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Recent advances in modified commercial separators for
lithium-sulfur batteries

Conducting polymer are a special class of polymer which are
electrically conducting due to the presence of conjugated
double bonds. When a separator is modified with conducting
polymer it reduces the porosity of the commercial polyolefin
separator as a result, lithium polysulfide mobility through

the pore reduced drastically. Conducting polymers are
synthesized and applied in various applications such as
supercapacitor, battery and water splitting etc.
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Lithium—sulfur batteries (LSBs) are one of the most promising next-generation batteries because they have
higher theoretical capacities, lower cost, and smaller environmental impact than lithium-ion batteries (LIBs).
However, one of the main issues preventing widespread LSB adoption is its low cycle stability due to the
formation and diffusion of intermediate lithium polysulfides (LiPSs). Some of the most cutting-edge
advancements of LSBs address this issue by using functional separators modified from commercial
polyolefin separators used in most LIBs. Popular and promising modifiers include (a) many functionalized
or conducting polymers, (b) different carbon nanostructures like graphene or carbon nanotubes, (c)
covalent—organic or metal-organic frameworks, and (d) various inorganic modifiers like metal oxides
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Accepted 27th February 2023 and MXenes. This review analyzes the latest insights into designing and fabricating modified polyolefin
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1 Introduction

The increasing popularity of electric vehicles, dependence on
portable technology, and recent global crises have brought
battery technology innovation to the forefront. Increased
production in electric vehicles has required major developments
in LIB technology, emphasizing energy density, charge rate, and
safety.”> The coronavirus disease (COVID-19) pandemic that
started in 2020 caused millions of workers and students to
become more dependent on phones, laptops, and other portable
information technologies powered primarily by LIBs.>* Russia's
invasion of Ukraine in 2022 led to many European nations facing
energy shortages,® emphasizing the need to develop energy
storage technologies to facilitate renewable energy adoption,
including  solar,”™  thermoelectric,” microbial,”® and
hydrogen'**® power. LIBs and their derivatives currently
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resilience, and structural integrity, are also discussed.

dominate the battery market for portable electronics and large-
scale energy storage.'*' However, new energy storage technolo-
gies like supercapacitors** with high power densities and next-
generation batteries®® with large energy densities derived from
low-cost and environmentally friendly materials are necessary to
meet the exponentially rising energy storage demands.

Among the candidates for next-generation batteries,
lithium-sulfur batteries (LSBs) are especially promising for
their high theoretical capacity, natural abundance, and
safety.”**® LSBs have a theoretical energy density of 2600 W h
kg™" and a specific capacity of 1675 mA h g for a sulfur
cathode,**** which is around 5 times higher than that of LIBs
(150-220 W h kg ' and 150-200 mA h g ').*** We do not
extensively describe the redox mechanism and battery opera-
tion of LSBs because such principles have been described in
great detail in more general reviews by Li et al.,** Zhao et al.,*
Yin et al.,*” and Wild et al.*®* The components and construction
of an LSB have been excellently summarized by Manthiram
et al.* Briefly, as shown in Fig. 1a, an LSB is discharged when Li-
ions from the Li anode diffuses through a porous separator to
the sulfur cathode where Sg is reduced into Li,S through a series
of reactions that produce semi-stable intermediates (Li,S,; 2 =< x
= 8) called lithium polysulfides (LiPSs). A typical charge/
discharge profile of an LSB is shown in Fig. 1b, and it highlights
the two discharge plateaus that correspond to the soluble high-
order LiPS (high plateau around 2.3 V) and insoluble low-order
LiPS (low plateau around 2.1 V).

LSBs have several drawbacks preventing commercialization,
including poor cyclability, self-discharging, Li dendrite
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Fig.1 (a) Schematic of a typical LSB configuration with a Li metal anode, porous separator modified with nanomaterials, electrolyte, and sulfur
cathode. The shuttle effect is prevented by the nanocomposite separator. (b) A typical charge/discharge profile of LSBs, highlighting the
conversion of sulfur (Sg) into LiS via various polysulfide species (Li»S,; 2 = x = 8).7® (Reproduced with permission from ref. 78 Copyright 2017, the
Royal Society of Chemistry). (c) A preview of the common modifications to commercial separators analyzed in this review.

formation, low sulfur loading, and large volume expansion
(~80%)."*** To address these issues, many recent studies inves-
tigated various Li-S cathode materials, cathode modifications,
electrolyte combinations, catalyst additives, and other
optimizations.***® Promising nanomaterials used in other
renewable technologies, such as graphene,”*° quantum dots,**
double-layered hydroxides,** and other nanoparticles,*”* have
been used to enhance LSBs. Similarly, advanced polymer tech-
niques enabled the fabrication of various polymer blends and
composites”™”” that may be promising to critical LSB compo-
nents, such as the separator and storage pack.

