (bottom) scanning
electron micrographs of PE and PP separators. Reproduced with permission from ref 180. Copyright 2018 Springer Nature.
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separator membrane (δ = 0.16) during slow (0.5C) and fast (5
C) charging, assuming cation transference numbers of 0.3 and
0.6. At low current (0.5C), the electrolyte salt concentration is
uniform across the separator, with minimal electrolyte
overpotentials (around 10 mV). Significant ionic gradients
and corresponding overpotentials emerge at high current (5
C), and both are more pronounced when the transference
number is 0.3 rather than 0.6. The large ion concentration
gradient is due to the sluggish cation diffusion in the electrolyte
and is associated with overpotentials as high as 180 mV.
Assuming a nominal cell voltage of 3.2 V, the electrolyte
resistance leads to a voltage loss of ∼6%.

τ
=

Φ
−J

Z C F D
Lt

c
lim

0 solution
(6)

Wu et al. recently derived a separator-involving equation (eq
6) for calculating the limiting current density (Jlim) in a lithium
electrode, which closely relates to the ion concentration
behavior at the anode.184 The variable Zc is the charge number
of the cation (Zc = 1), C0 is the bulk electrolyte concentration
(C0 = 1), F is the Faraday constant, Φ is the volume fraction of
void space, Dsolution is the diffusion coefficient of the solution, L
is the thickness of the separator, τ is the tortuosity of the
diffusion path, and t− is the transference number of the anions
(t−= 1 − t+), respectively. As indicated by the equation, the
separator can determine the limiting current density of the
anode from the aspect of both structure (τ, L) and the
corresponding interaction with the electrolyte (t+).
Table 6 summarizes the physical properties of the polyolefin

(Celgard) and glass frit (GF) separators (Whatman), listing
the corresponding electrolyte wetting and ionic conduction
behaviors in representative electrolytes. For the polyolefin
separators such as PP and PE their intrinsically hydrophobic
nature yields poor wettability by polar electrolytes. Con-
sequently, the inside pores of a separator may be empty or
filled with limited electrolytes, meaning blocked ion transport

pathways. This results in a low ionic conductivity (σeff) and a
low alkali ion transference number (t+), which is typically in
the range of 0.3−0.4 for Li+.185 It may be observed that high
electrolyte resistance would result in a large energy loss during
transport and decreased redox kinetics. For alkali metal anodes,
it can be inferred that a low t+ value favors metal dendrite
formation based on space-charge considerations, including the
classic Sands’ time formulation.146,147 A separator with poor
wettability is apt to induce an inhomogeneous electrolyte
distribution including containing nonwetted sections. This will
result in inhomogeneous liquid-state cation diffusion, which
would be problematic for metal anodes where dendrites are
more prevalent than for ion anodes. Again, the extent to which
this drives dendrite growth in full metal sulfur and metal
selenium cells is not understood, as the SEI-related factors may
be more dominant. When polysulfides dissolve into the
electrolyte, the increase in electrolyte viscosity lowers the
ionic diffusion and potentially degrades the electrolyte wetting
between the separator and the anode.186 This is another area
ripe for further analysis: the extent to which sulfur or selenium
cathode degradation processes influence ion transport behavior
and ultimately dendrite formation. It is highly probable that a
full understanding of cell failure requires a holistic approach,
where cathode effects influence the anode and vise versa. It is
known than pristine polyolefin separators are vulnerable to
metal dendrite penetration, nominally because they provide
insufficient mechanical restrain.144 However, considering the
high homologous temperature of Li, Na, and K during testing,
various low-stress (e.g., Coble, Nabarro-Herring, and Harper-
Dorn) and high-stress (power law dislocation climb) creep
mechanisms would allow the metal dendrite to breach much
stronger interfaces. Electrolyte ion transport and wetting
effects may therefore be critical regardless of the separator’s
elastic and plastic properties.
Per Table 6, polyolefin separators possess a macroporous

structure with pore sizes around 50−100 nm, while glass frits

Table 6. Summary of the Physical and Electrochemical Properties of Conventional Polyolefin Separators (Celgard) and Glass
Frit Separators (Whatman), as Specified by the Manufacturer’s Product Model

Separator
Porosity
(%)

Thickness
(μm)

Average pore
diameter (μm)

Gurley
(JIS)
(s) Liquid electrolyte

Electrolyte uptake
(wt %)/Contact angle

(deg)

Ionic conductivity
(mS cm−1)/ Transference

number Ref

PP 2400 41 25 0.043 620 1 M LiTFSI in
DOL/DME + LiNO3

70/37 0.32/0.38 187

PP 2400 41 25 0.043 620 4 M KFSI in DME 294/63 0.089/0.43 173
PP 2075 48 20 NA 300 1 M LiTFSI in

DOL/DME + LiNO3

NA/40 0.311/NA 188

PP 2500 55 25 0.064 200 1 M LiPF6 in
EC/DMC/EMC

98.6/45 0.77/0.283 189

PP 2500 55 25 0.064 200 1 M NaTFSI in
PC/FEC

81.9/80.6 5.9 × 10−4/0.21 190

PE 2730 43 20 NA 240 1 M LiPF6 in
EC/DMC/EMC/VC

82/43.7 0.32/NA 191

PE 2730 43 20 NA 240 1 M NaClO4 in
EC/DMC/EMC

94/NA 0.16/0.17 192

PP/PE/PP 2325 39 25 0.034 620 1 M LiPF6 in EC/DEC 113/66 0.86/0.32 193
PP/PE/PP 2320 39 20 0.028 530 1 M LiTFSI in

DOL/DME + LiNO3

68/NA 0.82/NA 192

PP/PE/PP 2340 45 38 0.035 780 1 M LiTFSI in
DOL/DME + LiNO3

NA/68 0.4/NA 194

GF/A 65.5 260 1.6 4.3 1 M NaClO4 in PC NA NA/0.27 195
GF/C 66 260 1.2 6.7 1 M NaClO4 in

EC/PC
360/NA 1.674/0.91 196

GF/D NA 675 2.7 2.6 1 M NaClO4 in
EC/PC/FEC

NA 6.45/NA 197
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have openings even in the 1.2−2.7 μm range. Figure 4c
illustrates these dimensions, showing that it is straightforward
for the polysulfides to migrate through either structure. If a
dense and insulating layer of solid sulfides, e.g., Li2S and Li2S2,
forms on the electrode surface, passivation can result. The
electrically insulating polymer or glass frit separator will not
sustain an appreciable electrical current necessary for
dissolving the solid polysulfide species. Progressively more
sulfur fails to be utilized with increasing cycle number, with the
passivating layer thickening and further deteriorating the cell
performance.121 For the above reasons, the baseline untreated
polymer separators pose significant problems for metal−sulfur
batteries, more so than they would for conventional ion
batteries with ceramic cathodes and graphite or silicon anodes.
The unsatisfactory performance of untreated separators
appears to be worse with Na−S and K−S versus Li−S cells,
with the battery community consistently favoring glass frit
separators for both. However, due to their large pore size, the
glass fiber frits employed for Na−S and K−S show no ability to
block polysulfides. They are also not effective in blocking
dendrites despite the high elastic modulus of glass. Facile
dendrite growth occurs through the larger openings of the frits,
without the need to mechanically “punch through” the
structures.198 The Se- and SeS-based systems encounter
analogous problems based on the inability of commercial
separators to block polyselenide (PSe) crossover.
Figure 5 shows an “ideal” functional metal−sulfur/selenium

separator. It is expected to promote electrolyte wetting on itself
and on both electrodes, catalyze the redox kinetics at the
cathode, homogenize the ion flux across it, suppress soluble
species crossover from the cathode to the anode, and suppress
dendrite growth at the anode. These positive functional
separator attributes will be discussed next in regard to Li−S,
Na−S, and K−S batteries and Se-based analogs.

7. FUNCTIONAL SEPARATOR AND INTERLAYER
ADJACENT TO THE CATHODE

On the cathode side, the utilization of active sulfur/selenium is
hindered by shuttle of polysulfides/polyselenides, passivation
of the electrode on its surface due to precipitation of solid
sulfides/selenides, and kinetically sluggish redox kinetics.
Functional separators and interlayers are receiving increasing

scientific focus as a means to simultaneously control these
issues. Per Figure 6, the strategies can be categorized as one or

a combination of blocking PSs/PSes’ migration across the
separator, promoting interfacial charge and mass transfer for
the redox reactions, and acting as an electrocatalyst that
accelerates the redox processes. Functional separators that
block PSs/PSes while being electrically insulating and
noncatalytic are established. Likewise, electrically conductive
but nonelectrocatalytic separators are established too. An
obvious future research direction is to create functional
separator architectures that are explicitly designed to
simultaneously address all three aspects, achieving optimum
performance in each category. This is a complicated endeavor
since various functional coatings are most effective in one or at
most two out of the three categories. The solution may consist
of multiphase structures, including multilayers where, for
example, the outer layer is electrocatalytic while the inner

Figure 5. Schematic illustration of functional separators in rechargeable alkali metal−sulfur/selenium batteries.

Figure 6. Summary of the strategies employed for designing
functional separators/interlayers to enhance the electrochemical
performance of sulfur-based and related cathodes.
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layer(s) blocks PSs/PSes and promotes ion transfer.
Conversely, the functional coatings may be a single layer
architecture but with catalytic phases embedded into or
dispersed on the surface of the PSs/PSes blocking matrix.
There are numerous other embodiments of multifunctional
systems, with wet synthesis and vacuum deposition methods
being ideally suited for such research.

7.1. Blocking the PSs/PSes’ Migration across the Separator

7.1.1. Physical Interactions. For blocking the PSs/PSes’
migration across the separator, an intuitive approach is to cover
the macropores with functional layers which physically inhibit
the diffusional crossover but still allow the alkali ion diffusion.
Theoretical calculations estimate the radii of the solvated Li2S4,
Li2S6, and Li2S8 to be 5.71 Å, 6.60 Å, and 7.21 Å,
respectively.137 By contrast, the Stokes radii of Li+, Na+, and
K+ in propylene carbonate solvents are 4.8 Å, 4.6 Å, and
3.6 Å.199 Comparing the above PS numbers with the pore sizes
of separators and the openings available with multifunctional
separators (textural properties of carbons and graphenes, space
between particles and between layers, etc.), it is apparent in
most cases that physical passage across the separator is
probable. The dimensions of the polysulfides are sufficiently
small that only micropores would be effective physical
blockers. While many materials are predominantly micro-
porous, there are always some mesopores and macropores,
even if these are the openings between individual particulates,
sheets, etc. In fact, “physical blockers” with a broad range of
pore size distributions have been experimentally demonstrated
to be effective. The efficacy likely derives from a chemical
interaction between the polysulfides and the functional layers,
which operates in parallel to the physical blocking and prevents
crossover through relatively large pores. It is the firm opinion

of this article’s authors that chemical trapping, to a varying
extent, is always necessary for effective confinement.
Manthiram et al. first reported the application of porous

MWCNT paper inserted between the cathode and the
separator for blocking the shuttle of LiPS intermediates across
the separator.34 The high electrical conductivity of the carbon
interlayer also endowed the cell with reduced interfacial
resistance, allowing it to act, in effect, as a secondary current
collector. With this interlayer, the cell exhibited significantly
improved initial discharge capacity and cyclability versus the
baseline:1446 mAh g−1 vs 671 mAh g−1 at 0.2C and 962 mAh
g−1 vs 330 mAh g−1 after 50 cycles at 0.2C. In subsequent
work, the same group employed microporous carbon paper
(MCP) to mitigate the detrimental shuttling effect. Those
results are illustrated in Figure 7a.200 Figure 7b indicated the
decrease in the charge-transfer resistance of the battery with
MCP. The MCP had both micropore and small mesopore (less
than 5 nm) and enabled the Li−S cell to retain over 1000 mAh
g−1 after 100 cycles at the 1C rate. Figure 7c reveals the
reduced surface area of MCP after cycles, due to the capture of
soluble LiPSs within pores, which could, in principle, be
recycled. To validate the potential of separator/interlayer
modification, the authors further compared the electrochemical
performances of different cell configurations, one based on a
sulfur/microporous carbon (MPC) composite cathode with a
pristine separator and another based on a pure sulfur cathode
with an MPC-coated separator.122 The first configuration
showed the faster capacity fading and poorer sulfur utilization
during cycling than the second configuration: a fade from 1060
mAh g−1 to 570 mAh g−1 after 50 cycles at 0.2C versus from
1214 mAh g−1 to 707 mAh g−1 after 200 cycles at 0.2C.
Inspired by these pioneering works, various porous carbons,
from one-dimensional to three-dimensional, have been

Figure 7. (a) Schematic configuration of a Li−S cell with a bifunctional microporous carbon paper (MCP) interlayer inserted between the sulfur
cathode and the separator. (b) Electrochemical impedance spectroscopy plots of Li−S cells with and without MCP. (c) Isotherms of the
microporous carbon powder, MCP, and MCP as an interlayer in the Li−S cell at the 1C rate after 100 cycles. (d) Schematic configuration of the
layer-by-layer MWCNT/PEG-coated separator. (e) Scanning electron microscopy (SEM) images of the scratched fresh separators with MWCNT/
PEG coatings. Panels a−c are reproduced with permission from ref 200. Copyright 2012 Springer Nature. Panels d and e are reproduced with
permission from ref 215. Copyright 2016 Royal Society of Chemistry.
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employed. Carbon nanofibers (CNFs),174,201−205 carbon

tubes,206,207 porous graphene,208 carbon flakes,209 hierarchical

carbon spheres,210 acetylene black mesh,211 mesoporous

carbon,212,213 and carbon black35,214 have been incorporated

onto the separator to block LiPSs, LiPSes, NaPSs, and NaPSes
species. The associated results are compiled in Table 7.
Such approaches have also been extended to Na metal

systems. Jiang et al. demonstrated the feasibility of fabricating a
PSes barrier for Na−Se batteries. KOH-activated carbon black

Table 7. Summary of Functional Separators/Interlayers Created to Immobilize PSs or PSes and Their Performance
Characteristics

Separatora
Film mass loading (mg cm−2)

/Film thickness (μm) Cathode
Active materials

loading (mg cm−2) Liquid electrolyte
Cyclability (mAh g−1)

after n cycles Ref

Li−S
PP + MWCNTs NA S NA 1.85 M LiOTf in

DOL/DME + LiNO3

855 (100th) at 0.5C 34

PP + microporous carbon
paper

NA S NA 1.85 M LiOTf in
DOL/DME + LiNO3

846 (150th) at 2C 200

PP/Super P carbon 0.2/20 S 1.1−1.3 1.85 M LiOTf in
DOL/DME + LiNO3

828 (200th) at 0.2C 35

PP/mesoporous carbon 0.5/27 S 1.55 1 M LiTFSI in
DOL/DME + LiNO3

1021 (100th) at 0.2C 213

PP/MWCNTs@PEG 0.26/6.7 S 1.6 1 M LiTFSI in
DOL/DME + LiNO3

490 (500th) at 1C 203

PP/PE/PP + UCM NA/100 S/LCM 1.35 1 M LiTFSI in
DOL/DME + LiNO3

691 (300th) at 0.5C 219

PP/porous graphene 0.54/10 S/CNT 1.8−2.0 1 M LiTFSI in
DOL/DME + LiNO3

877 (150th) at 0.5C 208

PP/2D carbon 0.16/15 S 1 1 M LiTFSI in
DOL/DME + LiNO3

683 (500th) at 0.5C 209

PP/MOF(Ni3(HITP)2) 0.066/0.34 S/CNTs 8 1 M LiTFSI in
DOL/DME + LiNO3

905 (200th) at 0.5C 220

Celgard Separator/
Cu2(CuTCPP)

0.1/3 S/Carbon black 2.0 1 M LiTFSI in
DOL/DME + LiNO3

604 (900th) at 1C 221

PP + BN/Graphene NA/1 S/CNTs NA 1 M LiTFSI in
DOL/DME + LiNO3

700 (1000th) at 1C 222

PP/Co9S8 NA/∼15 S 2 1.85 M LiOTf in
DOL/DME + LiNO3

530 (1000th) at 1C 223

PP/Laponite nanosheets 0.7/3.5 S 1.0−1.2 1 M LiTFSI in
DOL/DME + LiNO3

756 (500th) at 1C 224

PP/MoP/rGO 0.45/10 S/CNTs/
Acetylene black

3.88 1 M LiTFSI in
DOL/DME + LiNO3

760 (300th) at 0.5C 225

PP/Red phosphorus/
Carbon

0.3/8 S/C 2 1 M LiTFSI in
DOL/DME + LiNO3

729.6 (500th) at 1C 226

Li−Se
DMTA-COF + ceramic NA Se 3 1 M LiTFSI in

DOL/DME + LiNO3

126 (700th) at 6C 227

PP/CTAB-CNTs-Ti3C2Tx 0.09/0.27 Se/Carbon black 2.1 1 M LiTFSI in
DOL/DME + LiNO3

485 (100th) at 0.1C 16

PP/Graphene 0.3/5 Se 4 1 M LiTFSI in
DOL/DME + LiNO3

331 (1000th) at 0.5C 228

PP + N,S-doped Graphene 0.65/32 Li2Se8 5 1 M LiTFSI in
DOL/DME + LiNO3

330.7 (500th) at 1C 229

Li−SeS2
PP + Graphene/TiN NA SeS2/MWCNTs 2.3 1 M LiTFSI in

DOL/DME + LiNO3

511 (500th) at 1A g−1 230

Celgard Separator/
TPB-DMTP-COF

0.2/14 SeS2/MWCNTs 4 1 M LiTFSI in
DOL/DME + LiNO3

416.3 (800th) at 1C 231

Celgard Separator/Super P NA SeS2/Super P 2 1 M LiTFSI in
DOL/DME + LiNO3

365.7 (200th) at 0.5C 231

Na−Se
GF/Porous Carbon NA Se/Activated

CNFs
4.4 1 M NaClO4 in

EC/DMC
334 (200th) at 5C 136

PP/CTAB-CNTs-Ti3C2Tx 0.09/0.27 Se/Carbon black 1.8 1 M NaClO4 in
EC/DEC

450 (300th) at 0.5C 16

Na−S
GF/FPNs-G NA/10 S/Porous carbon 0.68 1 M NaClO4 in EC/PC 396 (800th) at 0.5C 232
GF + Teflon-lined carbon NA S/CNTs/

Graphene
NA 1 M NaClO4 in EC/PC 650 (100th) at 0.1C 233

GF+PVdF-HFP-BN NA/207.2 S 0.8−1 1 M NaClO4 in
TEGDME

570 (100th) at 0.5
A g−1

234

a“Separator + Material” represents the case of introducing the self-standing interlayer into the interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.
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was coated on a glass frit separator, with an areal loading of 0.3
mg cm−2.136 The porous carbon coating blocked the free
migration of high-order sodium polyselenides through the
separator. No obvious color change was observed on the back
side of the postcycled carbon-coated separator. As a result of
suppressed PSes migration, Na−Se batteries with the func-
tional separator displayed minimal self-discharge. Capacities of
599, 578, 572, 571, 567, 566, and 561 mAh g−1 were retained
after storage for 0, 1, 2, 3, 4, 5, and 6 months in the charged
state. In comparison, the pristine separator resulted in rapid
capacity fade in the charged state, going from 598 to 340 mAh
g−1 after six months. This approach, using KOH-activated
porous carbon, serves as a good example of why there is likely a
chemical interaction in addition to the physical one. It is well-
known that KOH activation introduces significant O and OH
functional groups to the porous carbon surface.15,216−218

Therefore, what the PSes saw was a reactive polar surface,
rather than the ideally inert surface of a pure carbon. More
research is needed to understand the role of carbon’s surface
moieties, always present to some extent on the pore surface, in
attracting various polysulfides and polyselenides. For a given
carbon-based functional separator architecture, would its
efficacy in preventing crossover depend on the type of surface
functionality coverage? What about the case where there are
“only” O and -OH groups that are an incidental byproduct of
carbon processing?
To date there is no clear consensus regarding what porous

structure and pore size distribution in a carbon would make for
an optimum physical polysulfides/polyselenides barrier. Micro-
pores are known to be effective in capturing, storing the
soluble sulfur or selenium species, and keeping it accessible as
an active material for further reutilization.219 The larger
mesopores are generally inferior in their trapping efficiency
than the micropores. However, they may channel the
electrolyte containing the dissolved PSs/PSes into the
microporous trapping sites (pores are interconnected) and
facilitate the reactivation of the trapped active material.202 As
mentioned earlier, the chemical functionality of the surfaces is

likely the missing link in providing a comprehensive taxonomy
of the various carbons’ functional properties. Other carbon
macroscopic properties that should be further considered are
the particle/tube/sphere etc. packing, the interlayer thickness,
and the total mass loading. The most facile diffusional pathway
of dissolved species is along the largest gaps, which could be
the space between the packed particles rather than through the
particles themselves. Given that such spacing is fairly large,
being on the same scale as the particle sizes, surface-
functionality-driven chemical interactions appear even more
important for preventing crossover.
Per Figure 7d, Luo et al. designed a layer-by-layer separator

coating comprising multiwalled nonporous carbon nanotubes/
polyethylene glycol (MWCNTs/PEG).215 Figure 7e shows the
corresponding microscopic structure. The nonporous nano-
tubes with low surface area supplied separator with limited
LiPSs trapping sites. Instead, the LiPS confinement was
nominally due to the high tortuosity created by the interwoven
MWCNT framework and the layer-by-layer structure.
Yang and co-workers designed a hybrid coating of Li4Ti5O12

(LTO) nanospheres between graphene layers on a separator
for blocking LiPS migration, in which the space between the
nanospheres served as ionic conductive channels.235 The
method of coating was found to play an important role in
polysulfide immobilization by affecting the stack structure of
graphene. Per Figure 8a and c, the vacuum-filtration method
induced an oriented stack of graphene parallel to the separator,
with a coating thickness of 35 μm (termed as G-LTO@PP).
For the separator prepared by blade-coating (G-LTO+PP),
graphene stacked in a disordered manner, per Figure 8b and d.
The coating was thicker (45 μm) and looser, where open
channels favored the facile electrolyte flow. As a result of
comparatively smaller inner spaces in the G-LTO@PP
separator, the diffusion of polysulfides across it occurred
more slowly than across the G-LTO+PP separator. Corre-
sponding rate and cycling performances revealed the improved
sulfur utilization ascribed to the optimized separator coating.
The cell with the G-LTO@PP separator delivered a reversible

Figure 8. (a and b) SEM images of the surfaces of fresh G-LTO@PP and G-LTO+PP separators. (c and d) Cross-sectional SEM images of fresh G-
LTO@PP and G-LTO+PP separators. Reproduced with permission from ref 235. Copyright 2016 Elsevier.
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capacity of 709 mAh g−1 at 2C and a retention of 85.6% after
300 cycles at 0.3C, versus 467 mAh g−1 and 52.4% with G-
LTO+PP.
The chemically inert micrometer-scale pores of commercial

separators are too large to block LiPSs. Researchers have
employed organic polymerization on the pore walls of the
polyolefin separator to improve the blocking. Polymers adhere
to the separator walls and result in a shrinkage in the mean
pore size. For instance, Sun et al. designed a polypyrrole (Ppy)
modification layer on a Celgard separator, leading to pores in
the 30−50 nm range.187 Other polymers including polydop-
amine and polymerized nylon-66 have been employed as well
with some success.236,237 Yu et al. incorporated a specific
polymer with intrinsic nanoporosity (termed as PIN) into the
pores of the PP separator, significantly narrowing the pore size
distribution.238 Complementary molecular dynamics (MD)
simulation revealed that the pore size of PIN was less than 2
nm, which would enable more efficient LiPS blocking.
Experiments verified its potential in abating polysulfide
crossover, allowing for 81.7% capacity retention after 200
cycles at 0.1C, versus only 4.5% in the pristine separator
baseline.
Luo et al. demonstrated an increase in working ion

resistance (from 3.6 Ω to 5.1 Ω) after coating polymerized
nylon-66 into a graphene-coated polypropylene separator.237

As a consequence, the Li−S cells had lower reversible capacity
at fast charge (0.5C and 1C) than those with graphene-coated
polypropylene but without nylon. These results were an
excellent demonstration that too small a porosity is actually
deleterious for cell performance and implies that better
performance is achieved with larger separator pores, but
which are chemically active enough to trap the crossover
species. The compromised ionic conduction across the
separator results from decreased total porosity ε (fraction of

pore volume to total volume) and from increased tortuosity τ,
which is related to the pore size distribution as well as to the
packing characteristics. This can be inferred from eqs 3 and 4.
An emerging strategy is to promote separator surface−
electrolyte interactions by employing strongly polar and
electrolyte-philic polymers. This may remedy the negative
impact from pore volume and tortuosity factors, leading to
enhanced ionic conductivity (σeff) in a modified separator. For
instance, a Ppy-modified separator wetted by liquid electrolyte
was shown to display improved ionic conductivity versus a
regular Celgard separator (0.39 vs 0.32 mS cm−1), despite a
significant shrinkage in the pore sizes (micron scale vs 30−50
nm).187 The improved ionic conductivity relates to the
hydrophilic surfaces of the polypyrrole, which was also
demonstrated by improved electrolyte uptake versus the
baseline (108% vs 70%).
Metal−organic frameworks possess large surface areas and

highly ordered pores with tunable nanoporosity. Metal−
organic frameworks are based on a coordination network,
comprising inorganic nodes which form the “corners” of the
pores and organic linkers that connect these nodes together.
The metal’s coordination preference and ligand type both
determine the size and shape of pores by dictating the
coordination number and the ligand orientation.239 Covalent
organic frameworks (COFs) are porous organic polymers with
ordered pores. Covalent organic frameworks are composed of
light elements (such as H, C, B, N, and O), in which the
building blocks are connected by covalent bonds.240−243

Metal−organic frameworks and COFs with nanosized channels
can be suitable separator coating materials for Li−S and other
metal batteries and beyond. While nominally their efficacy
derives from the size difference between pores and soluble
species, it is likely that chemical interactions also contribute to
the trapping mechanisms.

Figure 9. (a) Schematic of MOF@GO separators in lithium−sulfur batteries. (b) SEM image of the multilayered MOF@GO separator. The inset
shows a digital photo along the MOF side. (c) SEM image of the GO layer. The inset shows a digital photo along the GO side. Polysulfide
permeation measurements in the V-type permeation devices with (d) a MOF@GO separator and (e) a GO separator. Reproduced with permission
from ref 244. Copyright 2016 Springer Nature.
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Zhou et al. worked to improve Li−S batteries, coating the
separator with GO and Cu3(BTC)2 MOFs (HKUST-1, BTC =
1,3,5-benzenetricarboxylic acid), as shown in Figure 9a and
b.244 The MOFs contained ordered microporous channels with
a size window of only 9 Å. In order to verify the LiPS blocking
function of the MOF layer, they conducted permeation
experiments by employing V-shaped devices, in which Li2S6
solutions (left side) and Li2S6-free blank electrolyte were
separated by different separators. These results are shown in
Figure 9d and e. The prepared MOF@GO separator could
intercept LiPSs, while the sole GO interlayer (Figure 9c) had
poor suppression in LiPSs permeation, nominally because its
spacing allowed passage. The battery with a MOF@GO
separator held an initial capacity of 1207 mAh g−1 at 1C and a
slight fade of 15 mAh g−1 from the 100th to the 1500th cycles.
The battery with the GO separator exhibited a lower capacity
retention rate of only approximately 23%.
Targeting rechargeable Li−SeS2 batteries, Wang et al.

prepared a TPB-DMTP-COF-coated separator (TPB = 1,3,5-
tri(4-aminophenyl)benzene, DMTP = 2,5-dimethoxytereph-
thalaldehyde).231 Nitrogen adsorption/desorption isotherms
revealed an intrinsic pore size of 3 nm within TPB-DMTP-
COF, which is larger than the dimensions of polysulfides and,
likely, polyselenides. It was found that the pore size reduced to
0.9 nm after soaking the COF in the Li2S6/LiTFSI solution
(LiTFSI = lithium bis(trifluoromethanesulfonyl)imide) but
remained unchanged while soaking in the Li2S6 solution
without lithium salt. The shrinkage of pores was inferred to be
a result of the preferential adsorption of LiTFSI salt in the
channels of COFs. This, in consequence, contributed to an
increased polysulfide blocking effect, with little transport of
Li2S6 species across the separator found after a 48 h
permeation experiment. Accordingly, the Li−SeS2 cell with a
TPB-DMTP-COF-coated separator delivered a higher capacity
of 849.2 mA h g−1 at 0.5C, versus 327.4 mAh g−1 in the case of
a pristine separator. This study raises an interesting important
point that it is not only the size of the intrinsic pores in the
functional separator that matters but also how this size is
modified during electrochemical testing through the adsorp-
tion of secondary species from the electrolyte. This is another
aspect that should be further studied for a range of cathode and
electrolyte systems. Starting with a known pore size
distribution in the starting separator, what is the pore size
distribution at cycle 1, cycle 10, cycle 100, etc.? A related query
is how much of the observed capacity loss is attributable to
separator pore blockage and the associated diffusional
limitations of the working cations? Is there such as thing as
being too effective; that is, while at first secondary species’
adsorption leads to blocking of polysulfides and polyselenides,
at a certain point is ionic flow also impeded? Are there
secondary pretreatments that can take a fairly wide pore size
distribution in the as-fabricated functional separator and
further narrow it to the targeted dimensions? Conversely,
could “clogging” species from the electrolyte be prevented
from adsorbing beyond the targeted levels? In general, more
work is needed to understand the evolution of porosity in
functional separators with extended cycling, electrolyte types,
additives, etc. Separator porosity changes should also be
examined for as-received unmodified separators, since they are
designed for LIBs with ceramic cathodes and carbonate
electrolytes.
Despite the highly ordered pores within MOF and COF

backbones, there are inevitable spaces between the particles

which are much larger in size. Considering the standard theory
of particle packing, a 66% packing density is achieved for
monosized spheres with the open spaces between the particles
being on the same scale as the particle sizes. This means that
even for 10-nm-scale particulates, there is plenty of space for
the crossover species to get through. Materials such as
advanced 2D and 3D carbons are usually much larger, being
up to tens of microns in their maximum dimensions. Based on
physical blockage only, and assuming no secondary adsorption
of species from the electrolyte, dissolved polysulfides and
polyselenides species are very likely to pass through the
separator along such gaps. The intermediate PS or PSe species
are inherently polar while surfaces of pure carbons (no surface
groups) are nonpolar. This leads to the weak van der Waals
interaction with bonding energy ranging from −0.1 to −0.7
eV.218 It necessitates the other materials with stronger
interaction with intermediates, including carbons with
heteratom moieties.

7.1.2. Chemical Interactions. Chemical interactions
include polar−polar interaction, Lewis acid−base interaction,
and catenation interaction, which can dependently or
synergistically contribute to the strong affinity of polysulfides
to functional separator materials. Figure 10 summarizes the

affinities of nonpolar carbon and polar materials toward
representative Li2S4 and Li2S6 species. The interaction appears
much stronger in polar materials and, therefore, makes them
promising candidates of effective polysulfides barriers (Table
7).
Polar molecules possess separate centers of positive and

negative charge, which correspondingly results in an electric
dipole or multipole. Polar molecules will strongly interact with
each other (polar−polar interactions) through dipole−dipole
intermolecular forces, which are much stronger than forces
between polar and nonpolar molecules. Therefore, polar
coatings on modified separators can strongly anchor similar
polar polysulfide or polyselenide species. The dissociated PS
and PSe anions can be considered as Lewis bases. Lewis acid−
base interactions along with the formation of coordinate bonds
are possible between these anions and various Lewis acids
present on functional separators. This will cause soluble
intermediates to be immobilized.

Figure 10. Binding energies of carbon and polar compounds with
Li2S6 and Li2S4.
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Introduction of heteroatoms (such as nitrogen, oxygen,
boron, phosphorus, sulfur, or codoping) into carbonaceous
materials can offer tailored polarity and intense polar−polar or
Lewis acid−base interactions with soluble PS and PSe
species.222 Heteroatom doped carbon interlayers or coatings
on separators have been demonstrated to be effective in
trapping of active species.212,245 At the atomic scale, the
difference in the electronegativities of carbon and heteroatoms
(B, N, O, S, and P) can redistribute electrons and, hence,
increase the polarity of the carbon. For instance, boron
possesses lower electronegativity than carbon. When integrated
into the carbon framework, the B doped sites lead to increased
binding energy with sulfides (i.e., Li2S2) compared to undoped
carbon (1.535 eV vs 0.315 eV).222 Conversely, the electro-
negative N atoms give basic surfaces. The pyridinic and
pyrrolic N atoms with an extra pair of electrons can strongly
interact with the electropositive alkali ions within PS or PSe
species.212,246−250 Taking Li−S as an example, the binding
energy of Li2S, Li2S2, Li2S4, Li2S6, and Li2S8 on pyridine N
doped graphene is 2.29, 2.40, 1.85, 1.73, and 1.99 eV,
respectively.251 For pyrrolic N doped graphene, the Li2Sx (x =
1, 2, 4, 6, and 8) binding energies are 1.68, 1.81, 1.40, 1.17, and
1.81 eV, respectively, far above that of pristine graphene, which
is below 0.5 eV.251

Per Figure 11a, porous nitrogen doped carbon nanosheets
were fabricated by a templating strategy and then were coated
onto a separator by vacuum filtration (G@PC/PP).252 Figure
11b−e shows that the nitrogen doped nanosheets were closely

stacked with a “brick-wall” structure and a thickness of about
0.9 μm. The G@PC possessed a N content of 4.5 at %. Aided
by both physical and chemical (due to N moieties) trapping of
LiPSs, the Li−S cell with G@PC/PP delivered an initial
reversible capacity of 1416 mAh g−1 at 0.05 C, substantially
higher than with the pristine PP separator at 1126 mAh g−1.
Those results are illustrated in Figure 11f. As baselines, other
low-N-content (2.0 at %) and undoped carbons were also
adopted to modify separator using an analogous fabrication
approach. As shown in Figure 11g, G@PC/PP exhibited an
initial reversible capacity of 1285 mAh g−1 and a capacity
retention of 92% after 100 cycles at 0.2C. A comparable
functional separator but with 2% nitrogen content in the
carbon gave an inferior capacity retention of 86% after 50
cycles, indicating the necessity of chemical interactions
between N atoms and LiPSs.
Furthermore, a codoping strategy, e.g., N and S, N and P, has

been applied to separator modification, delivering a synergistic
enhancement for PSs and PSes trapping over singly doped
carbons.253,254 On the basis of strong chemical confinement of
polyselenides by nitrogen and sulfur atoms, a lightweight N,S-
codoped graphene blocking layer was employed for Li−Se
batteries.229 The interlayer enabled a reversible capacity of
330.7 mAh g−1 at 1C after 500 cycles, while negligible capacity
was retained when the interlayer was absent. Polar functional
groups such as hydroxyl, epoxy, ether, ester, carboxyl, and
amino groups can strongly bind with PSs and PSes. For
instance, the electron-rich functional groups, including

Figure 11. (a) Schematic illustrating the synthesis procedure for the G@PC functional layers. (b) SEM image of the pristine PP separator. (c) Top-
down and (d) low- and (e) high-magnification cross-sectional SEM images of the G@PC/PP separator. (f) Charge/discharge curves of the G@
PC/PP cell at 0.2C. (g) Cycling performances of the G@PC/PP, PC/PP, G/PP, CNT/PP, CB/PP, and PP cells at 0.2C. Reproduced with
permission from ref 252. Copyright 2018 Elsevier.
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ketones, hydroxyl groups, and cyclic oxygen, possess binding
energies ranging from −0.8 eV to −1.52 eV with Li2S4 and are
apt to form a strong Li−O bond with LiPSs through Lewis
acid−base interaction.255 The corresponding interactions are
higher than that between the nonpolar graphene and Li2S4,
reported as −0.39 eV.255 Carbon with polar group moieties
was coated onto separator for more effective LiPS capture.
Examples of such carbons are hydroxyl-functionalized carbon
nanotubes (CNTOHs)218 and carbon quantum dots with
oxygenated functional groups.256

Polymer-coated separators show promise for immobilizing
polysulfides, with their efficacy deriving from chemical
interactions as well. Jiang et al. designed a functional composite
separator comprising Fe3+/polyacrylamide nanospheres
(FPNs) and graphene, which enhanced the performance of
Na−S batteries.232 The polyacrylamide contained amide
groups which served as the Lewis base. To demonstrate the
chemical interaction between the polymer and soluble NaPS
species, FPNs were added to a Na2S6-containing solution,
which was analyzed by Fourier transform infrared (FTIR)
spectra. New stretching vibration peaks attributed to the
stretching vibrations of the Na−O/Na−N bonds appeared in
the spectra, demonstrating the Lewis acid−base interaction
between polyacrylamide and NaPSs. The functional separator
displayed improved NaPS trapping and reutilization efficiency,
leading to a higher long-term capacity retention over the
baseline: 73% after 400 cycles at 0.1C versus 53% for the bare
separator. Some polymeric binders only ensure the adhesion of
functional materials onto the separator but also chemically
interact with and immobilize the soluble species. Examples
include polyethylene glycol (ether groups),122,215 chitosan
(hydroxyl and amino groups),257,258 gum arabic (ketones,
hydroxyl groups, and cyclic oxygen),255 and poly-
(vinylpyrrolidone) (amide groups).208

Metal oxides such as Al2O3, SiO2, TiO2, SnO2, and MnO2
have been demonstrated as effective separator coatings due to
their polar interactions with PSs.175,259−264 Huang and co-
workers employed a graphene sheet/TiO2 film, which trapped
LiPSs by physically (and likely chemically) interacting with the
graphene and by chemical adsorption on the TiO2 surface via
formation of the S−Ti−O bond. This was highly effective in
reducing the loss of active sulfur from the cathode.176 The Li−
S cells with solely the graphene film were significantly less
stable. Nazar and co-workers confirmed that the oxygen groups
of MnO2 could react with polysulfides in situ to form surface-
bound thiosulfate (S2O3

2−).265 These groups could serve as a
redox shuttle by anchoring long-chain LiPSs from solution by
generating polythionate [O3S2-(S)x−2-S2O3]

2− complexes and
reversibly converting them into insoluble short-chain LiPSs.
The mechanism represents another chemical adsorption mode,
termed catenation interaction, that prevents LiPS dissolution
into the electrolyte. On the basis of dual chemical adsorption
modes, Wang et al. developed a functional separator coated
with MnO2/graphene oxide/carbon nanotubes, termed G/
M@CNT, for Li−S batteries.175 The G/M@CNT film was
effective at suppressing the self-discharge behavior of the cell,
with 93% capacity retention after 20 days of storage. By
contrast, the cell equipped with pristine separator delivered
26% retention, indicative of a major loss of active sulfur during
the resting period. The authors also studied the cycled Li
anodes in cells, employing SEM analysis. In the systems with
the pristine separator, a 60-μm-thick passivation layer with a
high S content was formed on the anode. However, the

passivation layer of the cell with the G/M@CNT function
separator was 20 μm and relatively smooth. These results
revealed the impact of the separator−polysulfides interaction
on the anode and also indicated that even the highly effective
barrier films let some polysulfides across them. At the same
time, these results demonstrated that a passivation layer on the
anode is not extremely deleterious to performance, assuming
that it does not grow too thick. Since most oxides are electrical
insulators, their efficacy as an electrocatalyst is limited without
a supporting conducting phase. For a functional separator to be
effective as a secondary surface for the targeted electrochemical
conversion reactions, there needs to be an electrically
conductive phase in intimate contact with the cathode (but
obviously not shorted to the anode). As a result, oxides with
highly conductive components such as graphene, CNTs, and
Mxene are employed to accelerate the reversible targeted redox
kinetics with sulfur.266,267

Polysulfides’ chemical affinity has also been demonstrated
for phosphorus and for compounds such as transition metal
phosphides, e.g. CoP, MoP, MoP2, and Sn4P3. Both black
phosphorus (BP) and red phosphorus (RP) allotropes strongly
anchor LiPSs through chemical interaction of P with both Li
and S.226,268 Chen et al. reported that RP could react with
LiPSs, forming ionically conductive Li3PO4, which is, in turn, a
sulfur redox electrocatalyst.226 The ionic transport conduc-
tance of the functional separator was incrementally increased
from 6.9 × 10−4 S cm−1 to 9.7 × 10−4 S cm−1 although it is not
obvious how Li3PO4 formation would enable this. After the
same Li2S4 treatment, the baseline RP-free separator showed
only a minimal increase in ionic conductivity, going from 6.8 ×
10−4 S cm−1 to 7.0 × 10−4 S cm−1. The sulfiphilic nature of
metal atoms enables effective chemisorption of polysulfides
through the formation of metal−sulfur bonds, such as the
Mo−S bond between MoP2/MoP and the polysul-
fides.225,269−271

Transition metal sulfides (TMSs), including Co9S8,
223

ZnS2,
272 SnS,272 MoS2,

273 CoS,274 ReS2,
275 WS2,

276 Sb2S3,
277

and VS2,
278 have been employed for functional separator

coating, having the general advantage of being electrocatalyti-
cally active with improved electrical conductivity over oxides.
Cui et al. proposed that 2D layered metal disulfides could
chemically confine LiPSs by forming a Li−S bond with Li2Sx/
Li2S.

279 Likewise, in the Na−S system, Xu et al. observed
strong chemical interaction between MoS2 and Na2S6, with
electrons being transferred from Na2S6 to Mo atoms.280

Accordingly, the XPS Mo 3d peak was shifted to a lower
binding energy. The authors fabricated hollow carbon spheres/
MoS2 (HCS/MoS2)-coated glass fiber as the blocking barrier
for sodium polysulfides. The large gaps between the glass fibers
were covered after the compact coating by HCS/MoS2 which
had a thickness of around 10 μm. A reduction peak at 0.9 V
emerged in the initial cyclic voltammetry (CV) curve of the
Na−S cell with the modified separator. The peak was
attributed to the irreversible intercalation of sodium ions
into the layers of MoS2. The authors argued that the formed
sodiated MoS2 was still effective in chemically adsorbing the
polar polysulfides. With such a functional separator, the Na−S
cell delivered significantly higher initial reversible capacity 1C
than that with glass fiber, being 1090 mAh g−1 versus 633.3
mAh g−1, as well as enhanced cycling life up to 1000 cycles.
Wang et al. engineered selenium cathode interfaces for Li−

Se (ether-based electrolyte) and Na−Se batteries (carbonate-
based electrolyte).16 The authors created a cetrimonium
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bromide (CTAB)/carbon nanotube (CNT)/Ti3C2Tx Mxene
hybrid-modified polypropylene separator, termed CCNT/
Mxene/PP. The Mxene displayed mild adsorption energies
for Li2Se4 (Eb = −0.249 eV) and Li2Se6 (Eb = −0.359 eV) due
to Lewis acid−base interactions between Ti sites and
polyselenides species. The additional incorporation of CTAB
induces stronger polyselenides’ affinity (−1.764 eV for Li2Se4,
−1.697 eV for Li2Se6). It was argued that the anchored CTAB
molecules modified the Mxene substrate surface properties,
such as charge density distribution and wettability, thus being
responsible for the enhanced Lewis acid−base interaction.
Accordingly, the CCNT/Mxene/PP separator showed stronger
Ti−Se bond intensity in the corresponding XPS profile after
the first cycle of Li−Se as compared to Mxene/PP. With strong
chemical adsorption of polyselenides, the hybrid separators
enabled minimal capacity decays for both Li−Se and Na−Se,
being at 0.13% and 0.44% per cycle at 0.1C. The pristine PP
separator had 0.75% and 1.00% decay for Li−Se and Na−Se
systems, respectively.
Polar materials are also capable of improving the electrolyte

wettability and ionic transport of the standard polyolefin
separators (PP and PE) that are hydrophobic. The enhance-
ment is achieved through polar−polar interactions. However,
excessive coatings will compromise the alkali ion diffusion
kinetics across the separator due to the decreased porosity and

increased tortuosity. Conversely, there is also an implicit
requirement that the incorporated functional layer sufficiently
covers the surface such that PS/PSe trapping is retained. A
series of ionic conductors, such as lithiated MoS2,

281

laponite,224 Li4Ti5O12,
235 Li3PO4,

226 and LiF,282 were
incorporated into the carbon framework, for constructing
favorable hybrid separators. These enhanced ionic transfer in
addition to being electrocatalytic. It is doubtful, however, that
the above materials, or similar structures, are able to provide
solid-state ion conduction at rates above that of ion conduction
through electrolyte-filled pores. The enhancement is likely to
rather be a result of improved electrolyte wetting on these
surfaces.
It has been reported that such functional layers undergo

reversible lithiation and sodiation upon cell discharge.175,261

One issue that needs to be further addressed with redox active
functional species, such as various transition metal sulfides, is
their actual contribution to the measured reversible capacity.
Usually, this capacity contribution to the total capacity is
neglected, which is reasonable for layers where the total mass
loading is less than a tenth of the active material loading on the
cathode. However, if the two mass loadings are on the same
order of magnitude, what appears as enhanced stability of the
cathode may in part be additional capacity from the separator.
Therefore, it is important to track and account for the mass

Table 8. Recent Advances on Functional Separators/Interlayers That Immobilize PSs by Electrostatic Repulsion

Separatora
Film mass loading (mg cm−2)

/Film thickness (μm) Cathode
Active materials

loading (mg cm−2) Liquid electrolyte

Cyclability
(mAh g−1) after n

cycles Ref

Li−S
PP/PE/PP/Nafion 0.7/1 S/CNTs 0.53 1 M LiTFSI in

DOL/DME + LiNO3

468 (500th) at 1C 117

PP/GO/Nafion 0.0532/∼0.13 S/G/CNTs 1.2 1 M LiTFSI in
DOL/DME

800 (200th) at 0.5C 118

PP/PE/SO3
− 0.7/0.8 S/Graphene 0.9−1.1 1 M LiTFSI in

DOL/DME + LiNO3

626 (1000th) at
0.25C

119

PP/Sulfonated acetylene
black

0.13/10 S/C-PANI 3 1 M LiTFSI in
DOL/DME + LiNO3

939 (100th) at
0.75C

120

PP/Sulfonated UiO-66
MOFs/Nafion

1.1/4 S/rGO 1.7 1 M LiTFSI in
DOL/DME

845.7 (200th) at
0.2C

285

PP/(rGO)/sodium
lignosulfonate

0.2/NA S/C 1.5 1 M LiTFSI in
DOL/DME + LiNO3

649 (500th) at 2C 284

Al2O3/PEP/Lithiated Nafion NA/5 S/rGO 1 1 M LiTFSI in
DOL/DME + LiNO3

∼790 (1000th) at
1C

286

Al2O3/PP/MOFs/Sulfonic
polymer

NA S/CNTs 2.4 1 M LiTFSI in
DOL/DME + LiNO3

1000 (1000th) at
1C

283

PVDF/UiO-66-SO3Li NA/22 S/CMK3 2.0 1 M LiTFSI in
DOL/DME + LiNO3

580 (500th) at 0.5C 185

Na−S
PP/Sodiated Nafion NA/0.5 S/C 2 1 M NaClO4 in

TEGDME
350 (20th) at 0.1C 287

Sodiated Nafion/CNFs NA Na2S6/CNFs/AC ∼0.85 1.5 M NaClO4 in
TEGDME + NaNO3

550 (100th) at 0.2C 288

Sodiated Nafion/AC-CNFs 0.2/30 Na2S/AC-CNFs ∼0.9 1.5 M NaClO4 in
TEGDME + NaNO3

∼580 (100th) at
0.2C

289

GF/Al2O3-Nafion NA/8.5 Na2S5/Carbon NA 1 M NaOTf in
TEGDME

250 (100th) at 0.1C 290

PMTFSINa-grafted PP NA S/Mesoporous C 0.5−0.8 1 M NaTFSI in
PC/FEC

716 (200th) at 0.1C 174

K−S
PP/PE/PP + Potassiated
Nafion + Carbon paper

NA S/CNTs 0.478 KFSI in DME
(nsalt:nsolvent = 0.5)

720 (1st) at 0.05
A g−1

71

184 (5th) at 0.05
A g−1

a“Separator + Material” represents the case of introducing the self-standing interlayer into the interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.
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loading of ion active materials on the separators. Employing
thick redox active functional layers should not be perceived as
“cheating”, however, as long as the extra weight is entered into
the capacity calculations. Rather, having what is, in effect, a
redox active bilayer, with the primary active material on
current collector plus a different material on the separator, may
be viewed as a clever method for boosting the overall areal
capacity and energy. Therefore, more research focusing on
thick (yet ion and electrolyte permeable) redox active
functional coating is encouraged.
7.1.3. Electrostatic Repulsion. A strategy based on

electrostatic repulsion has been established for achieving
permselectivity. This strategy employs a charge repulsion
effect between the anionic groups such as SO3

−, COO−, and
CO− on the functional separator and the solution-dissolved
polysulfide anions (Sx

2−) for achieving permselectivity. Various
studies to employ this approach to inhibit crossover are
summarized in Table 8. Moreover, the anionic functional
groups have been reported to improve the kinetics of cation
diffusion in the electrolyte, contributing to the lower chemical
polarization and improved rate capability.283,284

Zhang and co-workers employed Nafion film coatings on
separators to improve the performance of Li−S batteries, since
Nafion contains anionic sulfonate-ended perfluoroalkyl ether
groups.117 The film acted as a cation permselectivity sieve
which allowed Li+ ions but rejected polysulfides due to the
electrostatic repulsion. A Nafion loading of 0.7 mg cm−2 was
necessary to achieve performance, balancing conformality with
not increasing the diffusional polarization with thicker films.
The functionalized separator stabilized the fade at 0.08% per
cycle at 1C for over 500 cycles, versus the baseline at 0.13%
decay per cycle. The authors developed an ultrathin repulsive
layer composed of graphene oxide (GO) and Nafion.118 The

GO was loaded at 0.0032 mg cm−2 and served as a compact
substrate enabling for the uniquely low mass loading of Nafion
at 0.05 mg cm−2.
Various anionic functional-group-terminated materials,

including acetylene black,120 modified MOFs,185,283,285 gra-
phene,284 and MWCNT,205,291 have been demonstrated to
improve the permselectivity of the separator as well. Per Figure
12a and b, Duan et al. combined rGO with lignosulfonate
(SL), which had abundant sulfonic groups by a cross-linking
reaction, and then coated the composite (rGO@SL) onto a PP
separator.284 The measured negative surface zeta potential of
−75.14 mV indicated that there would be an electrostatic
repulsion between polysulfide anions and the modified
separator, which was ascribed to the grafted sulfonic groups
(SL-SO3

−). Theoretical stimulation quantified the interaction
energies between SL-SO3

− and LiPSs anions, which appeared
more repulsive as the chain length of the polysulfides
increased. The calculated values were 0.94 eV, 0.72 eV, 0.64
eV, and 0.46 eV for S8

2−, S6
2−, S4

2−, and S2
2−, respectively.