One of the largest issues with LSBs is the shuttle effect,
which severely reduces cycle stability, decreases coulombic
efficiency, and increases self-discharging. During the multi-step
discharging process (Fig. 1b), the soluble LiPSs (Li,Sg, Li,Ss, and
Li,S,) are solvated by the liquid electrolyte and “shuttled” from
the cathode to the anode primarily via diffusion. The shuttle
effect harms the cathode by decreasing the amount of active
material on the cathode side and limiting the sulfur loading in
the cathode, reducing the total capacity of the LSB.”” While
some LiPSs may be recovered during the charging process as
they shuttle back from the anode to the cathode, most long-
chain LiPSs are lost because of parasitic reactions with the Li
anode. Specifically, soluble LiPSs bypass the unstable solid-

7834 | J Mater. Chem. A, 2023, 11, 7833-7866

electrolyte interface (SEI), are reduced by the Li metal, and
irreversibly precipitate on the Li anode. These parasitic side
reactions increase the impedance of the LSB, corrode the Li
anode, facilitate LSB self-discharging, and ultimately decrease
the total capacity with each battery cycle.*® Recently, Pai et al.
made an enormous breakthrough, with their LSB cycling
through 4000 cycles without producing soluble polysulfide
intermediates. This was due to the formation of a rare and
stable y-monoclinic sulfur on the carbon host material via an
altered redox mechanism.®* While cathode improvements can
reduce LiPS shuttling by reducing LiPS formation and using
catalytic and chemisorptive materials, a significant amount of
LiPS still migrates to the anode, resulting in sub-optimal
cyclability.*>** Others have tried to reduce the parasitic LiPS
reactions at the anode by improving the stability of the SEI by
adding electrolyte additives like LiNO; or engineering artificial
SEI interlayers.®* The electrolyte solvent can also be designed to
create strong solvation shells that encapsulate long-chain LiPSs,
preventing reactions with the Li metal anode.*® Alternatively,
liquid electrolytes may be replaced with solid electrolytes to
eliminate the shuttle effect.®® As shown in Fig. 1c, the separator
may also be modified to reject LiPSs.

Another important obstacle to overcome is Li dendrite
growth on the anode after repeated cycling. The exact

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The primary LiPS rejection mechanisms by modified commercial separators, including ionic sieving (top-left), catalytic conversion (top-
right), electrostatic repulsion (bottom-left), and chemisorption (bottom-right).

mechanism behind Li dendrite formation is still under inves-
tigation, but the main culprits are generally considered to be the
unstable SEI, uneven current density at the anode, and
concentration polarization.*” The Li dendrites reduce
coulombic efficiency, consume electrolyte, decrease active
material, and can ultimately short-circuit the LSB and become
a safety hazard.”

One of the most facile methods of reducing LiPS shuttling
and Li dendrite formation is to use modified separators. The
separator is a critical component in modern batteries that act as
a physical barrier between the cathode and anode, preventing
short-circuiting while allowing fast ion diffusion via the
permeating electrolyte.®® The most widely available separators
are microporous polyolefin-based membranes often used in
LIBs, which are fabricated from polypropylene (PP), poly-
ethylene (PE), or a blend of both. These separators are sold
commercially under brand names like Celgard. However, poly-
olefin separators are poor options for LSBs, owing to high pol-
ysulfide shuttling, poor thermal stability, and low electrolyte
wettability.* Glass fiber-based separators have recently gained
popularity for improving LSB performance but are not as widely
used as polyolefin-based separators.”*** Various polymer
nanofiber separators like polyacrylonitrile (PAN) nanofiber®
and cellulose nanofiber®® separators have also been developed
for LSBs, but these are still in their development stage and are
not readily available for commercialization.

Instead of developing new separators for LSBs, we can
modify the ubiquitous polyolefin separators to leverage existing
manufacturing methods and supply chains for the ubiquitous

This journal is © The Royal Society of Chemistry 2023

polyolefin separators. In doing so, we can reduce production
costs and smoothly scale up LSBs to market. Various physical
and chemical modifications have been made to commercial
membranes, resulting in composite separators with improved
polysulfide rejection via enhanced ionic sieving, catalytic
conversion, electrostatic repulsion, and surface chemisorption,
as shown in Fig. 2. Ionic sieving occurs when long-chain poly-
sulfides are unable to pass through the small nanopores in the
separator due to size exclusion. Complex pore systems like
hierarchical pore structures can also trap LiPSs.”” Catalytic
conversion reduces the shuttle effect by facilitating the
conversion of soluble LiPSs into insoluble LiPSs. Modifiers
promote LiPS redox kinetics by improving electron mobility,
increasing Li,S nucleation, and lowering activation energy.******
Anionic polysulfides are also rejected via coulombic repulsion if
the surface of the separator is endowed with a net negative
charge. The electrostatic shield is often generated with elec-
tronegative functional groups on the modified separator
surface.’® Lastly, chemisorption plays a large role in immobi-
lizing LiPSs, with many modifiers selected for their high LiPS
adsorption affinity. The sulfur atoms are adsorbed by electron-
deficient metal centers while electron-rich functional groups
bind to the Li component of LiPSs.'**'** These modifications
may also decrease Li dendrite formation by homogenizing Li-
ion flux and distributing local current densities.'® Functional
separators may also provide improved rate capability, sulfur
utilization, Li-ion conductivity, and thermal stability, yielding
improved specific capacity and battery safety.'*