Figure 12d shows the concentration of LiPSs adjacent to the
separator and the corresponding Raman signal. Polysulfides
were almost negligibly present near the rGO@SL surface but
increased in concentration with distance. According to Figure
12c the cell with the rGO@SL/PP separator delivered a stable
performance with a capacity fade of 0.08% per cycle. A
separator with a coating of rGO/PP and an unmodified PP
separator displayed fades of 0.3% and 0.5%, respectively. The
postcycled separators and Li anodes were compared, as shown
in Figure 12e. After 10 cycles both the pristine and rGO/PP
separators appeared yellow, with the corresponding Li anodes
exhibiting dendrite-like morphologies. By contrast, no LiPS
species were detected on the rGO@SL/PP separator or the

Figure 12. (a) Schematic diagram of the rGO@SL/PP separators for inhibiting the LiPS shuttling effect in Li−S batteries. (b) Molecular structure
of rGO@SL. (c) Cycling performances and Columbic efficiencies at 0.1C for cells with PP, rGO/PP, and rGO@SL/PP separators. (d)
Concentration of LiPSs at different potentials; the inset image shows the LiPS concentration evolution and the corresponding Raman spectra at
points 1, 2, and 3. (e) Digital images and SEM images of the separators and Li metals after 10 cycles. A hole was created on Li foil to allow direct
laser illumination on the separator. Reproduced with permission from ref 284. Copyright 2018 Elsevier.
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corresponding Li anode (confirmed by element mapping),
while the Li metal remained smooth.
The use of electrostatic repulsion to modify separators has

also been explored with inorganic materials, such as with
negatively charged montmorillonite.292 Kim and co-workers
intentionally applied an electric field to polarize ferroelectric
barium titanium oxide (BaTiO3 or BTO).293 The polarized
BTO embedded in the PE separator consequently displayed
strong and persistent polysulfide repulsion. As a result,
overcharging of the Li−S cell was reduced by a factor of 3.
For the PE-BTO separator without pretreatment in an electric
field, the LiPSs shuttling was still extensive, supporting the key
role of electrostatic repulsion.
Zhou’s group investigated the “pore-size effect” of MOF-

functionalized separators for Li−S batteries, employing
operando Raman spectroscopy. It was verified that the
polysulfides adsorbed on metal sites inside MOF channels
rendered extra “sulfur loss” and low initial CE, with irreversible
formation of metal−Sx2− bonds.283 The Lewis acid−base
interaction was more apparent for the MOF separators with
higher pore sizes of 9.0 Å (Ms-9.0), compared to the
counterparts with pore sizes of 2.9 and 3.4 Å (Ms-2.9 and
Ms-3.4). In consequence, this led to more sulfur loss in Ms-9.0
and inferior cell capacity, which was 200 mAh g−1 lower than
the cells with Ms-2.9 and Ms-3.4 at 0.1C. However, Ms-2.9 and
Ms-3.4 separators were encountered with more sluggish Li+

ions transport arising from narrowed pore sizes. With the
expectation of reducing sulfur loss and retaining facile Li+ ion
transport, a negatively charged sulfonic polymer (NSP) was
incorporated into the channels of Ms-9.0. The electrostatic
repulsion of functional channels reduced the irreversible
metal−sulfur interaction. Moreover, the Li+ transference
number of Ms-9.0 was promoted from 0.68 to 0.82 by the
sulfonic modification. The optimized separator structure
enabled the Li−S cell to deliver an initial reversible capacity
of 1279 mAh g−1 with a decay rate of 0.022% per cycle over
1000 cycles. The same group also investigated the interplay
between chemical interactions and electrostatic repulsion. On
the basis of Raman spectroscopy, the polar VOPO4 treated
with LiPSs was demonstrated to evolve into a polysulfide-
phobic interface.294

In the case of Na−S and K−S systems, the cation
permselective Nafion films are generally pretreated with
sodium or potassium ions and aqueous hydroxide solutions,
which ensures ion conductivity in the sodiated or potassiated
film.71,287 The earliest application of sodiated Nafion film in
suppressing NaPSs’ shuttling was reported by Kaskel and co-
workers, employing a cathode of sulfur mixed with
MWCNTs.287 The electrostatic repulsion from the -SO3

−

blocked the dissolved NaPSs, analogously as it would with
the lithium system. Manthiram et al. proposed that the Nafion
film could physically block the migration of the dissolved
NaPSs across it, as the van der Waals size (0.5−5.0 nm) of the
NaPSs was estimated to be on the same order of magnitude as
the inherent porosity of the film.289 Accordingly, the Na ion
selective separator was applied in two different Na−S systems,
a Na2S cathode or Na2S6 polysulfide catholyte.288,289 The
Nafion-based film promoted deep discharge of the Na−S
batteries.288 The cell with the functional separator delivered a
higher retained capacity as compared to the one with a pristine
separator, 550 mAh g−1 after 100 cycles at 0.2C versus 200
mAh g−1after 55 cycles.

Employing the potassiated Nafion film (Nafion-K+) as
cationic selective interlayer suppressed the polysulfides’ shuttle
in a K−S cell, minimizing overcharge as well as anode
degradation.71 However, the cell with Nafion-K+

film still
suffered from the substantial capacity decay, with 184 mAh g−1

remaining after five cycles. The difference in its efficacy versus
Li−S and Na−S seems to be an indication that the K−S failure
may not necessarily be due to polysulfide shuttle. The other
limitations, such as sluggish reaction kinetics, may impede the
high sulfur utilization. Further analysis is needed to understand
the failure mechanisms in the K−S system. Additionally,
electrocatalytic materials for accelerated K−S redox kinetics
should be explored, since there are few reports currently
available.

7.2. Promoting Interfacial Charge and Mass Transfer

The inherently low electronic conductivities of sulfur (5 ×
10−30 S cm−1) and of the discharge products (10−13 S cm−1 for
Li2S) inevitably result in sluggish redox kinetics, higher
polarization, and poor active materials utilization especially at
high sulfur loadings. The secondary carbon phase(s) within a
typical cathode will form a conductive network that
compensates for this. However, when a dense layer of Li2S,
Na2S, or K2S is not inside the carbon host but at the
separator−cathode interface, ionic flow to the underlying
unreacted material can effectively cease. Although the outer
sulfide layer should remain electrically connected to the
underlying current collector through the mutually contacting
carbon host, it is the blocked ionic diffusion that leads to an
impedance rise and a capacity decay. As the sulfide layer
thickens, its IR losses increase, resulting in the inability to
dissolve the layer upon cell charging. Having the functional
separator serve as a secondary electrically conductive interface
aids the overall redox kinetics, including by allowing for
sufficient electrical conductivity so as to dissolve the sulfide
layer. Some reports have demonstrated the advantage of
pasting carbon on polymeric separators over incorporating
them into the cathode for promoting sulfur utilization and
cycling stability.121,122 Ionic flow can be facilitated through the
actual functional separator, which then acts as a fast path for
the Li+, Na+, and K+ to reach the active materials inside the
host. In general, however, it is believed that the overriding role
of an electrically conductive functional layer is to dissolve the
blocking Li2S, Na2S, and K2S surface layers.
Figure 13a illustrates how such a functional separator

prevents the accumulation of a dense passivating layer and the
consequent clogging of the ionic channels. According to Table
9, various carbons and conductive polymeric films have been
employed for functionalizing the separator, including micro-
porous carbon paper,200 a Super P carbon-coated separator,295

a graphene-embedded carbon fiber (GFC) film,250 a
polypyrrole film,187 and a 3D graphene/carbon nanotube
composite framework.296

Cui et al. designed a 2-μm-thick Super P carbon coating for
the separator to prevent the formation of the sulfide blocking
layer in a Li−S cell.295 The carbonaceous film was too thin to
effectively obstruct the migration of LiPSs to the anode,
allowing LiPSs to diffuse back and forth and to precipitate on
the separator−cathode interface. As a result of the electroni-
cally conductive network, only small bridge-like structures were
observed at the interface of the cathode and the Super P-
modified separator after 50 cycles. The presence of inactive S-
related species layers could be prevented by other conductive
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coatings as well, including Ketjen black and MCNTs.
However, the sulfur layers were not dissolved by insulating
coatings such as TiO2 and Al2O3.
Various studies have demonstrated the utility of an

electrically conductive layer at the separator−cathode inter-
face.174,245,274,297,300−304 For instance, the Li−S cell with a
carbon nanofiber@mesoporous δ-MnO2 nanosheet-coated
separator (HM separator) was reported to retain a reversible
capacity of 856 mAh g−1 after 200 cycles.266 However, its
counterpart with a MnO2-coated separator retained 265 mAh
g−1, supporting the key role of the conducting carbon phase.
Zhang et al. examined the actual LiPSs transformation sites on
the functional separator coated with a spider-web-like
nanocomposite.305 The nanocomposite was based on meso-
porous silica (mSiO2) nanospheres and Co nanoparticles that
were threaded by interconnected nitrogen-doped carbon
nanotubes (NCNTs). Experiments revealed that the LiPSs
intermediates were mainly adsorbed and desorbed on the
mSiO2 nanosphere surfaces, due to the strong chemical
interactions. However, the discharge products (Li2S2/Li2S)
were deposited on the conductive networks rather than
nonconductive mSiO2 nanospheres. This study elegantly
illustrates the essential role of multiphase−multifunctionality
architectures in optimizing functional separator performance.
More studies involving similar site-specific analysis are needed,
with a range of possible analytical techniques such as SEM,
TEM, atomic force microscopy (AFM), and tip-enhanced
Raman spectroscopy being well suited to probe the local phase
formation. More broadly, it is evident that the best performing
functional separators are multiphase nanocomposites, with
each phase serving a complementary function, e.g. a phase for
electrical conductivity, a phase for chemical polysulfide
trapping, and a phase for electrocatalytic conversion, all
interspersed at the nanoscale.
Li and Cheng et al. created an integrated separator−current

collector that replaced a standard Al for the cathode side

Figure 13. (a) Schematic illustration of how a functional separator
with an electrical coating prevents the formation of an electrically and
ionically insulating sulfide blocking layer at the cathode−separator
interface. (b) Schematic of the electrode configuration using an
integrated structure of sulfur and G@PP separator and the
corresponding battery assembly. Panel a is reproduced with
permission from ref 121. Copyright 2015 John Wiley & Sons, Inc.
Panel b is reproduced with permission from ref 299. Copyright 2014
John Wiley & Sons, Inc.

Table 9. Recent Advances in Functional Separators/Interlayers Based on a Conductive Network at the Cathode−Separator
Interface

Separatora
Film mass loading (mg cm−2)/

Film thickness (μm) Cathode
Active materials

loading (mg cm−2) Liquid electrolyte
Cyclability (mAh
g−1) after n cycles Ref

Li−S
PP/Super P carbon 0.5/1 S 1.5−2 1 M LiTFSI in DOL/

DME + LiNO3

600 (200th) at 0.1C 295

Separator + GFC NA S 1.2 1 M LiTFSI in DOL/
DME + LiNO3

698 (300th) at 1C 250

PE + GO/CNTs 1.1/30 S 1 1 M LiTFSI in DOL/
DME + LiNO3

671 (300th) at 0.2C 297

PP/Cellular grapheme
framework

0.3/30 S 1.2 1 M LiTFSI in DOL/
DME + LiNO3

800 (300th) at 0.5C 121

PP + G/CNTs 0.2/15.2 S/G/CNTs 1.64 1 M LiTFSI in DOL/
DME + LiNO3

445 (500th) at 2C 296

GF/Ti3C2Tx/CNTs-PEI 0.2/NA S/Ti3C2Tx
/CNTs-PEI

2.6 1 M LiTFSI in DOL/
DME + LiNO3

980 (500th) at 1C 298

PP/2D VS2 0.14/∼5 S 1.5 1 M LiTFSI in DOL/
DME + LiNO3

908 (300th) at 0.2C 278

Na−S
Separator + CNTs (or
CNFs, or CCFs) film

NA S NA 1.5 M NaClO4 in
TEGDME + NaNO3

∼ 400 (20th) 10

K−S
Celgard Separator +
SWCNTs

0.2 S/CNFs 1 KOTf in TEGDME 600 (500th) at 0.2C 73

a“Separator + Material” represents the case of introducing the self-standing interlayer into interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.
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within a Li−S cell.299 This architecture is illustrated in Figure
13b, where graphene was directly coated onto a separator
followed by filling it with a slurry of sulfur, the architecture
termed S-G@PP. As a result, one side of the separator acted
also as a current collector, without the need for a supporting Al
foil. The flexible structure led to a much lower charge-transfer
resistance than for a conventional cell configuration that was
employed as a baseline, being at 56 Ω versus 291 Ω. The
electrical conductivity of the integrated electrode remained at
around 800 S m−1 after 50000 bending cycles. A Li−S cell
based on the integrated electrode achieved an energy of 1116
Wh kg−1 (taking into account the weight of the separator) at a
current of 0.3 A g−1. This is more than twice the energy when
the cathode was based on an Al foil-S + PP separator cell,
which is 450 Wh kg−1. Wu et al. reported an Mxene-based
integrated structure, based on delaminated Ti3C2 nanosheets
coated on a polypropylene separator (d-Ti3C2/PP) and
alkalized Ti3C2 nanoribbons as the S host.306 The integrated
electrode delivered an energy of 833 Wh kg−1 after 50 cycles at
0.5C. Research on new architectures and associated mecha-

nistic insights for integrated separator−collector architectures
is an exciting future research direction, with relatively few
publications in the area to date.
Yu et al. applied various conductive carbonaceous films such

as carbon nanofibers (CNFs), carbon nanotubes (CNTs), and
commercially available carbon foams (CCFs) to enhance the
performance of Na−S cells.10 The CCFs outperformed the
other two carbon interlayers, enabling an initial reversible
capacity value more than 1000 mAh g−1 upon deep discharge
to 1.2 V. The final discharge products consisted of a mixture of
Na2S2 and Na2S, indicating improved but yet still not full sulfur
utilization. The authors coated SWCNTs onto a Gelgard
separator and employed it for improving the performance of a
K−S battery.73 Upon a discharge down to 1.0 V, the battery
with the Gelgard/SWCNT separator delivered a reversible
capacity of 1140 mAh g−1, versus 600 mAh g−1 for the
uncoated baseline. A capacity of 1140 mAh g−1 corresponds to
65% sulfur utilization, which exceeds the theoretical capacity of
K2S2 and approached that of K2S. Through UV−vis spectros-
copy and XPS, the authors observed the formation of

Table 10. Recent Advances on the Functional Separators/Interlayers Facilitating Redox Kinetics as Electrocatalysts

Separatora
Film mass loading (mg cm−2)

/Film thickness (μm) Cathode
Active materials

loading (mg cm−2) Liquid Electrolyte
Cyclability (mAh g−1)

after n cycles Ref

Li−S
PP/RuO2/Carbon 0.3/16 S NA 1 M LiTFSI in

DOL/DME + LiNO3

859 (100th) at 0.2C 314

PP/KB@Ir 0.2/20 S 0.8 1 M LiTFSI in
DOL/DME + LiNO3

452 (500th) at 1C 315

PP/MoP/rGO 0.45/10 S/CNTs/AB 3.6−3.88 1 M LiTFSI in
DOL/DME + LiNO3

760 (500th) at 0.5C 225

PP/PE/PP/MoS2/
PAA

0.1/3 S 4 1 M LiTFSI in
DOL/DME + LiNO3

450 (400th) at 1C 281

PP/Co-Nx/
Graphene

0.2/4.1 S/CNTs 1 1 M LiTFSI in
DOL/DME + LiNO3

612 (500th) at 2C 316

PP/NbN/NG 0.21/10 S/Ketjen Black 1.5 1 M LiTFSI in
DOL/DME + LiNO3

714.5 (400th) at 1C 317

PP/NG/Fe SACs 0.1/7 Li2S6/CNF 4.5 1 M LiTFSI in
DOL/DME + LiNO3

892 (750th) at 0.5C 318

PP/S-doped TiN 0.35/25 S/rGO 0.9−1.1 1 M LiTFSI in
DOL/DME + LiNO3

713.5 (500th) at 1C 319

PP/Ce-MOF/
CNTs

0.4/8 S/Ketjen Black 6 1 M LiTFSI in
DOL/DME + LiNO3

886.4 (200th) at 0.1C 320

PP/ReS2-NG 0.09/0.5 S/CNTs 3.27 1 M LiTFSI in
DOL/DME + LiNO3

416.8 (800th) at 2C 275

PP/Sb2Se3−x/rGO 0.5/32 S/CNTs 1.8 1 M LiTFSI in
DOL/DME + LiNO3

847 (500th) at 1C 321

PP/TiO2−x 0.12/0.5 S/rGO 3.6 1 M LiTFSI in
DOL/DME + LiNO3

631 (500th) at 2C 322

PP/Ti3C2@iCON 0.1/5 S/CNTs 1.2 1 M LiTFSI in
DOL/DME + LiNO3

706 (2000th) at 2C 323

PP/TiO2-TiN 0.23/9 S/MWCNTs 1.2 1 M LiTFSI in
DOL/DME + LiNO3

704 (2000th) at 1C 324

PP/Co9S8/CoO 0.3/18 S/Graphene 2.5 1 M LiTFSI in
DOL/DME + LiNO3

471.8 (1000th) at 1C 325

PP/TiO2/
Ti3C2Tx/G

0.15/5 S/CMK-3 1.2 1 M LiTFSI in
DOL/DME + LiNO3

800 (1000th) at 2C 267

PP/MoO2/Mo2N 0.51/9 S/Carbon Black 4.0 1 M LiTFSI in
DOL/DME + LiNO3

590 (100th) at 0.2C 326

Na−S
GF/HCS/MoS2 NA/10 S/HCS/MoS2 0.5−1 1 M NaClO4 in

TEGDME
246 (1000th) at 1C 280

PP/PMTFSINa/
Ti3−xCNTy

NA S/Mesoporous C 0.5−0.8 1 M NaTFSI in PC/FEC 962 (200th) at 0.1C 190

GF/2H-MoSe2/
N-HCS/GO

0.56/NA S/2H-MoSe2/
N-HCS

0.64 1 M NaClO4 in
EC/DEC

484 (500th) at 0.5C 327

a“Separator + Material” represents the case of introducing the self-standing interlayer into interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.
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polysulfide phases of K2S6, K2S4, and terminal K2S. The efficacy
of the separator was attributed to combined capture of the
dissolved polysulfides by physical interaction and the role of
the SWCNT as a secondary current collector.
The ionic mass transport across a separator also affects the

cell polarization. Nonpolar polyolefin separators such as PP
and PE are poorly wetted by polar electrolytes and
consequently yield sluggish ionic conduction kinetics. A two-
dimensional COF with abundant methoxy functional groups
was designed as a separator coating for Li-SeS2 batteries.

231 It
was found that the channels of the COF are preferentially
occupied by the LiTFSI salt due to the C−H···F hydrogen
bonding and O···Li interactions. As a result of strong
separator−electrolyte interaction, the cell with the COF-
coated separator delivered improved Li+ migration coefficients
over the pristine separator, 3.47 × 10−10 cm−2 s−1 versus 1.11 ×
10−10 cm−2 s−1. With simultaneous blocking of polysulfide/
polyselenide crossover, the COF-coated separator resulted in a
reversible capacity of 684 mA h g−1 at 1C, while employing a
relatively high SeS2 mass loading of 4 mg cm−2. A broad range
of polar materials such as O/N/F-containing polymers and
carbons have been applied as functional separator, improving
electrolyte wettability and ionic conduction.307−310 For

example, a series of Janus separators with separator−electrode
interfaces have been successfully employed.187

7.3. Facilitating Redox Kinetics as Electrocatalysts

In all alkali metal−sulfur batteries to some extent, sulfur
displays sluggish redox kinetics. Moreover, the formation of
Li2S2/Li2S, Na2S2/Na2S, and K2S2/K2S passivation layers at the
interface will exacerbate the polarization and decrease the
reversible capacity. The explicit incorporation of electro-
catalysts into the functional separator is a promising strategy to
improve the sulfur redox kinetics. Summarized in Table 10, the
electrocatalyst candidates for separator modification range
from metal-free materials to metal compounds and their
composites.298,311−313 Not all nanostructured phases are
effective electrocatalysts with sulfur. Despite strongly anchor-
ing polysulfides, the insulating inorganics showed inferior
electrocatalytic performance toward high sulfur utilization in
comparison with metal sulfides and nitrides that were
conducting.295 In some cases, to achieve fast electron transfer,
conductive networks such as CNTs and graphene were
introduced.266

Cai et al. investigated the electrocatalytic effect of open
metal sites toward LiPSs transformation.320 Two types of Ce-
MOFs with different coordination numbers of carboxyl ligands

Figure 14. (a) Mo 3d XPS spectra of MoN-G and MoN-G/LiPS. (b) Representation of the covalence-activation mechanism on MoN. (c)
Galvanostatic charge curves of the cells with MoN-G/PP, G/PP, and bare PP separators at 0.1C. (d) EPR spectra of Sb2Se3, Sb2Se3/rGO, and
Sb2Se3−x/rGO. (e) CV curves and (f) electrical Impedance spectroscopy (EIS) spectra of symmetric cells with Sb2Se3−x/rGO, Sb2Se3/rGO, and
rGO electrodes. (g) Cycling behavior at 1C of cells with Sb2Se3−x/rGO, Sb2Se3/rGO, and rGO-modifed and routine separators with a sulfur
loading of 1.8 mg cm−2. Panels a−c are reproduced with permission from ref 330. Copyright 2019 John Wiley & Sons, Inc. Panels d−g are
reproduced with permission from ref 321. Copyright 2019 John Wiley & Sons, Inc.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00838
Chem. Rev. 2022, 122, 8053−8125

8081

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00838?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00838?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00838?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00838?fig=fig14&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were compared. In the hexanuclear Ce(IV) clusters [Ce6(μ3-
O)4(μ3-OH)4(-CO2)6] (Ce-MOF-2), six unsaturated coordi-
nation sites were left. The open metal sites in Ce-MOF-2
enabled corresponding stronger adsorption for polysulfides
than the counterpart [Ce6(μ3-O)4(μ3-OH)4(-CO2)12] (Ce-
MOF-1) comprising saturated coordination sites. The electro-
catalytic effect was evaluated by the cyclic voltammetry of Li2S6
symmetric cells with different separators. The Ce-MOF-2/
CNT separator rendered higher redox current densities, while
Ce-MOF-1/CNT only showed a slight current response. This
verified the role of open metal atoms in MOFs as active
electrocatalytic sites. A Li−S cell based on the Ce-MOF-2/
CNT separator retained a capacity of 839 mAh g−1 over 800
cycles at 1C, while only 349 mAh g−1 was retained with the
Ce-MOF-1/CNT-based cell.
Based on polar interaction with polysulfides, various

conductive metal carbides, nitrides, phosphides, sulfides, and
selenides also act as electrocatalysts for the sulfur redox
reaction.225,269−271,328,329 Fan and Zhang et al. investigated the
electrocatalytic mechanism of metal nitrides for Li−S redox,
based on a functional interlayer of MoN supported on
graphene, termed MoN-G.330 The XPS result shown in Figure
14a demonstrates that MoN chemically interacted with LiPSs
due to the Mo atoms being Lewis acid sites, along with the
formation of a Mo−S bond. Associated DFT simulations
demonstrated the high adsorption energies of Li2S4 (−7.33 eV)
and Li2S (−6.18 eV) on MoN, which favored Li2S nucleation.
Per Figure 14b and c, the Li−S bond distance of Li2S was
elongated after the adsorption on the MoN surface as a result
of strong Mo−S interaction, which was beneficial for
weakening the Li−S bond and reducing the energy barrier
for Li2S decomposition. The authors pointed out that such a
covalence-activation mechanism could extend to other Lewis
acid exposed surfaces such as WC (001) and ZrN (111) as
well. A separate study examined the Li2S nucleation−growth−
decomposition process over the niobium nitride/N-doped
graphene (NbN/NG) composite coated on a separator.317 The
results demonstrated the requisite role of polysulfides’ affinity
for electrocatalytic materials.
Jiang designed a functional glass fiber separator with 2H-

MoSe2/nitrogen-doped hollow carbon spheres/graphene oxide
composite coating (2H-MoSe2/N-HCS/GO + GF), as a
polysulfide barrier and reaction electrocatalyst for Na−S
batteries.327 Through cyclic voltammetry under different scan
rates, the authors compared the interfacial Na ion diffusion
kinetics. Accordingly, the 2H-MoSe2/N-HCS/GO + GF
separator delivered 1−2 orders of magnitude higher Na ion
diffusion coefficients in Na−S cells versus pristine GF or N-
HCS/GO + GF separators. The combined experimental and
modeling results demonstrated strong NaPS adsorption and a
low Na2S diffusion energy barrier (0.21 eV) on 2H-MoSe2.
This accelerated the sulfur redox process, promoting both rate
capability and cycling life in the Na−S cells.
Various defective sulfur hosts including MoS2−x,

331

Fe3−xC,
332 and Nb2O5−x

333 were successively fabricated as
functional separator electrocatalytic phases. Chen et al. applied
defect engineering to tailor the electronic structure of
antimony selenide (Sb2Se3), for building a multifunctional
LiPSs barrier.321 Selenium vacancies (Vse’s) were induced
through chemical reduction and consequent thermal shock and
were verified through an EPR signal with a g-value of 2.00.
These results are shown in Figure 14d. Based on first-principles
calculations, a shallow donor level (defect level) emerged

within the band gap of Sb2Se3−x, such that the electronic
conductivity could be increased. A higher binding energy of
Sb2Se3−x with Li2S6 (−2.33 eV) than with Sb2Se3 (−0.49 eV)
was also derived from the calculations. To further evaluate the
charge/mass transfer and redox kinetics on defect-rich
Sb2Se3−x, the authors tested the Li2S6 symmetric cell with
different electrodes. Per Figure 14e, two pairs of intense redox
peaks were observed in the CV profile of the Sb2Se3−x/rGO
cell, while Sb2Se3/rGO and rGO cells exhibited larger voltage
hysteresis and a lower current response. Figure 14f shows that
the Sb2Se3−x/rGO symmetric cell has the lowest charge-
transfer resistance in EIS spectra. The results validated the
fastest reaction kinetics for the LiPSs’ conversion on the
Sb2Se3−x/rGO surface, aided by the vacancy defects. The
Sb2Se3−x/rGO-modified separator improved the redox kinetics
in the Li−S cell, with a retained capacity of 847 mAh g−1 after
500 cycles at 1C versus 565 mAh g−1 for the baseline Sb2Se3/
rGO-modified separator. These results are shown in Figure
14g. Mai el al. fabricated the defective TiO2 nanosheets with
oxygen vacancies (Ovs-TiO2), employing this material as a
functional coating on PP for Li−S.322 It was reported that the
unsaturated bonds due to the oxygen vacancies improved
LiPSs’ chemisorption as well as the overall redox kinetics.
Huang et al. demonstrated an improved chemical interaction
between lithium polysulfide species and the antisite defects in
Bi2Te2.7Se0.3.

334 From these promising results it can be stated
that defect engineering represents an exciting emerging
research direction which should be further pursued. It is
probable that with sufficient defects, many mediocre electro-
catalytic materials can achieve state-of-the-art performance in
terms of driving the Li−S redox processes and, in parallel,
minimizing crossover. While there are limited studies in defect
engineering of the Li−S system, the Na−S and K−S systems
remain relatively unexplored. Defect-engineered electrocata-
lytic secondary collectors represent a uniquely promising path
for improving the redox kinetics and cyclability for Na−S and
K−S systems, especially since their intrinsic performances are
often reported as unsatisfactory.
Authors have reported functional separator approaches

based on various cooperative mechanisms. A typical cooper-
ative mechanism may be based on a biphasic interface
composed of lithiophilic nitrogen-doped graphene (NG) and
a sulfiphilic multimetallic layered hydroxide (LDH).335 The
LDH@NG heterostructure on the PP separator acted as the
efficient electrocatalyst for electrochemical LiPSs’ conversion.
It was argued that the NG acted as a surface Li+-transfer
medium enabled by N dopants. Its role as an electrical
conductor (N boosts the conductivity of carbon) should also
be recognized. A baseline bare LDH displayed the limited
electrochemical activity during the Li2S deposition tests.
Nitrogen-doped carbons have been employed as stand-alone
phases and within a more complex multiphase network to
accelerate the sulfur redox process.275 Moreover, metal-
embedded nitrogen-doped carbons (M-N-C) have been
demonstrated to facilitating sulfur redox kinetics, having seen
application in other fields such as the hydrogen evolution
reaction and oxygen reduction reaction.336,337 The metal can
be in the form of nanoparticles or as individual atoms
dispersed on conducting carbon surfaces.316,318,338 Single atom
catalysts (SACs) feature the isolated metal center coordinated
with nitrogen dopants, forming metal-N-C moieties. This
theoretically enables the maximization of metallic atom
utilization efficiency.339−341
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Chen et al. fabricated a functional separator modified with
single nickel (Ni) atoms on nitrogen-doped graphene (Ni@
NG) for Li−S batteries.342 Through extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near edge
structure (XANES) analysis, a Ni-N4 molecular structure was
identified. The Ni-N4 moiety was verified to be electrocatalytic
both for sulfur reduction with lithium and for lithium sulfide
oxidation. This was based on electrochemical testing of Li2S6 in
symmetric cells and Li−S in full cells. The voltage polarization
in the full cell was only 384 mV at 5C, somewhat lower than
the measured 430 mV for Ni particles/NG and the 530 mV for
a NG without any Ni. Xie and co-workers studied various
SACs (Fe/Co/Ni SACs) for Li−S separator modification.318

The SAC-modified separator was found to deliver superior
performance with the Li−S battery retaining 83.7% capacity
(892 mAh g−1) after 750 cycles at 0.5C, at a sulfur loading of
4.5 mg cm−2.
Zhou developed a multifunctional NaPS barrier for

rechargeable sodium−sulfur batteries by coating single-ion-
conducting polymer and the defect-rich and nitrogen-
containing Ti3−xCNTy Mxene (DN-Mxene) onto a Celgard
2500 separator.190 Per Figure 15a, the authors took advantage
of the ultraviolet (UV)-induced surface graft polymerization
for modifying the pristine polyolefin separator with a poly(1-
[ 3 - ( m e t h a c r y l o y l o x y ) p r o p y l s u l f o n y l ] - 1 -
(trifluoromethanesulfonyl)imide sodium) (PMTFSINa) layer.
The grafted PMTFSINa layer ensured increased electrolyte
uptake with 274.3% vs 81.9% for the pristine polyolefin
separator baseline. The Na ion transference number was also
increased to 0.58 versus 0.21 for the baseline. According to
Figure 15b the DN-Mxene accelerated the conversion kinetics
between the polysulfides and Na2S, as revealed by the higher
current response of the composite separator (green line). Per
Figure 15c, PMTFSINa and DN-Mxene cooperatively

promoted the interfacial mass transfer and sulfur immobiliza-
tion/conversion, yielding a superior rate performance with the
Na−S cell.
A binary cooperative mechanism has been reported with

various heterostructures such as VO2-VN (VN=vanadium
nitride),343 Co9S8/CoO,

325 and MoOx-MoC.344 The oxides
are believed to serve as the polysulfide anchoring mediator
while the nitrides, sulfides, and carbides are the electrocatalyti-
cally active sites. Even for phosphides, sulfides, and nitrides
their outer oxidation layer is believed to have a complementary
role during sulfur species redox. For example, it was reported
that the outer surface Co-O-P species enabled Co sites to
chemically bind with the negatively charged S sites of LiPSs by
strong Co−S bonding.345 It is not obvious how a fully oxidized
surface will still maintain the electrocatalytic role, so likely, the
oxidation is only partial. Huang observed an electrochemically
induced sulfurization of the Co4N catalysts in Li−S cells.346

After electrochemical cycling, the resultant mosaic-like hybrid
catalysts were based on a combination of Co4N and various
CoSx phases.
Yang et al. reported a TiO2-TiN heterostructure which

integrated the strong LiPS adsorptive ability of TiO2 and
superior catalytic activity of TiN, thus enabling smooth
trapping−diffusion−conversion of LiPSs across the inter-
face.324 The group also developed a TiO2-Ti3C2Tx hetero-
structure through a hydrothermal treatment of Ti3C2Tx,
combining it with graphene (GN) for the final functional
separator coating.267 Per Figure 16a−f, the Ti3C2Tx nanosheets
were continuously oxidized to TiO2 nanoparticles as hydro-
thermal time advanced, and the transformation was fully
completed after 8 h. Per Figure 16g the heterostructure with
the oxidation time of 4 h could almost decolorize the LiPS
solution. When coupled with the sulfur cathode and cycled for
200 cycles, Ti3C2Tx(4 h)-GN exhibited more evident peaks

Figure 15. (a) Illustration of the preparation of PMTFSINa-grafted|DN-Mxene-coated separators for room-temperature Na−S batteries. (b) CV
curves of Na2S6-free and Na2S6 symmetrical cells with a PMTFSINa-grafted separator and Janus separator at a scan rate of 1 mVs−1. (c). Rate
performances of the Na|S@C cells using bare a Celgard 2500 separator, GF membrane, and Janus separator. Reproduced with permission from ref
190. Copyright 2020 John Wiley & Sons, Inc.
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assigned to Ti−S bonds and S8. This is shown in the
corresponding S 2p XPS spectrum as compared to Ti3C2Tx(0
h)-GN, per Figure 16h. It was therefore argued that the TiO2-
Ti3C2Tx heterostructure displayed a combination of a strong
anchoring effect toward the sulfur species and a facile
conversion of LiPSs back to S8. Figure 16i reveals the favorable
redox kinetics on the heterostructure, of which the current
response surpassed baseline Ti3C2Tx or TiO2. The Li−S cell
with Ti3C2Tx(4 h)-GN displayed an initial reversible capacity
of 800 mAh g−1 at 2C and a low fade rate of 0.028% per cycle
over 1000 cycles. These results are shown in Figure 16j.
Various heterostructures, such as Co9S8/CoO,325 MoS2/
TiN,347 MoO2/Mo2N,

326 and TiN/TiS,319 have also been
employed to modify the separator.
The exploration of electrocatalytic separators for Na−S and

K−S as well as for Se-based systems is at a much earlier stage
that for Li−S. For the Na−S system, various sulfiphilic sites,
including NiS2,

348 MnO2,
111 Au,63 Fe, Cu, and Ni metal

clusters,349 have been explored. Multisulfiphilic sites combin-
ing ZnS with CoS2 exhibited unexpectedly effective Na−S
electrocatalysis, where nominally the CoS2 provided strong
adsorption affinity toward polysulfides and ZnS was favorable

for decreasing the redox energy barrier.350 The exploration of
new phases and the basic understanding of electrocatalysis for
K−S is far behind that of Li−S and Na−S. A single
electrocatalyst for the K−S system may or may not be
effective as expected, depending on the true extent of the
shuttle or redox sluggishness in causing premature failure.
Heterostructures with synergetic electrocatalytic mechanisms
represent a promising pursuit for K−S, where the kinetics are
especially sluggish.
More needs to be understood regarding the fate of the

nanoscale phases containing metal atoms (oxides, sulfides,
phosphides, and nitrides) deposited onto the functional
separator surface. Likely, the less thermodynamically stable
structures will oxidize during extended cycling, which is
especially the case for many nitrides which are significantly less
stable than their oxide counterparts (e.g. VN). Does cycling or
even storage induced oxidation of the nanoscale phases alter
their functionality, transforming them from being electro-
catalytic to merely chemically anchoring? It is not obvious why
a fully oxidized surface would maintain its electrocatalytic
functionality unless the oxide was also active. It may be that a

Figure 16. (a−e) SEM images and corresponding color changes of the colloidal solutions with different oxidation times from 0 to 8 h. (f) XRD
patterns of Ti3C2Tx NSs with different oxidation times from 0 to 8 h. (g) Photograph of Li2S6 adsorption by different samples in DME solution
after 24 h. (1−6): Blank Li2S6, Ti3C2Tx(0 h), Ti3C2Tx(2 h), Ti3C2Tx(4 h), Ti3C2Tx(6 h), and Ti3C2Tx(8 h). (h) S 2p spectra of (i) elemental
sulfur, (ii) Ti3C2Tx(0 h)-GN after cycling, and (iii) Ti3C2Tx(4 h)-GN after 200 cycles at 2.35 V. (i) CV profiles of symmetrical Li2S6 cell assembly
with different heterostructures at the sweep rate 10 mV s−1. (j) Long-term cycling stability at 2C of various interlayers. Reproduced with permission
from ref 267. Copyright 2019 John Wiley & Sons, Inc.
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partially oxidized sulfide, phosphide, nitride, etc. is highly redox
active, while a fully oxidized analog is relatively inert.
Extended analytical and simulation research is needed to

understand the role of ternary (e.g. oxynitride) materials in
both electrocatalysis and anchoring of the polysulfides and
polyselenides. The actual fate of the sulfide, phosphide, and
nitride nanophases on the separator needs to be further
understood as a function of both testing and electrolyte types.
After 10, 100, or even 1000 cycles, is the functional separator
material even close in structure and chemistry to what was
originally synthesized on the separator? Interestingly, since the
functional separator phases are electrically connected to the
cathode, it is likely they too will undergo phase transitions as a
function of applied voltage. These phases may have different
functionality depending on whether the cell is being charged or
discharged, or even at various states of charge within each
regime. Analytical methods on postmortem specimens
including XPS, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) combined with
electron energy loss spectroscopy (EELS), as well as various
synchrotron methods should be able to identify these changes.
In parallel, in situ synchrotron methods should be able to probe
the phase stability versus phase evolution during cell testing.
Once the structures are relatively well characterized, simulation
should be employed to understand the nuances of electro-
catalysis vs anchoring for a given structure.
From a practical utilization perspective, the lean-electrolyte

condition (E/S ratio of <5 μL mg−1) is being pursued for the
Li−S system. As the E/S ratio decreases, the ionic conductivity
of the electrolyte decreases due to the increased viscosity
caused by a higher concentration of polysulfides.44,351 Li2S2/
Li2S may directly precipitate from a highly concentrated LiPSs
solution through the chemical reaction pathway, thus without
tightly binding to the conductive backbone. The increased
diffusional and charge-transfer resistances will result in more
severe polarization. Therefore, the pursuit for superior
electrocatalysts under lean-electrolyte conditions becomes
particularly important and remains open to exploration.

8. FUNCTIONAL SEPARATOR ADJACENT TO THE
ALKALI METAL ANODE

With metal anodes, dendrite growth and the associated
unstable SEI are significant problems. With conventional
separators, poor electrolyte wetting and uneven pore size
distribution result in inhomogeneous ionic flux, aggravating
both issues. Tailoring the separator or interlayer is a novel and
promising strategy to hinder metal dendrite formation and
ensure a long-term cycling performance of alkali metal
batteries. While there is a wide number of materials and
architectures that have been employed, their role in improving
performance may be broadly separated into homogenizing
ionic flux to the anode surface, stabilizing the SEI by forming a
composite structure, and refining the metallic nucleation sites,
as summarized in Figure 17. In fact, the three functionalities
are interrelated, with the most effective separator and interlayer
materials providing at least two out of the three benefits.

8.1. Modifing Alkali Ion Flux to the Anode Surface

Conventional polyolefin separators possess an inhomogeneous
pore distribution and poor electrolyte wettability, which are
especially problematic for metal anodes. With conventional
powdered graphite, those issues still exist but are mitigated to
some extent due to their roughened geometry that naturally

promotes wetting.182 Likewise, an inhomogeneous pore size
distribution, leading to nonuniform ion flux, is more of a
problem with a planar metal anode than with a thick powdered
graphite one. With an inhomogeneous ionic flux to the metal
surface, the resultant localized electric field will result in
heterogeneous metal deposition and ultimately dendrites. The
alkali cation transference numbers (t+) are generally below
0.5,191 further promoting dendrite growth per the theories
previously discussed.145

The uniformity of the ionic flux across the separator can be
improved by introducing ion redistributor phases on the
separator. To date, there have been various types of
nanostructured ion redistributor phases for a range of Li and
Na electrodes, as summarized in Table 11. Example phases
include Al2O3,

286 nanoporous SiO2 nanosheets,352 graphene
oxide nanosheets,353 layered double hydroxide nanosheets,354

and mesoporous cellulose nanofibers.355 In principle, the pores
and interparticle spaces within functional coatings are capable
of channeling the electrolyte and redistributing the ionic flux
uniformly.352,356−358 This should, in turn, promote more
uniform nucleation/growth−dissolution of the metal front,
reducing the tendency to form dendrites. Zhang et al. utilized a
s o l i d - s t a t e f a s t i o n i c c o n d u c t o r [ A l - d o p e d
Li6.75La3Zr1.75Ta0.25O12 (LLZTO)] as a Li+ redistributor
coating on the separator.359 The motivation for this garnet-
type structure was its multiple ion conduction channels,
including within the crystal structure, along the grain
boundaries, and through the interfaces between particles.
Improved symmetric cell stability in both carbonate- and ether-
based electrolytes was obtained with the LLZTO ion
redistributor versus with a bare separator or with a non-
conductive Al2O3-modified separator. The conductive ionic
redistributor can be a solid-state electrolyte with interfacial
stability toward metal or an in situ formed layer such as a
(lithiated/sodiated/potassiated) alloy with high solid-state
ionic diffusivity.360,361 The above findings support the utility
of employing various solid-state ionic conductors at the
separator, opening the possibility for numerous variants of
this approach.

Figure 17. Summary of strategies in functional separators/interlayers
for promoting alkali metal anode performance.
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One issue that needs to be understood further is the extent
to which ionic flux occurs through the solid-state electrolyte
(SSE) phases, rather than through electrolyte-wetted inter-
faces. Apart from highly optimized sulfides, most solid-state
ionic conductors display room temperature ionic diffusivities
markedly lower than the conventional liquid electrolytes. It is
not obvious that the ionic flux through bulk LLZTO, for
example, would be on the same order of magnitude as through
the electrolyte-filled pores or electrolyte-filled particle−particle

interfaces. A typical powder packing density is around 67%,
which implies ample continuous electrolyte-filled volume
within the functional layer. More research is needed to
understand how factors such as solid-state conductor layer
thickness, solid-state conductor particle size, particle packing,
interparticle pore size distribution, as well as intrinsic porosity
all affect the ionic transport characteristics. Moreover, what
needs to be understood further is the phase stability of the SSE
in contact with the metal anode, especially after prolonged

Table 11. Survey of Functional Separator Coatings Designed to Enhance the Flux of Alkali Ions to the Anode Surface

Separatora Liquid electrolyte
Electrolyte uptake (wt %)
/Contact angle (deg)

Ionic conductivity (mS cm−1)
/Transference number

Electrochemical performance
(Symmetric cell) Ref

Li Anode
PE/Polydopamine 1 M LiClO4 in EC/PC 112/39 0.3/NA NA 362
PE/ZrO2/POSS 1 M LiPF6 in

EC/DEC/EMC
340/17 0.46/0.6 NA 363

GF/GO 1 M LiPF6 in EC/DMC NA NA 1 mA cm−2, 1 mAh cm−2, 160
cycles

353

PE/Polyphenol-
polyamine

1 M LiPF6 in
EC/DMC/EMC + VC

128/11.5 0.42/0.49 1 mA cm−2, 1 mAh cm−2, 300
cycles

191

Overoxidised
polypyrrole paper

1 M LiPF6 in EC/DEC NA 1.1/NA 0.5 mA cm−2, 0.5 mAh cm−2,
300 cycles

307

Celgard separator +
g-C3N4 film

1 M LiTFSI in
DOL/DME + LiNO3

53.1/17.2 NA 1 mA cm−2, 1 mAh cm−2, 115
cycles

181

PP/LLZTO/PVDF/
LiClO4

1 M LiTFSI in
DOL/DME

NA 0.14/0.66 1 mA cm−2, 1 mAh cm−2, 500
cycles

360

PP/silicone
nanofilaments

1 M LiPF6 in EC/DMC 287.8/0 1.02/0.59 1 mA cm−2, 1 mAh cm−2, 125
cycles

364

Na Anode
PP/Porous SiO2
nanosheets

0.5 M NaClO4 in
EC/DEC

NA NA 0.5 mA cm−2, 0.75 mAh cm−2,
140 cycles

352

Regenerated eggshell
membrane

1 M NaClO4 in PC 290/23.6 NA NA 365

PP/PMTFSINa layer 1 M NaTFSI in PC/FEC 274.3/45.5 0.46/0.58 0.2 mA cm−2, 0.6 mAh cm−2,
83 cycles

190

a“Separator+Material” represents the case of introducing the self-standing interlayer into the interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.

Figure 18. (a) Schematic illustration of the synthesis of GO-g-PAM molecular brushes. (b) Associated Li symmetric cell cycling data presented at
varying current densities and capacities, comparing the GO-g-PAM modified separator and the PP baseline. (c) Top-view (left side, scale bars: 10
μm) and cross-sectional (right side, scale bars: 50 μm) SEM images of a fresh Li metal anode and Li metal anodes assembled with PP and GO-g-
PAM@PP separators after 100 cycles. Reproduced with permission from ref 366. Copyright 2019 Springer Nature.
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cycling. Neither the oxide nor the sulfide SSEs are
thermodynamically stable when in contact with alkali metals,
although kinetic stability is possible especially with oxides such
as LLZTO. For most of the interpretations of the role of SSEs
in homogenizing the ionic flux, the working assumption is that
the phase(s) present during cycling are the initial ones
introduced as separator coatings. However, that may not be the
case, especially in the region that counts the most, which is the
SSE−metal anode interface. What is the role of SSE−metal
anode reaction layers in homogenizing the ionic flux? Do the
reactions thus improve the overall stability of the anode, or do
they hinder it, being the explanation for the eventual
degradation of voltage stability? The SSE−metal interface is
a dynamic one, which also includes ongoing SEI growth and
the incorporation of the SSE into the SEI layer. How much is a
composite SEI, that incorporates a portion of the SSE into in,
responsible for the stabilization effect? How does a composite
SEI refine the ionic flux, since, in effect, the metal−separator
interface is entirely solid with not “free” electrolyte in contact
with the anode? What is the overall role of the SEI layer in
creating flux heterogeneities and promoting dendrites, versus
homogenizing the flux and promoting a geometrically uniform
metal front? At a high level, is a functional separator layer at
the metal anode really another approach for augmenting the
properties of the native SEI or does it have an altogether
distinct function beyond creating an artificial SEI that
promotes more uniform ion flux while also being more robust
mechanically? What is the role of truly inert insulator phases,
such as Al2O3, that can be physically incorporated into the SEI
structure but nominally do not react with the metal anode?
By employing polar materials as functional coating, the ionic

flux across the separator is chemically modified. This effect is
in addition to the physical and SEI modification effects that

would happen in parallel. One additional benefit that polar
materials possess is that they promote enhanced wetting and
uptake by the electrolyte, which further enhances the ionic flux
across the separator. Park and Choi et al. designed a
polydopamine-coated PE separator which turned PE surfaces
hydrophilic. This increased the Li-based electrolyte uptake
from 15 ± 2.7% to 112 ± 3.1% and the ionic conductivity from
0.04 × 10−3 S cm−1 to 0.3 × 10−3 S cm−1.362 A broad range of
polar materials ranging from O/N/F-containing polymers/
carbons to inorganics, including Prussian blue,358 MoS2,

195 and
VS2,

274 have been employed, as also illustrated in Table 11.
A two-dimensional molecular brushes-functionalized separa-

tor (GO-g-PAM) was constructed with the “hairy” poly-
acrylamide (PAM) chains grafted on GO surfaces, providing
rich polar groups including C O and N−H.366 A schematic
for the architecture is provided in Figure 18a. The polar
moieties within PAM chains nominally acted to both
homogenize and accelerate Li+ ion transport. As shown in
Figure 18b the symmetric Li||Li cells with the GO-g-PAM@PP
separator achieved extended cycling with stable voltage
plateaus even at high current densities (up to 20 mA cm−2),
outperforming the baseline cells with unmodified PP separator.
The effect of the GO-g-PAM on lithium deposition was further
illustrated by comparing the morphology of the metal anodes
after 100 cycles, as shown in Figure 18c. For the baseline cell
with a standard PP separator, the anode surface consisted of
loosely stacked mossy Li with a highly porous structure. By
contrast, uniform and dense Li deposition was observed with
the GO-g-PAM@PP separator. The functional groups in GO-g-
PAM@PP are expected to react with the surface of the metal
anode and to accordingly modify the SEI structure. How this
influences the plating−stripping stability is not fully under-

Figure 19. (a) Photographs of graphene-like carbon nitride (GCN) over the separator (left), GCN on Li metal after transfer employing electrolyte
wetting (middle), and separator after transfer (right). (b) Contact angles of electrolyte on Li metal without and with a GCN layer. (c and d) N 1s
XPS spectra and Li 1s XPS spectra of GCN before and after Li-salt solution treatment. (e) Nucleation overpotentials of asymmetric cells using
GCN and baseline uncoated anodes. Reproduced with permission from ref 181. Copyright 2019 John Wiley & Sons, Inc.
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stood and presents a broadly interesting topic for further
analysis.
To date, there is no mathematical framework to precisely

explain how ionic flux is impacted by the separator’s surface
properties. An empirical hypothesis is that the degree of
dissociation of the electrolyte’s salt and the ions’ solvation
shells may be dependent on the interaction between electrolyte
components and functional groups on the separator’s sur-
face.180 Strong interaction with the modified separator may
weaken the electrostatic interactions between the anion and
the cation in the electrolyte, in effect promoting stronger
dissociation.190,360,364 Furthermore, the modified separator
may have a desolvation effect, stripping the solvation shell from
the cation.191,367 Yuan examined the relative Raman signal of
associated Li+-EC molecules versus free EC in 1 M LiPF6 in
EC/DEC/EMC soaked separators.363 The modified PE
separator displayed a suppressed relative signal of associated
Li+-EC molecules compared to the unmodified PE reference.
The modified separator also resulted in enhanced ionic
conductivity and lower voltage drops across the modified
separator.
Cui et al. recently investigated the interactions between the

N-species in a graphene-like carbon nitride (GCN, g-C3N4)
interlayer and the Li-based electrolyte/anode.181 Per Figure
19a, the GCN layer was first modified on a separator via
vacuum filtrating the g-C3N4 suspension over it and then
autotransferring it to a Li anode surface during the cell
assembly process. This was feasible due to the high
lithiophilicity of the the GCN layer combined with its poor
mechanical adhesion with the separator. With GCN layer, the
anode displayed a significantly improved electrolyte wettability,
with the contact angle being reduced from 53.1° to 17.2°, per
Figure 19b. According to Figure 19c and d, XPS analysis
demonstrates that Li−N bonds were formed after the GCN
nanosheet underwent Li-salt solution treatment. According to
Figure 19e, the Li nucleation overpotential and the back-
calculated activation energies with versus without the GCN
layer were 48.3 mV/6.766 kJ mol−1 versus 110.1 mV/11.118 kJ
mol−1, respectively. It was argued that the GCN layer could
facilitate the ionic desolvation process by forming numerous
transient Li−N bonds before deposition. This then led to a
much smaller energy barrier for Li deposition. Accordingly, the

GCN-modified Li−Cu asymmetric cell displayed a stable
voltage hysteresis of less than 110 mV and maintained a CE of
over 99% for 900 cycles, while the baseline deteriorated after
60 cycles.
Yan et al. fabricated various interlayers including a fibrillar

PVDF film (f-PVDF) with an interpenetrated porous structure
and abundant polar C−F polar function groups.308 The
architecture was tested against Na metal. Such structural and
chemical properties resulted in superior electrolyte uptake
(960%) as well as improved ionic flux for the f-PVDF-coated
separator. Stable sodium deposition/stripping was attained
with the f-PVDF film, suppressing the Na dendrites’ growth on
the metallic anode. Other specimens tested include a PVDF (c-
PVDF) membrane without pores, the porous PVDF (p-PVDF)
membrane with similar pore structure to the PP separator, a
poly(ethylene oxide) (PEO) film with weaker polar function
groups, and a commercial polytetrafluoroethylene (PTFE) film
with poor electrolyte uptake (30%). All these counterparts
gave rise to an overall inferior electrochemical performance
with the same Na metal anodes. It has been reported that
biomass-derived polymer separators with a narrow pore size
distribution and strong affinity to electrolyte solutions also
significantly improved the electrochemical performance of
metal anodes.307,365 It should be also emphasized that in terms
of a separator’s structural and chemical properties, many
similar functional attributes improve the performance of both
anodes and cathodes. For instance, introducing polar moieties
into a separator may suppress both dendrites and the crossover
of polysulfides, with the two being likely related. Per Table 12,
it can be observed that Janus separators are able to ameliorate
both types of deleterious processes for the Li−S system, with
varying levels of efficacy.
Authors reported a functional separator coating based in a

single-ion conductive polymer, which is enriched with
immobilizing anions on the backbone through a covalent
bond or Lewis acid−base interaction. One example of this is
the well-known Nafion film.147 Such polymers feature high
alkali ion transference number (t+), indicating superior cation
mobility. On the metal anode side, a higher transference
number can suppress the space-charge formation and
consequent dendrite growth.371 Zhou et al. designed a
single-ion-conducting polyolefin separator for Na−S batteries.

Table 12. Survey of Janus-Type Functional Separators/Interlayers for Li−S Cells

Separatora
Electrolyte uptake (wt %)
/Contact angle (deg)

Ionic conductivity (mS cm−1)
/Transference number

Electrochemical
performance (Symmetric

cell)
Full cell cyclability

(mAh g−1) after n cycles Ref

PP/PE/PP + XC72 NA NA 1 mA cm−2, 1 mAh cm−2,
90 cycles

730 (500th) at 2C 356

Celgard/Polypyrrole
separator

108/9 0.39/0.47 1 mA cm−2, 1 mAh cm−2,
175 cycles

805 (250th) at 0.5C 187

PP/2D VS2 NA/10.5 NA/0.69 5 mA cm−2, 0.5 mAh cm−2,
400 cycles

908 (300th) at 0.2C 278

GF/Ti3C2Tx@CNTs-PEI NA 4.18/NA 5 mA cm−2, 1 mAh cm−2,
250 cycles

980 (500th) at 1C 298

B/2D MOF-Co separator 90/NA NA/0.53 2 mA cm−2, 1 mAh cm−2,
400 cycles

703 (200th) at 0.5C 368

(MOF) UiO-66-SO3Li −
(PVDF) membrane

NA/6 NA/0.66 5 mA cm−2, 0.5 mAh cm−2,
2000 cycles

580 (500th) at 0.5C 185

Gelatin-based nanofabric 700/0 4.9/0.73 0.5 mA cm−2,
0.5 mAh cm−2, 500 cycles

577 (300th) at 0.5A g−1 369

PP/SNFs/PDA NA/0 0.991/0.75 1 mA cm−2, 1 mAh cm−2,
1150 cycles

736.6 (1000th) at 1C 370

a“Separator + Material” represents the case of introducing the self-standing interlayer into the interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.
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The separator contained rich -SO2N
(−)SO2

− anionic centers,
which resulted in increasing electrolyte uptake from 81.9% to
274.3%.190 The corresponding Na ion transference number
was accordingly higher than both pristine PP and GF
membrane, being at 0.58 vs 0.21 and 0.27. Cycling of Na||Na
symmetric cells verified the longer life span (500 h vs 139 h)
and lower polarization using the single-ion-conducting
separator versus the GF membrane. The immobilized anions
on a separator will also excerpt an electrostatic repulsion force
against polysulfide anions, allowing dual functionality that also
improves the cathode performance.
Targeting a Janus separator for Li−S batteries, Pan et al.

designed the MOF(UiO-66-SO3Li)-based single-ion conduc-
tive polymer, which contained the anion (-SO3

−)-immobilized
Li+ transport tunnels.185 The narrow pore size of about 6 Å
was proposed to homogenize the Li+ ion flux. In addition, the
sulfonate (SO3

−) anionic groups within the tunnels facilitated
the ionic transport kinetics, with the intrinsic Li+ transference
number (tested without additional Li salts) reaching 0.96.
When tested in conventional electrolyte with additional Li
salts, the anion-immobilized separator still had a higher tLi

+

than the commercial PP separator, with the value being 0.66 vs
0.41. Such a kinetic superiority was reported as the source of
the low overpotentials in the Li||Li symmetric cell, being 13
mV, 17 mV, and 42 mV for 0.5 mA cm−2, 2.0 mA cm−2, and
5.0 mA cm−2, respectively. The bifunctional separator
contributed to a retained capacity of 580 mAh g−1 after 500
cycles at 0.5C, superior to the PP baseline with 230 mAh g−1

retention. It should also be noted that glass frit membranes
with their usual macroscopic pores lead to uncontrolled
dendrite growth for Na and K systems and an associated thick
and nonuniform SEI layer.198 Therefore, having an initially
high ion flux to the anode is not an effective solution to
dendrite growth by itself. As was argued earlier, the
stabilization of the SEI layer through a physical composite-
type effect or via some chemical/electrochemical modification
is essential for anode cycling stability. Enhanced ion flux is
certainly beneficial but is not the entire story for maintaining
planar metal−electrolyte interfaces.

8.2. Physically Protective Layers

Per the mechanical blocking theory established by Monroe and
Newman, metal dendrites can be suppressed if the elastic
modulus of the blocking material is 1.8 times higher than that
of the metal (theory done for Li).144 Therefore, a protective
layer with a higher elastic stiffness could be introduced and, in
principle, prevent dendrite growth. The shear moduli of Li, Na,
and K metal are 4.2, 3.3, and 1.3 GPa, respectively. This gives
an estimate of the stiffness needed for a protective layer to
mechanically block dendrites. Various protective layers, such as
Al2O3,

286 MoS2,
281 SiO2,

372 poly(p-phenylene benzobisoxa-
zole) (PBO) nanofiber,202 and NaF,373 have been incorporated
either on the separator surface or in self-standing form to
improve cycling stability.31 While the modulus effect is likely
real, there does not seem to a be a direct correlation between
the elastic stiffness of the secondary phase per se and its ability
to stabilize the metal−electrolyte interface. Alumina is very
elastically stiff with a Young’s modulus of 330 GPa, while MoS2
is a dry lubricant that can be readily sheared along its basal
planes due to the weak van der Waals bonding holding the
layers in place. Yet both have been demonstrated to be
effective in preventing dendrites. It is the opinion of this
article’s authors that the key mechanical feature that needs to

be considered when estimating the efficacy of the secondary
layer is its effect on the toughness (combination of strength
and ductility) of the SEI. Both the free-standing functional
layers and the layers attached to separators are ultimately
incorporated into the SEI structure. For inert phases this may
occur by SEI overgrowth, while for reactive phases it may
occur as a combination of SEI overgrowth and reaction of the
layer with the metal anodes. In either case an artificial SEI
composite results, with phase content and phase distribution
distinct from the baseline scenario of a PP or other type of
commercial separator.141 At ambient conditions, the homolo-
gous temperature for Li, Na, and K is 0.66, 0.80, and 0.89. This
indicates that dendrites will also actively propagate via various
dislocation and diffusional creep mechanisms, being in effect
extruded through the paths of least resistance within the SEI
and the separator. This is probably why glass frit separators are
so ineffective in blocking the growth of Na and K metal
dendrites: While being relatively stiff (Young’s modulus of 50−
90 GPa), the frits are macroporous, allowing the metal to be
extruded through the openings. The diffusional deformation
and growth of dendrites also put in doubt whether elastic
properties alone are an effective descriptor for dendrite
blocking. The metal anode community may perhaps move to
a more complex descriptor of blocking ability, perhaps
considering the ability of a modified SEI composite to impede
creep deformation of dendrites or their diffusional growth.
Since most SEI structures in liquid electrolytes are inorganic/
organic composites, would a viscoelastic descriptor of
mechanical stabilization be sought?
Huang et al. developed an artificial soft−rigid protective

layer (APL) composed of poly(vinylidene-co-hexafluoropropy-
lene) (PVDF-HFP) and lithium fluoride (LiF), for stabilizing
the Li metal anode.374 The LiF resulted in APL having an
elastic modulus of 6.72 GPa, which far exceeded the values of
the LiF-free PVDF-HFP film, natural SEI film, or a
conventional separator. It was found that such a soft−rigid
protective interlayer endowed the Li||Cu asymmetric cell with
improved cyclability at 0.5 mA cm−2 and 1.0 mAh cm−2 (120
cycles, CE: 97.2%) versus the baseline PP separator (60 cycles,
CE: 65%) or PVDF-HFP (80 cycles, CE: 80%). The authors
analyzed the Li metal deposit morphologies after depositing
1.0 mAh cm−2 of Li in the Li||Cu half-cell. The Li adhered both
to the PVDF-HFP layer and to the APL but resulted in loose
needle-like Li dendrites on the bare Cu foil without protective
layer. The boundary between deposited Li and the APL was
flat versus geometrically fluctuated for the case of PVDF-HFP.
The difference was ascribed to the mechanical robustness of
rigid LiF. This is certainly a valid interpretation of the
interfacial differences, although other factors such as wetting
on the Li metal on LiF and differences in ion transport kinetics
would be contributors as well. More analysis is sought to
understand the role of different mechanical properties (elastic
stiffness, instantaneous strength and ductility, and creep
deformation resistance) on the ability of individual layers or
discrete phases in suppressing dendrites.
Li, Mitlin, and co-workers fabricated a strontium fluoride

(SrF2) microsphere-coated separator, being motivated by the
material’s high elastic stiffness and chemical stability relative to
the electrolyte.375 While the layer was initially deposited on the
separator, during cycling it detached and wound up, being
almost entirely fixed to the Li metal anode surface. The SrF2
microsphere coating stabilizes the SEI growth kinetics during
cycling, creating a composite of SrF2 particles imbedded within
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Table 13. Recent Advances on Functional Separators/Interlayers Promoting a Composite or Otherwise Modified SEI
Structure

Separatora Liquid electrolyte SEI features
Electrochemical performance

(Symmetric cell) Ref

Li Anode
PE/SrF2 1 M LiPF6 in

EC/DEC/DMC
SrF2 are trapped within the SEI 0.25 mA cm−2, 0.5 mAh cm−2,

90 cycles
375

PVdF-HFP-Garlic 1 M LiPF6 in
EC/DMC/DEC/EMC
+ VC

Ester-based polymers, R-SH (thiols), KF, and CuF2 were
incorporated into SEI

NA 378

PP/a-TiO2-BDC 1 M LiTFSI in DOL/DME +
LiNO3

SEI was richer in C-O moieties and Li3N 4 mA cm−2, 4 mAh cm−2, 250
cycles

379

PP/MnCO3 1 M LiTFSI in DOL/DME +
LiNO3

Covering layer consisted of Mn, Li2CO3, and SEI species 5 mA cm−2, 1 mAh cm−2,
5000 cycles

380

PP/PbZr0.52Ti0.48O3
(PZT)

1 M LiPF6 in EC/DMC Part of PZT got reduced by Li, forming Pb−Li alloy adhered to
the Li foil

2 mA cm−2, 2 mAh cm−2, 100
cycles

381

PP/Lignosulfonate 1 M LiTFSI in DOL/DME
+ LiNO3

Li2S and organic aromatic groups were induced in SEI 1 mA cm−2, 1 mAh cm−2, 250
cycles

382

PP/Nanodiamonds
(NDs)

1 M LiTFSI in DOL/DME
+ LiNO3

NDs self-transferred to the Li surface became part of the SEI 1 mA cm−2, 3 mAh cm−2, 155
cycles

377

PP + MgO film 1 M LiTFSI in DOL/DME
+ LiNO3

MgO near the Li surface was lithiated into Li−Mg alloy 10 mA cm−2, 5 mAh cm−2,
2500 cycles

361

PP/Graphite
fluoride/PVDF

1 M LiTFSI in DOL/DME
+ LiNO3

LiF and graphene were generated in the interface 5 mA cm−2, 1 mAh cm−2,
2500 cycles

383

PP/Si 1 M LiPF6 in EC/DEC/FEC
+ VC

Li−Si alloy was formed, giving a Si-enriched SEI 0.5 mA cm−2, 1 mAh cm−2,
250 cycles

384

Xonotlite (XNs)-
based separator

1 M LiTFSI in DOL/DME
+ LiNO3

Part of XNs reacted into LixSiOy which accumulated in SEI 5 mA cm−2, 1 mAh cm−2,
5000 cycles

385

Na Anode
PP + Graphene film 1 M NaPF6-EC/PC Graphene suppressed the reaction between Na and the electrolyte 2 mA cm−2, 3 mAh cm−2, 100

cycles
386

Lithium-activated
PP/SnS-G

1 M NaClO4-EC/DEC
+ FEC

Li-based SEI components (Li2O, LiF, Li2CO3, etc.) were
introduced, enabling faster Na+ conduction

4 mA cm−2, 2 mAh cm−2, 500
cycles

387

K Anode
PP/AlF3 4 M KFSI-DME PP/AlF3 induced a stable artificial SEI film containing KF, AlF3,

and Al2O3 on K surface
0.5 mA cm−2, 0.5 mAh cm−2,
1000 cycles

173

a“Separator+Material” represents the case of introducing the self-standing interlayer into interface; “Separator/Material” represents the case of
directly coating the functional material on the separator.

Figure 20. (a) Schematic illustration showing the beneficial effect of a lignosulfonate-derived SEI (L-SEI) on the Li plating behavior. (b and c) XPS
spectra profiles of an L-SEI on Li anode displaying the S 2p and C 1s peaks, respectively. Reproduced with permission from ref 382. Copyright
2020 Elsevier.
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the SEI. It was argued that such a protective composite with a
“soft” SEI matrix and “hard” ceramic SrF2 reinforcement was
physically tough and could mechanically stabilize the interface.
Density functional theory simulations showed that the Li+ ions
preferred to adsorb onto the SrF2 surface, which would
homogenize the lithium ion flux, further promoting a planar
plating−dissolving interface. With both a mechanical and an
ion transport impact, the SrF2-coated separator effectively
inhibited dendrite growth and improved the electrochemical
performance of full LMBs. This study served as a useful
illustration of the multifunctional role that many coatings and
interlayers have in improving metal anode performance. It is
likely that most of the effective functional layers possess
multiple roles, including the mechanical benefit, the ion
transport benefit, and the electrolyte wetting benefit. Which
benefit is reported often depends on the authors’ viewpoint
and the confirmatory analyses−simulations performed. For
example, authors employed a nonwoven rGO fiber-aramid
separator for improving the electrochemical performance of Li
metal anodes.376 The “F-doped” rGO surface induced the
formation of LiF on the metal surface, which dramatically
improved the stability of the SEI. The rGO surface would also
promote enhanced wetting versus a baseline polymer separator
and probably resulted in an improved ionic flux. These factors

all would contribute to enhanced cycling stability, promoting a
more holistic view of the benefits imbued by a given functional
layer architecture. Future research should focus on under-
standing the synergistic aspects of these benefits. Is it actually
possible to achieve state-of-the-art electrochemical perform-
ance with functional layers that do not simultaneously improve
the electrolyte wetting behavior, ion transport kinetics, and SEI
toughness, as all three lag with standard separators−electro-
lytes?
Per Table 13, there have been several studies where an

artificial SEI was created through a functional separator
coating. Lu et al. recently reported a nanodiamond particle
(ND)-embedded Li-SEI, created by the self-transfer from the
ND-coated polypropylene separator (ND-PP) under mechan-
ical stress.377 The embedded NDs caused a factor of 5 decrease
in SEI conductivity, which nominally would impede further
reduction of the electrolyte at the SEI−liquid interface. The
Young’s modulus of ND-PP was raised to 30GPa. Both factors
could, in principle, reduce the degree of dendrite growth,
although other factors such as the role of the ND layer in
forming a composite with the SEI were also likely important.
This study serves as an illustrative example of the difficulty of
ascribing the performance improvement to just one property of

Figure 21. (a) Schematic and cycling data illustrating the performance enhancement achieved by employing defective graphene protective films in
Na metal batteries. (b) Nyquist plots of the symmetric cells comparing the few-layer graphene (FL-G)/Na electrode and the baseline unprotected
Na after 100 cycles. (c) Schematic illustration of sodium protection by a lithium-activated SnS/graphene nanocomposite membrane (A-SnS-G).
(d) XPS C 1s, F 1s ,and Li 1s spectra of A-SnS-G after a single lithiation-delithiation cycle in LiPF6-EC-EMC-DEC-FEC electrolyte. (e)
Electrochemical performance of symmetric cells based on A-SnS-G@Na and baselines Sn-G@Na, A-Na, and Na tested at 1 mA cm−2. Panels a and
b are reproduced with permission from ref 386. Copyright 2017 American Chemical Society. Panels c and d are reproduced with permission from
ref 387. Copyright 2020 Royal Society of Chemistry.
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the functional separator, further supporting an argument for a
holistic view of the needed attributes.
Materials with an intrinsic reactivity toward Li metal have

been utilized as separator coatings.361,378,382 As illustrated by
the schematic in Figure 20a, Huang et al. integrated a reactive
lignosulfonate film onto a separator surface in order to stabilize
the cycling of Li metal.382 Per the XPS analysis shown in
Figure 20b and c the lignosulfonate-derived SEI (L-SEI) on
the Li surface was determined to contain inorganic species
(Li2CO3, LiF, and Li2S) and the aromatic groups (CC)
inherited from lignosulfonate. These components effectively
passivated the Li metal surface and resulted in a lower
activation energy for Li ion diffusion through the SEI (60.8 kJ
mol−1 vs 72.3 kJ mol−1 for the electrolyte-induced SEI). A
symmetrical Li||Li cell with this protective layer showed stable
voltage hysteresis (20 mV) for 400 h, at a current density of 1
mA cm−2 and a capacity of 1 mAh cm−2. A full cell Li−S with
an L-SEI displayed improved capacity retention as well.
Authors have also explored reactive inorganics for constructing
an artificial protective layer on the Li-metal surface, including
PbZr0.52Ti0.48O3,

381 MnCO3,
380 MgO,361 and silicon.384 Many

of these inorganic coatings are reduced by the Li foil, for
example Pb27Zr14Ti13O81 + 2 Li → Pb25Li2Zr14Ti13O80 + Pb +
PbO. Such reactions typically occur over the initial cycles and
will result in the layer becoming physically transferred from the
separator to the Li foil surface, where it becomes incorporated
into the modified SEI layer. From this vantage, the effect is
similar to what was described previously for many coatings that
were not originally intended to be reactive but were reduced by
the metal surface nevertheless. Often, one result of these
reactions is a reduced interfacial resistance of the metal anode
as calculated from impedance analysis. The formed alloys and
reaction layers would not have this effect unless in parallel
there was a stabilization of the SEI layer. While more work is
needed to understand the fate of the numerous reactive
materials employed, microstructural analysis typically points to
a new phase(s)/SEI composite formation. More needs to be
understood about how the mechanical properties and ion
transport properties of such composites are different versus the
baseline SEI structure and how those differences translate into
anode cycling stability and resistance to dendrite formation.
Cui et al. employed a reaction-protective separator strategy

where Li dendrites in contact with the layer would be impeded
by a lithiation reaction of the phase.388 The functional
separator possessed a sandwiched structure of Li-active silica
being incorporated between two polymeric separators. Once a
dendrite punctured the outer separator and contacted with the
inner silica, the SiO2 nanoparticles could be lithiated by the
lithium dendrites, in effect stopping their advance. When Si
was employed instead, the separator failed to protect the cell,
actually reducing the battery life. One explanation for this
effect is the kinetic difficulty of lithiating bulk Si, with the Li
metal dendrite rather proceeding around the obstacle. In
contrast, the SiO2 particles are reactive with the Li metal,
readily forming a Li2O compound. TiO2 nanoparticles were
also demonstrated to stabilize the metal−electrolyte interface
with both Na and Li.389,390 TiO2, however, is not expected to
undergo a conversion reaction but would rather lithiate to form
an amorphous Li−Ti solid solution.391 Therefore, multiple
reactivity types are potentially effective in blocking dendrite
propagation.
Per Figure 21a, Li and co-workers directly transferred a free-

standing graphene film with tunable thickness onto a Na metal

surface.386 Acting as a stable artificial SEI, the graphene
reduced excessive SEI buildup, which occurred on a bare Na
electrode in the carbonate electrolyte employed. As shown in
Figure 21b, after 100 cycles at 0.5 mA cm−2, the Na||Na
symmetric cells protected by the graphene layers displayed
significantly lower impedance than the baselines, with
interfacial resistances being ∼800 vs ∼2600 Ohms. With an
optimal graphene thickness of around 5 nm, a stable Na cycling
behavior was achieved at a high current density of 2 mA/cm2

with a cycling capacity of 3 mAh/cm2, without any mossy or
dendritic structures being present on the postcycled surface.
The layers were likely incorporated into a composite SEI which
was more stable during cycling. Liu and Mitlin reported an
artificial SEI layer based on a Li-ion-activated SnS/graphene
nanocomposite membrane (A-SnS-G), which allowed for deep
stable cycling of a record-thin 100 mm Na metal anode. A
schematic of the synthesis process is shown in Figure 21c.387

The synthesis procedure was along the following lines: A PP
separator coated with SnS-graphene alternating nanolayers was
activated in lithium-based carbonate electrolyte (EC:EMC:-
DEC = 1:1:1, 5% FEC) versus a Li electrode. The activation
consisted of a single lithiation−delithiation cycle in a voltage
range of 0.01−2.5 V vs Li/Li+. After the activation process, SnS
was transformed to amorphous sulfides and tin-based species
(Li2S and Sn), while still remaining well-dispersed within the
graphene scaffold. These amorphous species are known to be
inherently good Li and Na ionic conductors per prior literature
reports. In addition, a Li-based SEI comprising substantial
inorganic electrolyte decomposition products (i.e., Li2CO3,
Li2O, ROCO2Li, as well as LiF) was created in the membrane,
as verified by the XPS results shown in Figure 21d. Of these
phases, LiF is known as an effective mechanical stabilizer of the
SEI. It is more effective than NaF, while displaying higher ionic
conductivity, 10−7 S cm−1 vs 10−13 S cm−1. As a result of these
multiple synergistic contributions, the A-SnS-G composite
membrane, which acted as an artificial SEI layer, allowed for
extended cycling both of Na metal cells and of full Na metal
batteries in a standard carbonate electrolyte (EC:DEC = 1:1,
5% FEC). Figure 21e shows the electrochemical performances
of the symmetric Na||Na cells with various configurations,
including several baselines that had inferior performance to A-
SnS-G. Li and co-workers reported a simple and cost-effective
approach to stabilizing Na and K metal anodes, via directly
inserting a thin piece of commercial carbon paper (CP)
between the anode and separator.392 Upon contacting with Na
metal or K metal, the carbon paper was sodiated or potassiated,
forming a more stable SEI than the unprotected baseline.
An optimum SEI should be mechanically robust to tolerate

the anode expansion/contraction during the plating/stripping
process. It is recognized that the Na-based SEI is relatively
unstable as compared to Li, while the K-based SEI is unstable
even as compared to Na. For instance, fluoroethylene
carbonate (FEC) can stabilize Li and Na anodes by forming
a dense and mechanically strong LiF or NaF layer on surfaces,
suppressing dendrite proliferation.393−395 However, FEC
generally does a poor job of protecting K metal anodes.143,172

This was found to be associated with the excessive side
reactions of the SEI and the fact that the FEC was consumed
early in the cycling process. From such results, and from a
broad survey of the existing literature, it may be surmised that
the membrane solutions established for Li metal may not be as
effective, especially for K. To date, there is minimal literature
on functional membranes for K metal anodes that allow state-
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of-the-art performance. More research in this area is
encouraged.
Authors recently published the first report of a multifunc-

tional separator for potassium−metal batteries based on a
double-coated tape-cast microscale AlF3 on polypropylene,
termed AlF3@PP.173 Analysis of asymmetric metal half-cells
was performed in the ether-based electrolyte 4 M potassium
bis(fluorosulfonyl) imide (KFSI) in dimethoxyethane (DME)
electrolyte. Analysis of full batteries was performed in 0.8 M
KPF6 in ethylene carbonate (EC) and diethyl carbonate
(DEC) (1:1, v/v). With AlF3@PP, the postcycled plated metal
surface was dendrite-free, while the postcycled fully stripped
current collector surface was covered by a uniform SEI layer.
Those results are shown in Figure 22a and c, including cryo-
FIB cross-sectional analysis of the plated metal surface.
Baseline PP half-cells displayed blocky dendrites interspersed
with porosity at plating and copious dead metal interspersed
with SEI clumps at stripping. Those results are shown in Figure
22b and d. During cycling, the AlF3 from the separator became
incorporated into an artificial SEI with enhanced cycling
stability, partially reacting to form KF and Al2O3 phases within
the modified structure. These SEI phases were verified by XPS

analysis, and the results are shown in Figure 22e. When tested
in a full battery, the AlF3@PP also formed an artificial cathode
electrolyte interphase that stabilized the potassium
hexacyanoferrate(III) cathode. As shown in Figure 22f, the
functional separator minimized both Fe crossover and
corresponding cycling-induced anode pulverization. It was
demonstrated that the AlF3@PP had multiple additional
electrochemical benefits, promoting complete electrolyte
wetting, enhancing electrolyte uptake, and improving ion
conductivity through the electrolyte-filled separator while
increasing the ion transference number. Studies on multifunc-
tional separators for potassium metal batteries are encouraged,
with the field being minimally explored.
8.3. Controlling Metallic Nucleation Sites

Xie et al. proposed a novel strategy of adjusting the Li dendrite
growth direction via using a functional separator as shown in
Figure 23a.396 The separator was coated with the prelithiated
functionalized nanocarbon (FNC), which immobilized Li+ ions
on the surface, and was electrically connected to the Li metal
electrode through the tabs. Per the in situ TEM experimental
results shown in Figure 23b the conductive FNC served as an
upper current collector. There, Li dendrites during plating

Figure 22. Cryo-FIB cross-sectional SEM images and EDXS K and F maps of (a) AlF3@PP in the 100th plated condition and of (b) PP in the
100th plated condition. (c) Light optical images of AlF3@PP at the 20th stripped condition. (d) Same analysis but performed for the baseline PP.
(e) Sputter-down XPS analysis showing the F 1s and Al 2p spectra of the plated metal surface with AlF3@PP, after 20 cycles. (f) Top-down SEM
images and EDXS maps of the post-100-cycle metal anodes extracted from full batteries based on the potassium hexacyanoferrate(III) cathode,
tested at 100 mA g−2. Reproduced with permission from ref 173. Copyright 2021 John Wiley & Sons, Inc.
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formed (the red dashed curves appearing at 83 s) and grew out
from the surface toward the anode (95 s), driven by the voltage
difference between the tip and the base. When the dendrites
formed on both surfaces of the FNC thin film and the Li anode
met (106 s), the dendrite growth along the through-plane
direction stopped and instead continued along the in-plane
direction (114 s). In such a manner, a densely packed Li layer
between the separator and Li anode was induced, with
nonsharp geometries. The immobilized Li+ ions played a vital
role as the intentionally introduced nucleation sites for Li
dendrite growth toward the anode. Zhang et al. demonstrated
the feasibility of applying a Cu thin film (CuTF) as a
functional coating on a PE separator, for modulating the Li
deposition morphology via dendrite merging.397 Various
lithiophilic nanoparticles, including Mg,398 Pt,399 Ag,400 and
SnO2,

401 have employed as Li nucleation sites that were coated
onto the separator and nominally guided the dendrite growth
direction. The enthalpy of an infinite solution (ΔsolH

∞) of the
alkali metal into the element can be used to predict the wetting
property and the associated nucleation behavior.141 Elements
such as Ag, Mg, and Pt possess negative ΔsolH

∞ values with Li,
explaining improved electrochemical wetting and low plating
overpotentials. The enthalpy of infinite solution criteria
identified Au, Ba, Ge, Pt, and Sn as being sodiophilic and
Au, Ge, and Sn as being potassiophilic. It remains to be known

how many of these elements when incorporated onto the
separator surface are effective in blocking dendrites by
promoting metal nucleation and growth in the direction
toward the current collector. There is one recent example of a
Sn-coated separator that prevented dendrite growth and
improved the cyclic stability of the Na metal anode.402 This
alloying theme seems ripe for further exploration, with the
associated analytical and simulation studies being necessary.
What is the precise mechanism(s) by which dendrites blocked
by the reactive phases on the separator, even for the cases of
the established SiO2 and Sn?
Liu and Tao et al. employed atomic-resolution cryo-TEM

and SEM, to study Li nucleation and growth under a
trifluoroethanol-modified eggshell membrane (TESM).403

The TESM film with rich polar functional groups improved
the wettability of ether-based electrolytes, resulting in a contact
angle of nearly 0° versus 44.2° for the baseline PP separator.
XPS and FTIR analysis indicated that TESM may be
incorporated into the SEI, forming a modified structure.
SEM analysis revealed that Li was deposited with a uniform
spherical morphology on the TESM-protected Cu electrode,
whereas Li deposits with the baseline PP appeared dendritic.
The Cryo-TEM revealed a difference in crystallographic
texture between the two specimens, with ⟨110⟩ and ⟨211⟩
being the film texture with a TESM and ⟨110⟩, ⟨211⟩, and

Figure 23. (a) Dendrite growth in a Li metal cell using a functionalized nanocarbon (FNC)-coated separator. (b) In situ TEM experimental results
at 0 s, 58 s, 83 s, 95 s, 106 s, and 114 s. The red dashed curves show the profile of the Li dendrite; the arrows indicate the growth directions.
Reproduced with permission from ref 396. Copyright 2017 Springer Nature.
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⟨111⟩ being the dendrite growth directions with the PP. A
Li∥Li symmetry with TESM protection had a cycle life of over
1200 h at 5 mA cm−2, versus only 180 h for the baseline. While
there is clearly a linkage between film texture and electrolyte
wetting, further studies are needed to establish broad trends
both in respect to planar film growth and in respect to dendrite
orientation.
Hu et al. employed a BN-coated separator to stabilize the Li

metal anode.404,405 The authors claimed that a uniform
temperature distribution was created on the thermally
conductive BN surface, which contributed to uniform
deposition/striping of the Li. Pol et al. improved the
temperature distribution on a separator by coating it with a
thermally conductive AlN layer.406 The functional layer
enabled superior Li deposition behavior and allowed for
stability of Li metal batteries over 100 cycles, even at low
temperatures of 0 and 10 °C. By contrast, batteries with an
untreated separator quickly deteriorated during cycling. Several
groups revealed that temperature is an important aspect in
understanding the nucleation behavior of electrochemically
plated metal.407−409

9. INTERLAYERS AND ARTIFICIAL SEI/CEI LAYERS
FOR METAL−SULFUR SOLID-STATE BATTERIES
(SSBS)

In this section, we discuss the application of functional
interlayers and artificial SEIs/CEIs for solid-state electrolyte
applications in metal−sulfur-based solid-state batteries. Solid-
state electrolytes are gaining major attention as a replacement
for liquid electrolytes and traditional separators, primarily due
to their perceived increased safety. There has been significant
progress in the solid-state alkali metal−sulfur batteries showing
reasonable cycle life and capacity retention.410 To a varying
extent, all SSEs have the propensity to develop unstable
interfaces both at the anode (mechanical separation, parasitic
reduction reactions, and/or dendrites) and at the cathode
(mechanical separation and parasitic oxidation reac-
tions).411−413 These interfacial effects increase impedance,
giving fast charge and fast discharge limitations even with the
most state-of-the-art SSEs. Solid-state electrolytes display
electrochemical−mechanical coupling to a much greater extent
than with liquid electrolyte systems, leading to complex failure
modes not normally observed in the later.412,414 Some
manifestations of this coupling include cracking of the SSEs
through the bulk, pulverization of cathode−SSE and anode−
SSE interfaces, and generally poor or nonuniform physical
contact between the cell components that worsen with
extended cycling. To counter these effects, external stress is
applied to promote diffusional and creep relaxation of the
metal, to inhibit interfacial reactions that result in volume
expansion, and to simply keep the pouch or PEEK cell
components in physical contact.415,416 While stainless steel
button cells naturally exert several MPa of pressure upon the
internal stack, more representative pouch cells do not bring
any pressure unless it is externally applied. Research has shown
that commercially representative pouch cell stack pressures of
around 1 MPa are insufficient to stabilize SSB performance and
that pressures up to ten times higher are needed, depending on
the SSE type and cell configuration. This creates major
problems when envisioning the transition of SSB technologies
from the laboratory to a commercial product.
Functional interlayers and artificial SEIs and CEIs promise

to alleviate this critical problem to some extent, reducing the

parasitic reactions at both interfaces with sulfide SSEs or
promoting better stack adhesion and improved metal wetting
with oxide SSEs. This will be the focus of the discussion below.
At a high level, numerous questions remain regarding the
nature of the anode−SSE and the cathode−SSE interfaces and
the associated electrochemical−mechanical coupling. An
obvious concern is the ability to quantitatively analyze each
interface so as to obtain key microstructural data that may be
input into various multiscale models. Some of the emerging
opportunities for direct analysis of the interfaces will be
discussed in section 11 of this review. Historically there has
been an emphasis on “global” electroanalytical and analytical
approaches, which could provide quantitative information but
only averaged over a relatively large sample area. For example,
increasing EIS resistance values of a SSB can be due to one or a
combination of multiple factors: This includes stress-driven,
nonuniform self-diffusion-driven, or Kirkendall effect-driven
voiding of the metal anode, localized fracture or more general
pulverization of the SSE at either or at both electrode−SSE
interfaces, growth of ionically insulating reaction layers at the
interfaces, etc. While employing a three-electrode setup will
provide information regarding the anode−SSE and the
cathode−SSE state of health, there is still ambiguity regarding
the microstructural origin of the impedance rise. Employing
site-specific techniques such as cryo-stage FIB and cryo-stage
TEM in combination with global electroanalytical (EIS,
overpotential analysis) and analytical methods (synchrotron
and X-ray, XPS, and TOF-SIMS) is likely the best path
forward. For example, such a combined approach provided
unique microstructural information regarding the role of AlF3
multifunctional coatings in extending the cycling stability of
potassium metal batteries, as well as specific early failure modes
in baseline cells employing a conventional separator.173

It should be noted that hybrid inorganic−organic SSEs have
also been widely employed. The reader is referred to several
excellent review articles on this topic.417−419 In principle,
hybrid electrolytes synergize the advantages of inorganic SSEs
and polymer SSEs to facilitate processing efficiency, while
improving interfacial contact both initially and after extended
cycling.420−425 In practice, polymer-based secondary SSE
phases are often a compromise, tremendously aiding battery
fabrication but creating secondary issues related to polymer
reduction/oxidation. The plating/stripping behavior of Li or
Na at the oxide portion of the SSE may be quite different than
at the polymer portion of the SSE, leading to inhomogeneous
interfaces during extended cycling. Likewise, at the cathode the
oxidation behavior of the polymer component will differ from
the oxidation behavior of the inorganic portion, leading to
additional inhomogeneity. Most polymer-based electrolytes
display lower ionic conductivity than state-of-the-art inorganic
SSEs, reducing the battery rate performance when added in
appreciable amounts. An alternative and promising approach
for hybrid electrolytes is to combine oxides such as lithium
lanthanum zirconium oxide (LLZO) with minor additions of
conventional liquid electrolytes, improving the interfacial
contact at both electrodes, especially at the cathode. Surveying
the supplemental portion of state-of-the-art performance
ceramic SSB publications, it is evident how widely this
approach is utilized, even when the manuscript title and
abstract refer to the architecture as all-solid state.
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9.1. Inorganic Solid-State Electrolytes

Inorganic solid-state electrolytes can be categorized into oxide-
and sulfide-based series. Oxide-based SSEs primarily include
lithium−phosphorus oxynitride (LiPON), lithium lanthanum
zirconium oxide (LLZO), lithium superionic conductors
(LISICON), sodium superionic conductors (NASICON),
and β′′-alumina. These display comparatively wide electro-
chemical stability windows, primarily due to kinetic rather than
thermodynamic stability, with β′′-alumina being perhaps the
thermodynamically stable exception.426−428 These oxides
display ionic conductivities in the range 10−6−10−3 S cm−1.
Sulfide-based SSEs present comparatively higher ionic
conductivities up to beyond 10−2 S cm−1 at room temper-
ature.429 Sulfides such as L10GeP2S12 (thio-LISICON, LGPS),
Li6PS5Cl (argyrodite, LPSC), Li2S-P2S5 (LPS), β-Li3PS4
(lithium thiophosphate, LPS), Na3PS4 (NPS), and Na3SbS4
(NAS) are widely studied, with argyrodite being promising due
to its relative kinetic stability.430 Solid inorganic electrolytes
have near-unity cation transference numbers, which indicate
they are only permeable to alkali ions but impermeable to
polysulfide anions. With SSEs sulfur undergoes a direct solid−
solid reaction pathway without the formation of polysulfide
intermediates.431 Thio-LISICON (Li10GeP2S12

432 and
Li10SnP2S12

433), Li2S-P2S5 glass electrolyte,434 and Na3PS4
435

have been explored for SSE-based metal−sulfur batteries. The
full battery cells display a single sloping discharge plateau
which is associated with direct conversion of S to Li2S or to
Na2S.
Cathodes and anodes interfaced to oxide SSEs generally

display a large interfacial resistance. For example, the interfacial
resistance between NASICON and Na metal has been
reported to be more than 10,000 Ω·cm2.436 To reduce this
resistance, a minor amount of liquid electrolyte can be added
to the interfaces, including with sulfide-based SSEs. For
example, using such an approach, the interfacial resistance of
the symmetric Li/Li10GeP2S12(LGPS)/Li cell was reduced
from over 2000 Ω·cm2 to 142 Ω·cm2.437 This may be
considered a hybrid approach, relying (primarily) on solid-
state ionic conductivity through the bulk of the SSE but also
improving the interfacial charge-transfer kinetics through the
minority liquid. Figure 24 presents a hybrid Li−S battery
configuration with two different liquid electrolytes separated by
a solid-state Li1+x+yAlxTi2−xSiyP3−yO12 (LATP) film.438 With
such a “quasi-solid-state” battery, sulfur converts through a
conventional solid−liquid dual-phase reaction route along with
the recurrent formation and dissolution of the LiPSs. This

indicates that there is enough liquid in the system that most of
the ionic conduction derives from the it, rather than from the
SSE. The key role of the LATP electrolyte would then be the
inhibition of the polysulfide crossover to the anode. This quasi-
solid-state Li−Li2S battery delivered a stable capacity of more
than 900 mA h g−1 for 150 cycles at 0.05C. Since the Li anode
foil acted as an effectively infinite reservoir of Li ions, the
battery CE approached 100% during cycling. In general, within
quasi-solid-state batteries the polysulfides’ shuttle effect seems
to be substantially reduced.439 Rather, the cells appear to be
limited by the stability of the anode−electrolyte and cathode−
electrolyte interfaces. With hybrid electrolytes, the problem of
reduction at the anode and oxidation at the cathode appears to
be compounded. Table 14 compares different ceramic
electrolytes for metal−sulfur battery applications. The
comparison is made in terms of room temperature bulk ionic
conductivity, thermodynamically stable electrochemical win-
dow,427 and observed interfacial stability (thermodynamic or
kinetic) at the anode and at the cathode.
Janek et al. summarized three different types of interface

formation in terms of the interfacial stability of SSEs against
metal anodes.451 The three types of interfaces are shown in
Figure 25. While the schematic focuses on the Li metal−SSE
interface, the provided concepts are fully applicable to Na and
K as well. The first case is a thermodynamically stable interface,
shown in Figure 25a. The SSE is thermodynamically stable and
completely unreactive when in contact with lithium metal. To
our knowledge, such an interface does not exist when
considering oxide or sulfide-based SSEs. Moreover, it would
not necessarily be a desirable feature since a completely inert
interface implies lithiophobicity and, hence, difficulty in
maintaining wetting contact during plating/stripping. While
higher Li content phases such as Li2S, Li3P, Li3N, and LiF are
thermodynamically stable against Li metal, they are poor ionic
conductors and are, therefore, better suited as secondary
artificial SEI layers.411,427 Figure 25b presents a reactive and
mixed conducting interphase (MCI) where ionically and
electronically conductive interfacial reaction products are
formed. Solid electrolytes containing high-valence cations
(i.e., Ti4+, Ge4+, Ta5+, and Sb3+) such as perovskite-type
Li0 . 3 3La0 . 56TiO3 (LLTO), NASICON-type LATP,
Li1.5Al0.5Ge1.5(PO4)3 (LAGP), LGPS, and NAS will form an
MCI that is not self-passivating. This results in the continuous
growth of a low-ion-conductivity interface with the associated
increase in impedance and overpotentials. Figure 25c illustrates
kinetically stable SSEs such as with LLZO and to some extent
with argyrodite. A self-passivating interface is formed, with all
or most of the reaction products (e.g. tetragonal LLZO and
Li3P) being electrical insulators. Ongoing growth of such an
interface is limited, qualitatively being analogous to a stable
SEI layer with liquid electrolytes. Despite a range of
mechanical compatibility issues, LLZO displays excellent
electrochemical compatibility with Li metal through the
formation of a thermodynamically stable passivation layer.
NASICON-type Nal+xZr2P3−xSixO12 delivers practical stability
against Na metal as a consequence of the decomposition
product NaOx suppressing further reactions.

452 In contrast, the
interface between Na3PS4, Na3SbS4, and Na metal is highly
reactive and unstable. The reduction products such as Na3P
and Na3Sb phases possess a low band gap (0.4 and 0.68 eV),
making them electronically conductive, with the result being a
reacted interface that is not self-terminating.453

Figure 24. Schematic of the architecture for the LATP electrolyte-
based quasi-solid-state Li−S battery. Reproduced with permission
from ref 438. Copyright 2015 Royal Society of Chemistry.
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Many oxide-based solid electrolytes and all sulfide-based
ones also anodically decompose at the ceramic cathode
voltages. With S-based batteries, the cathode voltage is lower,
with less driving force for SSE decomposition. In cases where
the sulfide SSE does decompose, several studies demonstrated
that the decomposition may be partially reversible or that the
decomposition products are redox-active.411,454 When employ-
ing Li6PS5Cl, LGPS, and Na3PS4 as electrolytes for Li−S and
Na−S batteries, it was found that the sulfides contributed to
the extra reversible capacity within the operating volt-
age.435,456,457 It is not obvious that this effect may be beneficial
for practical batteries since the associated conversion reactions
lead to large volume changes at every cycle. As an example of
sulfides being employed for cathodes, a mixed Na3PS4−carbon
catholyte delivered a reversible capacity of 140 mAh/gNa3PS4 in

the voltage range 0.5−3.0 V against a Na−Sn alloy anode.431

The ball-milled composite cathode mixture of Na3PS4-nano-
Na2S-C exhibited an initial capacity of around 900 mAh/g
when tested at 50 mA/g, which was based on the weight of

Na2S and exceeded its theoretical capacity of 687 mAh/g.
Garnet LLZO,458 NASICON-type Li1+xYxZr2−x(PO4)3
(LYZP),459 and Nal+xZr2P3−xSixO12 solid electrolytes443

possess favorable thermodynamic stability versus sulfur
cathodes, as well as kinetic compatibility with the anode.
Alas, the oxides are less ionically conductive and suffer more
from electrochemical−mechanical-coupling-related failures due
to their brittle nature.
If employing a hybrid liquid−solid SSE, there is the

additional concern that the SSE reacts with the intermediate
sulfide species that is in the liquid solution. For instance,
Li1.3Al0.3Ti1.7(PO4)3 solid electrolyte displays a reduction
potential of 2.5 V vs Li/Li+ and will be lithiated when in
contact with lithium polysulfide solution, accompanied by a
reduction of Ti4+ to Ti3+.455 The crystal would expand
anisotropically during the lithiation process, generating cracks.
During cycling, the SSE grain boundaries would be corroded
by polysulfide solution, resulting in the generation of additional
pores within the structure and leading to polysulfide crossover.
Likewise, LAGP is thermodynamically unstable against LiPSs

Table 14. Comparison of Different Ceramic Electrolytes Employed for Metal−Sulfur Battery Applications

SIE type and representative material σion (S·cm−1)
Electrochemical windows
(V vs Li/Li+ or Na/Na+) Stability against metal anode

Stability against S
cathode Ref

Oxides-Based SIEs

Perovskite Li0.33La0.56TiO3 7.00 × 10−5 1.75−3.71 ▶ Be thermodynamically unstable ▶ Be thermodynami-
cally unstable

440

▶ Reduction of Ti4+ to Ti3+ ▶ Reduction of Ti4+ to
Ti3+ by LiPSs▶ Oxidized Li insertion

NASICON Li1.2Al0.2Ti1.8(PO4)3 5.00 × 10−3 2.17−4.21 ▶ Be thermodynamically unstable ▶ Be thermodynami-
cally unstable

441

Li1.5Al0.5Ge1.5(PO4)3 1.80 × 10−4 2.70−4.27 ▶ Reduction of Ti4+ to Ti3+ or Ge4+ to Li−Ge
alloy

▶ Reduction (i.e., Ti4+

to Ti3+) by LiPSs
442

Na3Zr2PSi2O12 1.00 × 10−3 1.11−3.41 ▶ Be kinetically stable Be thermodynamically
stable

443,
444

Garnet Li7La3Zr2O12 2.44 × 10−4 0.05−2.91 ▶ Be kinetically stable ▶ Be thermodynami-
cally stable

445

Alumina Na-β″-alumina 2.00 × 10−3 0.1−3.80 ▶ Be thermodynamically stable ▶ Be thermodynami-
cally stable

446

Sulfide-Based SIEs

Li2S-P2S5 sys-
tem

0.7Li2S-0.3P2S5 1.40 × 10−3 NA ▶ Be kinetically stable ▶ Be kinetically stable 447

β-Li3PS4 1.60 × 10−4 1.71−2.31 448

Argyrodite Li6PS5Cl 4.60 × 10−3 1.71−2.01 ▶ Be kinetically stable ▶ Be kinetically stable 449

Thio-LISICON Li10GeP2S12 1.20 × 10−2 1.71−2.14 ▶ Be thermodynamically unstable ▶ Be kinetically stable 429

▶ Formation of MCI layer consisting of Li3P,
Li2S, and Li−Ge alloy

Sulfde-based
Na+ conduc-
tor

Na3PS4 1.09 × 10−4 1.55−2.25 ▶ Be thermodynamically unstable ▶ Be kinetically stable 431

Na3SbS4 1.48 × 10−3 1.80−1.90 ▶ Formation of MCI layer consisting of
electron conductor (Na3P or Sb−Na alloy)

450

Figure 25. Types of interfaces between lithium metal and a solid lithium ion conductor: (a) nonreactive−thermodynamically stable interface; (b)
reactive and mixed conducting interphase (MCI); (c) reactive and metastable solid electrolyte interphase (SEI). Reproduced with permission from
ref 451. Copyright 2015 Elsevier.
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species considering its high reduction potential of 2.7 V vs Li/
Li+.439

Employing alloy anodes such as Li−Sn, Li−In, and Na−Sn
or passivating the metal anode surface with electronically
insulating layers can reduce interfacial degrada-
tion.433,435,450,460−462 For example, Ceder et al. employed
surface hydration to stabilize the SSE−metal interface, which
was achieved by exposing the Na3SbS4 electrolyte pellet to
ambient air.461 A concern with using alloy anodes rather than
plating/stripping anodes is the reduction in the operating
voltage window of the full cell, as well as the degradation of the
alloy itself due to the ongoing volume changes. A key approach
for stabilizing the SSE−metal interface is to introduce one or
several interlayers between them, akin to membranes and
artificial SEIs with liquid cells but designed to be ionically
conductive but electrically insulating. One powerful example of
this approach is by Wang et al., who introduced a lithiophilic−
lithiophobic gradient interface layer between Li and LGPS.
This was achieved by the sequential reduction of salts and
solvent in Mg(TFSI)2-LiTFSI-DME liquid electrolyte at the
LGPS−Li interface.463 The metal salts were first reduced by
lithium, forming a lithiophilic LixMg-rich portion of the
gradient layer at the metal surface, while a lithiophobic LiF-rich
portion of the gradient layer formed toward the electrolyte.
This gradient layer allowed the critical current to be increased
from 0.6 mA cm−2 (capacity of 0.6 mAh cm−2) to 1.3 mA cm−2

(capacity of 1.3 mAh cm−2). Tu et al. developed an MoS2-
doped Li2S-P2S5 glass−ceramic electrolyte (Li7P2.9S10.85Mo0.01)
through a combined method of high-energy ball milling plus
annealing.464 This novel electrolyte exhibited an enhanced bulk
ionic conductivity of 4.8 mS cm−1 at RT, in comparison with
the Li7P3S11 baseline of 2.5 mS cm−1. Moreover, it displayed
lower interfacial resistance along with higher stability against
lithium metal. A Li−S all-solid-state battery with
Li7P2.9S10.85Mo0.01 demonstrated an initial discharge capacity
of 1020 mA h g−1 at 0.05C, versus 775 mA h g−1 with Li7P3S11.
Doping Li7P3S11 with Mn and I (Li7P2.9Mn0.1S10.7I0.3) resulted
in a combination of improved ion conductivity of 5.6 mS cm−1

and improved electrochemical stability.465 Corresponding Li−
S SSBs exhibited a stable cycling performance with a capacity
of around 800 mA h g−1 after 60 cycles at 0.05C. In a study of
Na−S SSBs, NaI was introduced into Na3SbS4 to improve the
ionic conductivity.466 The optimized solid electrolyte of
0.9Na3SbS4·0.1NaI displayed an ionic conductivity of 1.01 ×
10−3 S cm−1 at 30 °C. With employment of the Fe3S4·S·
0.9Na3SbS4·0.1NaI composite cathode and the sodium foil
anode, the Na−S SSBs exhibited a favorable cycling stability
with a reversible capacity of 410 mAh g−1 at 500 mA g−1 for 50
cycles. It also showed favorable rate capability with capacities
of 952, 797, 514, and 446 mAh g−1 at 50, 100, 200, and 500
mA g−1, respectively.
A high interface resistance is a critical factor limiting the

electrochemical performance of solid-state metal−sulfur
batteries. Despite the kinetic stability of the interface, oxide-
based SSEs such as garnet-type LLZO and NASICON
Nal+xZr2P3−xSixO12 suffer from this problem.436,467−469 Inter-
facial resistances in the kΩ cm2 range are reported, being
attributed to the poor wettability of alkali metals on oxides as
well as their physical separation.436 In addition, it is known that
LLZO is prone to degradation when exposed to air.470−472 The
reaction between LLZO and moisture is conceptualized
according to eqs 7 and 8:

+ → +−x xLi La Zr O H O Li H La Zr O LiOHx x7 3 2 12 2 7 3 2 12
(7)

+ → +LiOH 1/2CO 1/2Li CO 1/2H O2 2 3 2 (8)

The Li+/H+ exchange between garnet and moisture forms a
Li+ insulating Li2CO3 surface layer and blocks ion transfer at
the interface, leading to a major increase in interface
resistance.473,474 In parallel, with oxides there is strong
propensity for dendrite formation. The origin of dendrites in
SSEs is thought to be quite different from how dendrites are
envisioned to form in liquid systems. With oxide-based SSEs,
dendrites are thought to originate from a combination of
several mechanisms, including decreased grain boundary ionic
conductivity leading to localized Li+ concentrations, increased
grain boundary electrical conductivity leading to field
concentrations and localized conduction sufficient to nucleate
metal, and poor wetting of the metal on the oxide
surface.475−477 To address these sources of dendrites, targeted
strategies have focused on reducing the levels of porosity and
grain boundary area, increasing the grain boundary ionic
conductivity, reducing grain boundary electrical conductivity,
and promoting wetting through metalphilic interfacial
layers.468 To improve lithium wettability while reducing the
interfacial resistance, polymers have been employed.478

Lithiophilic interlayers have also been based on a range of
oxides, metals, and nitrides that display stronger chemical
interaction with the metal than the SSE, including Al2O3,

471

Sb,479 ZnO,480 and Li3N.
481 In order to remove the pristine

thin Li ion insulating surface layers consisting of Li2CO3 and
protons, Li et al. employed a carbon-assisting heat treatment
on the garnet-type Li6.5La3Zr1.5Ta0.5O12 (LLZT) solid electro-
lyte at 700 °C.482 As a result, the interfacial impedance with
lithium significantly decreased from 1210 Ω cm2 to 28 Ω cm2,
and the resistance of the Li/LLZT/organic-electrolyte/S full
cell was reduced from 1900 Ω cm2 to 250 Ω cm2. The hybrid
Li−S cell displayed a reversible capacity of 970 at 100 μA
cm−2, retaining 800 mAh g−1 after 50 cycles at 200 μA cm−2.
Hu et al. developed a three-dimensional (3D) bilayer garnet-

type Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZNO) electrolyte
framework for Li−S batteries, as shown in Figure 26.478 The

70-μm-thick, porous layer hosted sulfur with a high mass
loading of approximately 7.5 mg cm−2 and provided pathways
for continuous ion transport. Meanwhile, a 35-μm dense layer
separated Li metal and the cathode, providing mechanical
rigidity. The same group also developed a trilayer garnet
Li7La3Zr2O12 (LLZO) electrolyte framework with porous-
dense-porous architecture for a hybrid Li−S battery.458 Prior

Figure 26. Schematic of the 3D bilayer garnet-type
Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZNO) electrolyte framework.
Reproduced with permission from ref 478. Copyright 2017 Royal
Society of Chemistry.
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to impregnation of the molten lithium, the anode side of the
porous LLZO layer was ALD coated with 20 nm of zinc oxide.
As a result, the porous electrolyte was fully wetted by lithium
metal, ensuring low interfacial impedance. The total resistance
of the resultant Li−S battery was less than 800 Ω cm2. The cell
showed stable electrochemical performance with a retained
capacity of 1100 mA h g−1 after 50 cycles, which was equal to
an energy density of 272 Wh/kgcell.
A parallel challenge with S-based cathodes employing SSEs

is to achieve a satisfactory combination ionic conductivity and
electrical conductivity through the assembled cathode. With
liquid electrolytes, achieving the former is less challenging
since the electrolyte fully envelopes the cathode particles. With
SSEs conformal coating of the cathode particles is not
guaranteed and requires additional effort. Han et al. employed
solution processing to fabricate a mixed conducting Li2S
electrode by dissolving Li2S as the active material, poly-
vinylpyrrolidone (PVP) as the carbon precursor, and Li6PS5Cl
as the solid electrolyte in ethanol, followed by a coprecipitation
and thermal carbonization process at 550 °C.483 The SSBs
with Li2S-Li6PS5Cl-C as the cathode, 80Li2S·20P2S5 glass
ceramic as the solid electrolyte, and Li−In alloy as the anode
delivered a reversible capacity of 830 mAh g−1 at 50 mA g−1

after 60 cycles. In another study of a Na−S battery, Fan and
co-workers utilized a cast-annealing process to obtain a robust
Na2S/Na3PS4/CMK-3 composite cathode with low interface
resistance, as shown in Figure 27.435 The Na2S and P2S5
precursors were heated to 850 °C, forming a homogeneous
liquid. After quenching and reannealing at 270 °C, the Na2S
nanoparticles were densely precipitated from the parent
Na3PS4 solid electrolyte. The intimately contacting Na3PS4
and CMK-3 provided the mixed ionic/electronic conductive
network that supported facile Na2S conversion reactions. As a
baseline, a Na2S/Na3PS4/C composite prepared by ball milling
was also prepared. Figure 27c compares the performances of
Na−S SSBs with these different cathode structures. The cast-
annealed cathode delivered a superior reversible capacity of
650 mAh g−1 after 50 cycles at 60 °C, versus 110 mAh g−1 in
the ball-milled case.

β′′-Al2O3 solid electrolyte is thermodynamically stable
against both metal anodes and sulfur cathodes.484 A quasi-
solid-state high-temperature (HT) potassium−sulfur (K−S)
battery based on a K+-conducting β′′-Al2O3 solid electrolyte
(K-BASE) was created by Lu et al., as shown in Figure 28a.484

Molten-potassium-wetted K-BASE at 150 °C, which is
markedly lower than the 400 °C necessary to achieve partial
wetting of molten Na on the same electrolyte. The sulfur
cathode was the potassium polysulfide (K2S5) catholyte in
tetraglyme, with an overall sulfur concentration of 10 M.
During discharge at 150 °C, the sulfur species were converted
according to the following sequence: K2S5 → K2S4 + K2S3→
K2S3 + K2S2, with a capacity of 402 mAh g−1 and an energy
density of 677 Wh kg−1. The HT K−S cell operated for up to
1000 cycles with negligible capacity decay and favorable (98−
100%) CE, and the results are shown in Figure 28b. This
favorable performance was attributed to the permselectivity of
the K-BASE electrolyte.
For polymer-based electrolytes, a typical anode protection

strategy is focused on tailoring metallic salts and introducing
reactive additives to mechanically and chemically stabilize the
SEI layer.485−488 This approach is also applicable for hybrid
inorganic−organic SSE architectures. A few noteworthy
examples of polymer modification strategies and hybrid
approaches are summarized here, with previously cited review
articles providing comprehensive discussions.410,417−419 Ar-
mand et al. reported a significantly improved cycling
performance of the PEO-based all-solid-state Li−S cell, by
replacing conventional LiTFSI salt with LiFSI.485 The
inorganic F-SO2− group in FSI− could induce a robust and
polysulfide-resistant SEI (rich LiF) film at the Li metal
electrode as compared with the organic CF3-SO

2− group in
TFSI−. The same group also developed an electrolyte additive
lithium azide (LiN3) into a PEO-based electrolyte that also
stabilized the SEI.488 A uniform Li3N-rich SEI layer was in situ
formed on the Li anode surface. Goodenough et al. developed
a series of inorganic additives in SPEs, which can
simultaneously improve the bulk ionic conductivity and
stabilize the Li metal anode−polymer membrane inter-

Figure 27. (a) Schematic illustration of the synthesis of a cast-annealed Na2S/Na3PS4/C composite cathode. (b) Front view of a single rod of the
cast-annealed Na2S/Na3PS4/C composite. (c) Cycling properties the cast-annealed Na2S/Na3PS4/C nanocomposite cathodes and baseline ball-
milled Na2S/Na3PS4/C composites, tested at of 50 mA g−1. Reproduced with permission from ref 435. Copyright 2018 American Chemical
Society.
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face.487,489,490 Utilizing NASICON-type LiZr2(PO4)3 (LZP) as
a filler, LiZr2(PO4)3 reacted with the metallic lithium anode to
form an interphase layer composed of Li8ZrO6 and Li3P.

490

This layer increased the wettability of the composite electrolyte
by the metallic lithium anode and, meanwhile, reduced the
interfacial contact resistance. The layer kinetically stabilized
the interface by minimizing the reactions between the anode
and the SSE. The symmetric cell with the composite
electrolyte displayed only a minor increase in the interfacial
resistance, going from 175 to 208 Ω cm2 after 100 cycles at 40
°C.

10. PRACTICAL CONSIDERATIONS FOR FUNCTIONAL
SEPARATORS

With functional separators one must also consider practical
issues such as their impact on the overall cell specific energy
and energy density, as well as the additional costs associated
with the various functionalization schemes for commercial
membranes. The additional weight and volume introduced by
the functional separators and interlayers (and the extra
electrolyte needed for wetting) should be accounted for. If
the functional layer contains heavy transition metals, is thick,
and/or is “fluffy” such that there is significant electrolyte
uptake, the overall reduction of cell energy may be significant.
Nanostructured functional layers such as various graphenes,
carbon nanotubes, MOFs, etc. may contribute significantly to
the cost of the metal−sulfur cell, reducing its competitiveness.
Therefore, an industrially viable functional separator should be

as lightweight as possible, for example with a loading of 0.1 mg
cm−2 or less. The low mass loading will, in parallel, ensure that
the functional layer contributes minimally to the total
components weight, the weight due to the additional
electrolyte, and the overall system cost. The high cost of
some functional layers, such as electrocatalysts based on
precious metals or adsorbents based on pristine monolayer
graphene, may create cost issues even at these low mass
loadings. To advance functional separator technology toward
commercialization, analysis of functional separators also needs
to be based on lean-electrolyte−high-mass-loading pouch cells,
rather than flooded coin cells. We are aware of only several
reports that explore functional separators at high sulfur
loadings (>5 mg cm−2), at lean-electrolyte conditions (<10
μL mg−1), and with relatively thin alkali metal anode
foils.321,338,387 Even in those cases, analysis is performed on
coin cells rather than on pouch cells.
Commercial separators are designed to have relatively low

thermal stability, having their ion conducting seal off at
elevated temperature, potentially suppressing catastrophic
thermal runaway. For example, Celgard 2325 is a trilayer
PP/PE/PP separator that displays this feature. The lower
melting temperature (Tm = 120 °C) of the PE layer allows it to
melt first and then fill the pores of the outer PP layers (Tm =
160 °C). This stops ion transport and current flow in the cell,
while the PP layers continue to provide some mechanical
protection from electrical shorting up to their melting point.
Given such passive safety features in the commercial baselines,
functional separators with modified interfaces need to be
thoroughly evaluated. The safety-related parameters should
include thermal resistance, flame retardancy, high-temperature
melt integrity, and mechanical robustness.491 Additional
analysis would include (but is not limited to) combustion
tests, thermogravimetric analysis−differential scanning calo-
rimetry (TGA-DSC), and tensile strength and penetration tests
that incorporate temperature and the electrolyte environment.
Metal anodes have received justified negative publicity due to
both dendrites and their intrinsically reactive surfaces. One
consideration in their favor is that commercial embodiments of
metal batteries would either employ a very thin film of the
metal (e.g. 10−20 μm) to match the capacity of the cathode or
be entirely “anode-free”, with the active ions being stored
directly in the cathode. The latter is even possible with sulfur-
based batteries, for example by having a Li2S-based cathode
that is assembled in its discharged state. The use of functional
separators for anode-free configurations has received only
limited attention and is a critical area where further research is
needed.
The technoeconomics of Li−S batteries have been treated in

the literature, with readers being referred to the articles in refs
108 and 492−494. We are not aware of analogous studies that
include the cost−benefit analysis of functional separators. Per
the battery performance and cost (BatPaC) 4.0 model released
from Argon National Laboratory,495 the average cost of
commercial PP−PE separators is $2 per m2. Coating and/or
surface modification of commercial separators would increase
their cost, with the extent depending on the functionalization
material and the application method (e.g. ALD, sputtering, and
tape casting). Additional cost savings may be achieved by
having the functional separator substitute for the current
collector, although there would be difficulties integrating such
architectures into existing pouch cell or cylindrical cell
manufacturing processes. For example, coating PP or PE

Figure 28. (a) Schematic of the quasi-solid-state high-temperature
potassium−sulfur (K−S) battery. (b) Discharge/charge capacities and
efficiencies of the K−S cell during cycling. Reproduced with
permission from ref 484. Copyright 2015 John Wiley & Sons, Inc.
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with conducting carbon and further filling it with a slurry of
sulfur can achieve an integrated separator−current collector−
electrode.299

Kong et al. comprehensively evaluated how cell parameters
could contribute to the specific energy and the cost of a Li−S
pouch cell.496 Figure 29a shows the structure of the as-
designed Li−S pouch cell. The assumed parameters are the
following: S loading = 4 mg cm−2; E/S ratio = 4.5; N/P ratio =
5; sulfur capacity = 1000 mAh g−1. According to this analysis a
Li−S pouch cell is estimated to deliver a total capacity of 5.0
Ah and a specific energy of 224 Wh kg−1. This is indicative that
electrolytes take up a large portion of the Li−S pouch cell in
terms of weight (52.77%) and cost (58.42%), as shown in
Figure 29b and c. By comparison, the electrolyte weight and
cost only account for 21.17% and 3.33% in a typical Li ion
pouch cell based on a LiNi0.5Co0.2Mn0.3O2 (NCM) cathode
and graphite (C) anode. Figure 29d and e presents the
estimated cell-level specific energy and price of the optimized
Li−S pouch cell from various aspects such as sulfur content,
delivered capacity, E/S ratio, and lithium supply. The sulfur
capacity has the possibility to reach 1350 mAh g−1 through
engineering of the separator or host, which allows for a specific

energy of 344 Wh kg−1. The advanced Li−S pouch cells can
attain specific energies of 397 and 469 Wh kg−1 by reducing
the E/S ratio to 3.5 and 2.5, along with decreased costs of
140.6 US$ kWh−1 and 117.2 US$ kWh−1, respectively. By
curtailing the lithium supply from a 400% excess (N/P = 5) to
100% excess (N/P = 2), the specific energy can be boosted to
486 Wh kg−1 and the cost can accordingly drop to 109.8 US$
kWh−1. These specific energy analyses indicate that realizing a
projected specific energy of more than 500 Wh kg−1 requires
pushing the critical cell parameters to their limits. To date, the
critical missing link for commercialization of Li−S batteries is
battery fabrication facilities. There is little available beyond the
dedicated one or several PI laboratory setups for fabricating
Li−S button or (less common) Li−S pouch cells. The vast
majority of R&D battery foundries will not allow sulfur-based
cathodes into the fabrication line as they will contaminate
conventional LIBs even with changes in tooling. With
covalently bonded sulfur−carbon systems such as SPAN and
SSePAN, fabrication line contamination is less of an issue,
although the perception of contamination and the associated
hesitancy is still prevalent.

Figure 29. (a) Schematic illustration of a Li−S pouch cell. (b) Weight and (c) cost constitutions of a typical Li−S pouch cell. (d) Cell-level specific
energy as a function of cell parameters. (e) Price per kW h of a Li−S pouch cell as a function of cell parameters and electrolyte prices. Reproduced
with permission from ref 496. Copyright 2020 Elsevier.
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Pure selenium is not found naturally; it is, rather, obtained
by purifying byproducts of various mining operations or by
being separated from sulfur deposits.497,498 More than 90% of
primary Se is derived from copper ores, and most of the other
10%, from lead ores. The fact that selenium is produced
entirely as a byproduct means it will not be as promising as the
sulfur cathode in large-scale commercialization. As a result, the
supply of selenium is directly affected by the mining output of
the primary materials such as copper. The average traded price
of selenium in the United States in 2019 was $44 kg−1, making
it potentially economical as a minority dopant to S499 but likely
not as the primary charge storage material since its cost is
higher than for state-of-the-art oxide cathodes.

11. FUTURE OUTLOOK: MECHANICS AND
ANALYTICAL METHODS FOR FUNCTIONAL
SEPARATORS

11.1. Mechanics Considerations for Separators

In this section, we describe general considerations on the
mechanics of separator materials, primarily from the
perspective of existing polyolefin separators for conventional
lithium batteries, given the dearth of information on emerging
battery separator materials. There is a surprising range of
perspectives on the desired mechanical attributes of separators,
in part stemming from differing levels of understanding on the
role that various properties play in separator performance. The
function of the separator is not directly a mechanical role. The
primary purpose of a conventional separator is twofold: (1)
blocking direct electrical shorts from the anode to the cathode
while (2) providing an easy pathway for ionic conduction. This
requires an electrically insulating material that maintains a
physical separation while also providing ionic conduction
pathways that are as short as practical. There is an intrinsic
trade-off between the openness of the woven or microporous
polymer skeleton to facilitate fluid and ionic conductivity and
the connectivity/density of the structure to promote structural
integrity.500 In addition, in alkali metal batteries, the separator
plays a secondary role by influencing dendrite formation.
Finally, multifunctional separators also employ surface coatings
to suppress S uptake at the cathode side or unstable SEI
formation at the anode.
Generally, a high stiffness is thought to be desirable as it

prevents shape change of the poroelastic separator during the
large volumetric distortions associated with battery cycling.
Elastically driven shape changes correspond generally to a
change in ionic conductivity: compressive strains serve to close
off paths in the percolation network. In the elastic regime, the
ionic conductivity κ of a stressed separator has been
modeled501 as a function of the unstressed conductivity κ0
with a linear dependence on stress σ and an inverse
dependence on modulus E:

κ κ σ= +
E
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This rather simple model would likely only be an
approximate solution, presumably lacking fidelity for large
stress changes or for hierarchical pore networks. While this
equation illustrates the desire for a high elastic modulus, the
high stresses that are developed in the separator are necessarily
transmitted to the cathode and anode on either side, thereby
inducing larger potential deformation in those bodies. The
extent of the elastic stress transmitted from the separator is

ultimately limited by the yield strength and work hardening
capacity of the separator relative to those properties of the
cathode and anode.
The desire for high stiffness in the separator runs counter to

the desire for a high volume fraction of porosity. At the
continuum scale, the Gibson−Ashby model for cellular
solids502 suggests that the modulus of a porous structure E
scales with the modulus of its fully dense solid Es:

ρ
ρ

=E E C
n

s e
s

ei

k
jjjjj

y

{
zzzzz

(10)

where ρ is the effective density of the porous solid and ρs is the
corresponding full density at zero porosity with Ce and ne as
scaling constants for elastic behavior. For porous networks
where the solid ligaments are bending dominated, ne ∼ 2. Here
again, this first-order scaling law is only approximate, and
modifications become important in the nanoporous regime
where new physical mechanisms emerge.503

Experimentally, there are three pathways to measure
mechanical properties including elastic response. Thin film
compression is perhaps best suited to mimic the macroscopic
mechanical configuration of most battery stacks. For example,
Yan et al. used such a technique to explore the compressive
stress−strain response of Celgard 2400 both in a dry condition
and infiltrated with a dimethyl carbonate electrolyte.504 They
reported a compressive modulus of 191 GPa in air and 165
GPa with the addition of electrolyte. Nanoindentation allows a
small sampling volume on the order of a cubic micrometer,
comparable to the feature sizes of many separators and,
thereby, amenable to mapping spatial variations in properties.
With a sufficiently deep indent and correspondingly large
sampling volume spanning many microstructural features, the
average mechanical response can also be probed. For example,
the effective modulus of several dry microporous separator
materials was compared using nanoindentation, reporting a
moduli range from 49 MPa for a SiO2 + Al2O3 + PET
separator to 1240 MPa for an Al2O3 + UHMWPE separator.505

Finally, thin film tension tests represent the third common
pathway to obtain mechanical properties. For example, Wang
et al. used tension testing to observe the stress−strain response
and corresponding porosity evolution for several commercially
available Celgard and Asahi Hipore separator materials.506

They found that dry-processed separators exhibited overall
volumetric growth during tensile deformation and associated
that behavior with pore growth, whereas wet-processed
separators experienced pore collapse.
The aforementioned considerations treat elasticity in the

time-independent sense. But many separator materials have a
substantial viscoelastic response. The viscoelastic behavior
causes the separator to respond more stiffly under rapid
loading but also causes the separator to release stress over time
when held at a constant strain state (e.g., battery state).
Recently, a generalized orthotropic viscoelastic model for
polymeric separators, calibrated to Celgard 2400, was
developed by Yan et al.507 The viscoelastic response is very
rapid upon initial loading, following an approximately
logarithmic time scale. For perspective, the Celgard 2400
separator will halve its stress level (or double its strain level if
in a stress-controlled scenario) in about 20 min. These time
scales are comparable to, or shorter than, most battery cycle
scenarios, and accordingly, the viscous response should not be
discounted. A few years earlier, Chen et al. also demonstrated a
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viscous constitutive model for Celgard 2400 that could
effectively capture the nonlinear behavior, stress-relaxation,
and corresponding strain-rate sensitivity effects in the strain-
rate regime of 10−5 to 5 × 10−3 s−1.508,509 Unlike the Yan
model which was developed for a dry viscoelastic separator, the
Chen work also evaluated the role of electrolyte concentration
in effectively reducing the modulus through a swelling effect, as
discussed in the next section.
Both the Yan and Chen models lacked an explicit

temperature dependence. Thermal fluctuations are critical
since their magnitude during battery cycling can have four
mechanical effects: generally, as temperature rises, not only will
the time constant for the viscous response shorten, but the
time-independent “storage” modulus will also decrease.510 In
addition to the effect that thermal fluctuations play on intrinsic
elastic separator properties, there is also a thermal expansion
effect, causing a heat-induced strain, and, under idealized rigid
confinement, a corresponding increase in stress or, alter-
natively, a subsequent co-deformation with the anode.
The mechanical properties are not controlled by the

polymer skeleton alone. While many studies consider the dry
properties of the separator, the role of the infiltrated electrolyte
solvent is generally not negligible. In poroelasticity models for
rate-dependent elastic properties,511,512 the effective modulus
of a fluid-infiltrated poroelastic separator depends on the
porous polymer’s permeability, the overall separator dimen-
sions (proximity to free surfaces), the elastic properties of the
polymer and the bulk modulus, and the viscosity of the fluid.
The restricted fluid flow induces a strain-rate dependence of
elastic properties beyond the intrinsic viscoelasticity of the

polymer alone.513 However, the viscous effect is negligible for
strain rates typical of battery usage: In a study on the
compressive modulus of Celgard 3501, the apparent modulus
of the electrolyte-containing separator began to rise above that
of the reference dry separator only at strain rates in excess of
∼0.01 to 0.1 s−1.513

Some, but not all, solvent−separator pairs cause swelling,
leading to a corresponding reduction in stiffness. In an early
study from 2011, the viscoelastic properties of polypropylene-
based Celgard 2400 were evaluated using dynamic mechanical
analysis (DMA) in both a dry environment and two electrolyte
solutions.514 Both the storage and loss moduli in the wet
separator were reported to be approximately half that of the
dry separator, although the effect was strongly anisotropic with
considerably less swelling and modulus change in the
transverse direction of the separator.
The relative susceptibility of a separator−electrolyte

combination to swelling and stiffness loss has been rationalized
on the basis of the Flory−Huggins interaction parameter that
takes into account the free-volume-corrected solvent activity as
a function of solvent mass fraction.515 A simpler consideration
of the cohesive energy based on a Hildebrand parameter did
not show strong predictivity. What is less clear from these
studies is the role of pore size, especially in the context of
nanoscale interstices associated with some separators. Chen et
al.’s study on Celgard 2400 also explored the effects of two
different electrolyte solutions on the elastic modulus.509 At low
strain rates in the regime of 10−5 s−1 to 0.01 s−1, the wet
separators were substantially less stiff than the dry separator.
The wet separators also exhibited reduced modulus as the

Figure 30. Applied compressive stress leads to permanent strain in the separator, pore collapse, and concomitant capacity loss in a Celgard 2340
separator. Reproduced with permission from ref 517. Copyright 2011 Elsevier.
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concentration of the salt electrolyte was increased up to a
maximum of 1.1 M. This is likely an illustration of the swelling
effect on elastic modulus, rather than a poroelastic effect. To
our knowledge, there is very little experimental evidence of the
superimposed roles of thermal and poroelastic properties on
time-dependent elastic behavior. A thermo-poro-viscoelastic
model of polymeric separators was recently developed by
Behrou,516 although the effectiveness of this model is not yet
clear as it has yet to be calibrated or validated against
experimental observations. This model is a continuum-scale
model, so scaling phenomena such as the effects of pore size
distribution and network connectivity are captured only in the
effective material properties, i.e., permeability. Moreover, it is
unclear if such a model will effectively capture the super-
imposed role of separator swelling on thermo-viscoelastic
behavior.
A separator nominally functions in the elastic regime. For

this reason, there is less focus in the literature on the yielding
behavior of separators. The onset of yielding corresponds to
densification: a permanent collapse of pores and ensuing loss
in both fluid permeability and ionic conductivity. Accordingly,
higher strengths allow larger elastic strains before the onset of
permanent damage and for larger stresses to be transferred to
the cathode and anode without permanent separator shape
change. Hardness is closely related to yield strength and
typically easier to measure. The previously mentioned
nanoindentation study on several separator materials reported
a hardness range from 1.4 MPa for PTFE to 66 MPa for Al2O3
+ UHMWPE.505

The term “creep” often is used in the viscoplastic sense,
describing permanent, irreversible deformation mechanisms. In
separator studies, creep is also used to describe recoverable
viscoelastic straining followed by recovery.514 Peabody and
Arnold reported that separator creep can induce capacity
fade.517 In constrained battery packages, when the electrode
expands, it exerts compression on the separator that can cause
irreversible pore closure, thereby impeding ion transport. For
example, when a compressive stress of 20 MPa is exerted over
3 h on a Celgard 2340 separator, the separator experiences
∼45% compressive strain and a ∼ 33% reduction in pore
volume, corresponding to a ∼ 60% loss in capacity, as
illustrated in Figure 30. In an apparent contradiction, the
authors oxymoronically described the observed creep phenom-
enon as “viscoelastic”.513,517 However, the observed pore
collapse was not reversible, but permanent, and only observed
through subsequent imaging in a scanning electron microscope
after loading. Thus, the behavior seemingly should have been
described as viscoplastic. The phenomenon of reduced ion
transport from mechanically driven pore volume reduction has
been described as “stress-induced”,518 and while this choice of
terminology is understandable, the semantically rigorous
description would be “strain-induced”.
There is a general perception that higher strength separators

should enhance the safety performance of batteries and resist
the penetration of dendrites.519,520 To that end, several options
for enhancing the strength of conventional separators have
been explored, such as reinforcing the polymers with oxide
particles521−523 or nanofibers.520 However, the term “strength”
or “mechanical strength” is often used only in a general sense,
without qualifying the distinction between yield strength, e.g.
the onset of permanent deformation, and ultimate tensile
strength, e.g. the final rupture of a material. For perfectly brittle
elastic materials, there is no distinction between yield and

ultimate strengths. But for deformable separators the
distinction is important: the yield strength is an indicator of
shape changes coinciding with alteration of the ionic
conductivity whereas the ultimate tensile strength triggers
through-thickness crack formation. In ductile materials, yield
strength and ultimate tensile strength often approximately scale
with one another. However, as materials become more brittle,
the yield strength and fracture resistance are often in conflict
with one another.524 Mechanistically, a low yield strength can
enable plasticity mechanisms that enhance toughening and
resistance to crack formation, thereby elevating the ultimate
tensile strength.
Puncture resistance is particularly thought to be a key

mechanical attribute, allowing the separator to resist
perforation from dendrite growth. However, as with phase
transition, it is unclear that dendrite growth could be
substantially impeded by modest increases in puncture
resistancethe constraining pressures would likely need to
be substantial to suppress dendrites. A general standardized
test method for testing the perforation of barrier films, ASTM
F1306-90, is often used for separator characterization. Chen et
al. developed a coupled penetration−tension method to
evaluate battery separators under combined loading.525 In
that study, they explored the morphological role of anisotropic
separator porosity on fracture, revealing that slitlike pores
oriented in the machine direction serve to impede cracking by
blunting, but in the transverse direction, pores link up and
encourage cracking. In a subsequent study, the essential work
of fracture was measured in both dry and wet conditions in two
electrolytes, with both electrolytes having a deleterious effect
on the work of fracture.509 The authors postulate several
possible explanations for the loss of fracture resistance
including swelling-induced microcrack formation, a reduction
in the local density of matrix fibers, and an interaction of the
electrolyte with trace water causing significant acidity in the
system. Owing to the viscoelastic, viscoplastic, and poroelastic
properties of separators described previously, the puncture
resistance is also strain-rate sensitive. For Celgard 2400, a
deformation rate of 4 mm/s requires a puncture force that is
about three times higher than that of the quasi-static puncture
force observed at 0.004 mm/s.526 While this strain-rate
sensitivity is relevant for accident scenarios, the effect is likely
negligible for normal use conditions and dendrite puncture.
There have been very few published studies on the cyclic

response of even the most common polyolefin separators for
existing lithium ion batteries. In a recent article, the repeated
dynamic compression during charge−discharge cycling was
observed to gradually induce a partial point electrolyte
shortage for an undisclosed commercial separator.527 In the
study, the degraded performance was associated with a
substantial reduction in electrolyte retention within the
separator. While the study focused primarily on a tearing
response under a single cycle (monotonic loading), there was
no mention of a tearing or cracking response related to the
cyclic loading. While numerous studies exist on the fatigue
response of dense polypropylene and composites, there does
not appear to be any substantial studies on microporous
separators.528,529 The existing literature on cyclic loading
primarily is concerned with flexible batteries, where the
physical strain is caused not by battery cycling but by external
flexure of the battery cell.530,531 These studies were on full
battery stacks and did not isolate the behavior of the separator.
With regard to coated separators for Li−S batteries, fatigue
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loading from battery cycling was cited as the source of
microcrack formation,532 although in that study the micro-
cracks were not viewed to be critically detrimental. Given the
importance of the poro-viscoelastic and viscoplastic behavior of
separators and the early indications that separator fatigue may
at least induce accelerated pore collapse if not cracking, the
lack of cycling studies under dry and wet conditions appears to
be an important oversight.
11.2. Spectroscopic Techniques for Separators

Many different methods are used in battery research for
characterization and monitoring either ex situ or in situ/
operando. For example, Raman and infrared spectroscopies
provide structural and chemical information, and they are
noninvasive and nondestructive techniques and have been
widely used for battery research.45,533,534 Chi et al. studied
separator−electrolyte interaction by measuring the Raman
spectra of an electrolyte-soaked PE separator, a (ZrO2/
POSS)3-modified PE separator, and a (ZrO2/POSS)3ZrO2-
modified PE separator.363 Li et al. used XRD, Raman, XPS, and
Fourier transform infrared (FTIR) to characterize mesoporous
nitrogen-doped carbon nanospheres as a sulfur matrix before
and after impregnation with sulfur.232 However, for in situ/
operando analysis, there are practical challenges associated with
such measurements, for which similar chemical environment
and operation conditions should be maintained as per the true
environment of a cell during operation. Development of
experimental techniques for in situ and operando analysis is
critical for understanding and studying battery mechanisms,
dynamics, intercalation, phase transformations, interfacial
reactions, and degradation.535 As per Figure 31, here we

focus our discussion on vibrational spectroscopies (IR and
Raman), X-ray-based methods (XRD and XPS), and nuclear
magnetic resonance (NMR), and we provide a description of
integration approaches of analytical instrumentation to enable
measurement of physiochemical processes in real time.
In order to achieve in situ/operando characterization,

complex measurement configurations and electrochemical
cells with optical windows for spectral collection are required.
Figure 32a shows an in situ Raman cell comprised of two
electrodes with a separator in between and a reference
electrode positioned on the edge of the separator.536 The
backside of the upper electrode is illuminated by the laser
through a thin glass window, and the backscattered radiation is
collected by the microscope lens. In this work, the electro-
chemical intercalation of tetraethylammonium (Et4N

+) and
tetrafluoroborate (BF4

−) into and out of microcrystalline

graphite was studied using the Raman cell. Lei et al. used in situ
Raman to study the shuttling mechanism of negatively charged
polysulfide species for three types of separators: standard PP,
reduced graphene oxide on PP, and reduced graphene oxide/
sodium lignosulfonate composite on PP.284 The configuration
of the Raman cell is presented in Figure 32b, and the collected
time-resolved Raman spectra of a PP separator during a
discharge process are shown in Figure 32c. To allow direct
laser illumination on the separator and Raman signal collection
from the separator−lithium interface, a hole was made on both
negative case and lithium metal foil, and the Raman signal from
the separator was collected at the side next to the lithium foil.
Three Raman peaks for Li2S8 (at 150, 219, and 478 cm−1)
which correspond to long-chain PSs are initially observed when
the discharge is initiated. Following that, the characteristic
peak corresponding to S8

2− gradually vanishes as discharging
continues, and peaks (at 398 and 413 cm−1) of the short-chain
PSs Li2S6, Li2S3, and Li2S4 + Li2S5 start to appear. At the end of
the process, peaks of Li2S4 + Li2S5 suggest that those are likely
to deposit on the separator during the PS shuttling.
Integration of Raman with plasmonic structures resulted in

surface-enhanced Raman spectroscopy (SERS), and integra-
tion of Raman with AFM resulted in development of tip-
enhanced Raman spectroscopy (TERS). Typically, the Raman
scattering signal is weak; therefore, sensitivity is low. In order
to increase the sensitivity, plasmonic nanoparticles or
nanostructures are utilized, where localized electromagnetic
enhancement increases the measured Raman signal. Such a
method is called SERS. When a special particle of a metallic
core is coated with a thin oxide layer, then this technique is
called shell-isolated nanoparticle-enhanced Raman spectrosco-
py (SHINERS). Chang et al. used SHINERS to systematically
investigate the effect of the pore size of MOF separators.283

The MOF layer was coated on a PP separator and sandwiched
in the middle of the catholyte and anolyte glass fibers (GF-C
and GF-A, respectively). Figure 32d shows the schematic of
the measurement setup and the measurement points at which
Raman spectra were collected. As this method requires
distribution of plasmonic nanoparticles on the surface of the
sample to be analyzed, it will not be possible to measure the
exact real environment in a battery cell. He et al. used time-
resolved operando SHNIERS to study the interaction between
the polysulfide-adsorbed/saturated host surface and the
dissolved polysulfide species in bulk solution.294 An advanced
spectroscopic method, such as TERS, has been used to
determine the chemical composition, distribution of phases,
and topography at nanoscale of an SEI formed on amorphous
silicon at a lateral resolution of <10 nm and a sampling depth
of <5 nm.537 Figure 32e shows the schematic of the setup,
where a Raman laser illuminates a gold-coated AFM tip,
creating localized surface plasmon resonance which enhanced
the electromagnetic field in the tip’s proximity. However,
implementation of such a technique for in situ/operando
analysis is challenging due to the needed for contact of the
AFM tip with the sample.
Attenuated total reflection (ATR)-FTIR relies on light

propagation in an infrared transparent crystal, where an
evanescent field extends a short distance into the medium in
the proximity of the crystal’s surface. When the surface of the
crystal is coated with a thin layer of gold, it can be used as an
electrode, and also its plasmonic effect enhances the electro-
magnetic field on gold’s surface, which is termed surface-
enhanced infrared absorption spectroscopy (SEIRAS). Raberg

Figure 31. Schematic diagram of various characterization techniques
for the different phenomena on various dimensions. Reproduced with
permission from ref 535. Copyright 2020 American Chemical Society.
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et al. used ATR-FTIR to study the in situ vibrational
spectroscopy of the electric double layer (EDL), where they
probed changes in the EDL composition as a function of
potential.538 Vivek et al. investigated lithium−oxygen and
sodium−oxygen electrochemistry in acetonitrile and dimethyl
sulfoxide by monitoring in situ the metastable, solvated, and
surface adsorbed alkali metal−oxygen discharge species.539

Challenges in optical−electrochemical cell design to ensure
light preparation and collection from the desired component in
the battery limit the applicability of the technique to study the
separator, for example, which is internally positioned between
the two electrodes.
X-ray-based methods are useful for qualitative and

quantitative analysis and especially for phase and chemical
changes in battery components. Those include XRD, XPS, X-
ray absorption spectroscopy (XAS), X-ray reflectometry
(XRR), and X-ray imaging. In situ analysis relies on an
electrochemical cell with X-ray transparent windows, and those
have been used to study various processes and interfacial
phenomena for battery research.94,534 Gorlin et al. performed
XAS characterization of a Li2S−Li battery using a spectro-
electrochemical cell capable of spatially resolved measure-
ments.97 They successfully obtained information about both
solid and solution phase intermediates produced in two
locations of the cell, the Li2S cathode and a glass fiber
separator, which allowed them to discriminate between the
changes in the concentration of the species in the separator
and the changes in the composition of the species in both
locations of the cell. Conder et al. demonstrated the direct
observation of lithium polysulfides adsorbed on the surface of a
glass fiber separator in the Li−S battery during operation by
means of operando XRD.540

Solid-state nuclear magnetic resonance spectroscopy can be
a useful tool to study multiple processes involved during

electrochemical cycling. Information on structural and
electronic changes of the materials is possible due to high
chemical specificity and sensitivity to crystalline and
amorphous phases. However, in situ operation presents
challenges associated with the electrochemical cell, which
should be placed inside the NMR coil, and the overall
hardware setup design, which can be affected by interfer-
ences.541 Moreover, the relatively slow response of NMR
measurements and the micrometer scale information may limit
the temporal and special resolution. On the other hand, NMR
enables a direct observation of structural species within the
entire sample volume, thus probing the anode, cathode, and
electrolyte simultaneously.542 In situ/operando or ex situ
implementations have been explored in an alkali metal−sulfur
system, for probing the evolution of the soluble and
precipitated (poly)sulfides during electrochemical cycling.64,543

The clear recognition regarding the sulfur redox mechanism,
especially for the emerging Na−S and K−S systems, serves to
guide the reasonable design of multifunctional separators.

11.3. Advanced Imaging Techniques for Separators

Indirect methods to probe the various organic and inorganic
phases of the SEI are valuable in giving an overall picture of the
evolution of the electrode−electrolyte interface. However, the
understanding of local variations is critical to determine the
mechanistic nature of counterproductive phenomena such as
dendrite growth. For this, microanalysis techniques that
provide real space images and high-resolution elemental and
redox mapping are essential. Furthermore, in terms of the
separator, inherent heterogeneities (e.g., pore size) can be
averaged out using ensemble techniques, which can skew our
understanding of the material behavior. For polyolefin
separators porosity can be heterogeneous, which is a main
contributing factor toward nonuniform ionic flux and localized

Figure 32. (a) Three-electrode in situ Raman cell showing the separate components (expanded, not to scale). (b) Cell configuration with a sealed
glass window for in situ Raman analysis of PP-based separators. (c) Raman spectra for the discharge process for a PP separator. (d) Schematic of
the surface-enhanced operando Raman characterization system SHINERS. (e) TERS setup combining AFM with a confocal side-illumination
Raman spectrometer. Panel a is reproduced with permission from ref 536. Copyright 2006 Elsevier. Panels b and c are reproduced with permission
from ref 284. Copyright 2018 Elsevier. Panel d is reproduced with permission from ref 283. Copyright 2020 Elsevier. Panel e is reproduced with
permission from ref 537. Copyright 2019 Elsevier.
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concentration field, which can initiate dendrite growth. Site-
specific analysis, especially when correlated to the known local
chemical behavior of the cathode, the anode, and their
interfaces, can provide a mechanistic understanding critical to
evaluating and optimizing battery performance. Figure 3b
shows the complex problem of phase identification in the SEI.
Elemental analysis, such as X-ray energy dispersive spectros-
copy (XEDS), can suffer from overlap of the X-ray lines,
making quantification difficult. For crystallographic analysis the
complex and varying crystal structures of each phase,
polycrystallinity of local regions, strong diffuse amorphous
signal, and sample instability under the beam all make indexing
exceedingly difficult.
Scanning electron microscopy is a two-dimensional imaging

technique that is readily available, is relatively cheap and easy
to operate, and can give rapid feedback on the separator
structure, as well as postcycling structural evolution (Figure
33a). Both polyolefin and glass frit separators present unique
challenges in SEM. They are insulating and require a
conductive coating to image, especially at high resolution.
Furthermore, it is difficult to prepare and image a common
cross cut section. Polyolefins will show some compression
under a cutting blade no matter how sharp, and glass frits
would require fracture, which can be difficult to precisely
perform. Furthermore, the surface imaging that it enables
should not be regarded as sufficient enough to determine
structure−function relationships. The complexity of the
internal 3D pore network of a separator may be suggested

by the surface structure, but a complete understanding requires
exposing the buried interface using focused ion beam milling.
FIB milling is typically carried out by a highly focused Ga+ ion
beam and creates a cross section on the tens of micrometers
scale after around 10 min of milling (Figure 33b). Likewise, to
probe the important and unique interfaces of multifunctional
separators, the layers must first be exposed using FIB milling
techniques (Figure 33c). Since the nature of these interfaces is
critical to understanding performance, they must be conserved
during the FIB process. A too-high-powered Ga+ ion beam can
“delaminate” the interface, as well as introduce ion
contamination into the interface, causing uncertainty in
elemental and redox analysis. Therefore, each sample requires
optimization of the imaging and milling conditions to eliminate
sample preparation artifacts.
To accurately quantify the structure of a porous membrane,

the features of interest must be much smaller than this length
scale; that is, a statistically significant number of pores must be
exposed and visualized to give confidence that the structure
being observed is representative of the larger material. Serial
cutting can be performed to systematically cross section the
separator and create a series of images that then can be
reconstructed to 3D tomogram (Figure 33d); although, it
should be noted this is a destructive technique, at least at the
local level. The length scale of the cross section can be
increased by using a plasma FIB (hundreds of micrometers
scale length after around 10 min of milling) or even newly
developed laser milling systems (millimeter scale length after

Figure 33. (a) Surface SEM images of the Celgard H2013 commercial separator trilayer (porosity 45%). (b) Typical sample and beam geometry
and orientation for a SEM/FIB tomography experiment using serial cross-sectional milling. (c) Cross-sectional view of a dual-functional graphene/
PP/Al2O3 (DF-GPA) separator. (d) 3D tomogram reconstruction showing a microstructure rendering of a PE16A separator; volume has a 2 μm
edge length. (e) 3D reconstructed tomograms of K-based cells formed with a Celgard separator. Panel a is reproduced with permission from ref
544. Copyright 2018 Hindawi. Panel b is reproduced with permission from ref 545. Copyright 2011 Springer Nature. Panel c is reproduced with
permission from ref 546. Copyright 2017 John Wiley & Sons, Inc. Panel d is reproduced with permission from ref 547. Copyright 2016 The
Electrochemical Society. Panel e is reproduced with permission from ref 198. Copyright 2021 Elsevier.
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around 10 min of milling). However, a volume of 8 μm3 (2 μm
× 2 μm × 2 μm) has recently been shown to be sufficient to
properly microanalyze the ensemble properties of a PE
separator, so the less expensive and more readily available
Ga+ ion FIB milling systems should be broadly applicable to
separator characterization.547 Larger length scales can also be
probed by X-ray tomography; Figure 33e shows 3D
reconstructions from in situ synchrotron X-ray tomography
experiments.198 These images show how the different densities
and structures of K dendrites (yellow), e.g., mosslike, treelike,
or needle-like etc., can deform and penetrate the Celgard
separator (green).
If the pore sizes are increasingly small such that SEM cannot

resolve them, especially with the lowered contrast inherent in
polyolefins, then a lamella can be milled, lifted out, and
thinned to be electron transparent for TEM.548 In practice, a
lamella of between 80−100 nm is sufficient for good
characterization in a 300 keV accelerating voltage TEM.
Milling thinner samples decreases pore overlap and allows for
the use of a less intense (i.e., destructive) e− beam accelerating
voltage (e.g., 120 keV); however, this can introduce mechanical
concerns. The FIB lamella can literally curl up on itself due to
reduced rigidity and increased electrostatics. So a successful
sample preparation becomes an interplay between increasing
final resolution and sample stability, which is especially true for
polymer materials. Once safely loaded onto the TEM, there are
a number of techniques available to reduce beam−sample
interactions: (1) cooling the sample to ∼ −190 °C using a
cryogenic holder, (2) using low-dose imaging techniques, a
series of tracking, focus, and exposure steps that allow the user
to take an image of their sample with the lowest e− dose
possible,549 and (3) direct detection cameras, which can count
single electrons, greatly reducing the required e− dose. These
techniques are especially crucial for tomography, where a
number of images are taken of the same region of interest at
multiple tilt angles (±70°) and then reconstructed into a 3D

tomogram. With enough care and imaging/milling optimiza-
tion, MOFs and COFs can also be thinned to electron
transparency for TEM analysis; however, their lifetime under
the beam is very short, and even the above strategies for
minimizing total e− dose may not be enough for the sample to
survive a tilt series.550

Recently, the use of cryogenic temperatures has proven itself
to be critical for the characterization of energy materials.
Performing analysis on instruments cooled to cryogenic
temperatures (−190 °C to −140 °C) presents a number of
distinct advantages over room temperature operation: (1) the
oxidation of Li, Na, and K is drastically slowed, especially if the
sample is kept both cool and under high vacuum, (2) soft
material separators such as PP and PE become more rigid,
which makes them easier to mill and reduces charging effects,
and (3) beam−sample interactions are reduced, which is
crucial for sample stability under both the electron and ion
beams and for minimizing the inclusion of Ga+ artifacts into
the freshly exposed subsurface during milling.
Figure 34a shows a comparison from Lee et al. of FIB

milling performed on Li foil samples at room temperature and
at cryogenic temperatures (−170 °C).551 Using standard room
temperature techniques, there is a distinct structural change in
the foil due to local melting events. Energy-dispersive X-ray
spectroscopy (XEDS) mapping also showed a high degree of
Ga inclusion. In contrast, performing milling at cryogenic
temperatures produced no unwanted artifacts, and a dense,
uniform, and pristine Li subsurface was exposed. Figure 34b−d
by Li et al. shows the analysis of an incredibly air-sensitive Li
dendrite grown directly on a Cu TEM grid.163 The Li is
electrochemically deposited onto the grid using standard
battery conditions. The sample is washed and immediately
flash frozen in liquid N2, with the incredibly low temperatures
slowing its reactivity enough to assume retention of its native
electrochemical and structural state. Figure 34b and c shows
time-dependent images of the dendrite under constant

Figure 34. (a) SEM images showing the difference in FIB milling temperatures of a pristine Li foil. At cryogenic temperatures (−170 °C) artifacts
from the Ga+ ion beam are minimized to preserve a dense, uniform Li foil. (b−e) Cryo-TEM images of Li metal dendrites showing the effect of
cryogenic temperatures on sample stability. Continuous electron-beam irradiation at a dose rate of ∼50 e− Å−2 s−1 shows no appreciable damage
after 1 min (b) and 5 min (c) of exposure. Such sample stability of low-Z materials and the resulting atomic resolution imaging are critical to
characterize the orientation and growth direction of the dendrite (d and e). Panel a reproduced with permission from ref 551. Copyright 2019
American Chemical Society. Panels b−e reproduced with permission from ref 163. Copyright 2017 Science.
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electron-beam irradiation at dose rates of ∼50 e− Å−2 s−1,
indicating good sample stability under cryogenic conditions.
This is crucial to obtain good atomic resolution images (Figure
34c and d) that can be used to fully characterize the dendrite
crystallography and growth direction.
One of the key benefits of performing characterization at

cryogenic temperatures is the ability to preserve the solid−
liquid interface. Zachman et al. preserved the solid−liquid
interface in a lithium metal battery in order to perform
structural and elemental mapping by cryogenic scanning
transmission electron microscopy (cryo-STEM) (Figure
35).552 Figure 35a and b shows electron transparent lamellae

prepared by cryo-FIB lift out techniques and imaged using
cryo-STEM. Due to the inherent Z-contrast in STEM, the
different regions of the interface (Li electrode, SEI, penetrating
dendrite, and electrolyte) can be readily distinguished.
Cryogenic electron energy loss spectroscopy (cryo-EELS)
was used to create an elemental map of the sample. Unlike
XEDS, which primarily identifies elements of interest, EELS
can provide information on bonding environment and atomic
configuration (oxidation state) and is better suited to lighter
elements. Using this technique, they were able to identify two
dendrite types with distinct compositions: one composed
primarily of partially oxidized lithium and one corresponding
to pure lithium hydride.
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