J. Mater. Chem. A, 2023, 1, 7833-7866 | 7835
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Due to the popularity of battery research, thousands of
studies have been published on LSBs, followed by numerous
summaries and overviews. However, most reviews focus on
advances in LSB cathodes,'””"** electrolytes,'***** or other
important LSB components, like electrocatalysts'” or
binders."* Others present a general overview of improving LSBs,
with brief sections on separator modifications.””*> The few
latest reviews focused on separators for LSBs do not organize
developments by materials,"** do not specialize in modified
polyolefin separators,” nor focus on specific material
composites.’*>** In contrast, this review primarily focuses on
cutting-edge developments in modified polyolefin separators
for LSBs organized by additive material: polymer-based, carbon-
based, organic framework-based, and inorganic-based
composites. There is a heavy focus on popular materials like
conducting polymers (polyaniline and polypyrrole), functional-
ized carbon nanomaterials (graphene and carbon nanotubes),
metal oxides (TiO,), and metal sulfides (MoS,), amongst many
other composites. The advantages of less common yet prom-
ising materials like electrically conductive polymers, metal-
organic frameworks, and Mxenes are also discussed. We hope
this critical review of the latest modified polyolefin separators
will guide future work in making LSBs commercially viable.

2 Polymer-based modifications

Polymer-based modifications to commercial membranes are
frequently performed via surface modification methods,
including grafting,"*® surface polymerization,*** and layer-by-

View Article Online
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layer techniques.*” The main goals of polymer-based modifi-
cations are to (a) decrease pore sizes for improved polysulfide
sieving, (b) endow a negative charge for the coulombic repul-
sion of anionic polysulfide, (c¢) improve compatibility between
the polyolefin separator and other modifiers, and (d) to increase
separator hydrophilicity for improved electrolyte wetting. To
achieve this, common polymers, functionalized polymers, and
electrically conductive polymers have been investigated as
surface modifiers for commercial polyolefin separators in LSBs.
The performance of exemplary polymer-modified separators is
summarized in Table 1.

2.1 Common polymers

Popular polymers like Nafion, polyethylene glycol (PEG), poly-
dopamine (PDA), polyacrylic acid (PAA), and polyethylenimine
(PEI) are easily appended to PP or PE separators via graft poly-
merization or filtration methods.’® Upon modification, the
composite separators may have reduced pore sizes to promote
polysulfide sieving. Unlike PP and PE, polymer modifiers have
highly electronegative functional groups, like carboxyls,
carbonyls, and sulfonates, which endow a net negative surface
charge to repel anionic polysulfides.'** Because various poly-
mers can have strong interactions with polyolefins and polar
additives simultaneously, they are useful binders for other
modifiers.*> Hydrophilic functional groups in common poly-
mers also improve electrolyte wettability for improved Li-ion
conduction.'** Despite all the benefits of using polymer modi-
fiers, common polymer modifications alone are usually insuf-
ficient in mitigating the shuttle effect and do not significantly

Table 1 Summary of LSB performance and longevity with polymer-modified commercial membranes

Specific charge C rate % Loss
Membrane (mAhg™ Q) Cycles per cycle Highlights Ref.
Common polymers
PP/Nafion/KB 6701 0.2 150 0.06 Filling interparticle gaps in KB 143
PP/PDA/PEI 1250 0.2 100 0.28 Smoother separator surface 144
PP/PAA 562 0.5 600 0.07 UV grafting decreased pore size 166
PP/Nafion/Cu-MOF 680 0.5 300 0.07 Electrostatic shield 153
PP/PDA/g-CN 764 0.5 500 0.05 Improved g-CN adhesion to separator 161
PP/Nafion/super P 807 0.5 250 0.22 Synergized ionic sieving 154
PP/silicone/PDA 982 1.0 1000 0.03 Blocked side reaction of silicone and Li metal 162
PP/Co-carbon/PDDA 872 2.0 1200 0.02 Small size of PDDA increases LiPS contact 167
Functionalized polymers
PP/SPEEK 1228 0.2 100 0.23 Electrostatic shield 168
SPEI/PEI 1285 0.2 200 0.21 Improved electrolyte uptake and Li-ion conductivity 170
PP/PVDF/super P 1040 0.5 100 0.67 Functionalized PP separator pre-coating 173
Conducting polymers
PP/PSS 1300 0.05 30 1.00 Minimum PSS loading required 190
PP/PANI/V,05 1132 0.2 100 0.11 Improved electron mobility 182
PP/PE/PEDOT:PSS 985 0.25 1000 0.04 Electrostatic barrier 179
PP/PEDOT:PSS 1096 0.5 500 0.03 PEDOT chelated structures with LiPSs 178
PP/PANI/CFP 723 1.0 100 0.74 PANI used as a binder 183
PP/PPy/GO 809 1.0 1000 0.04 Pyrrolic nitrogen for LiPS chemisorption 185
PP/RPM 947 5.0 700 0.06 Conductive bridge between MoS, and rGO 184
PP/PPy-Li-MMT 775 1¢ 600 0.04 Improved thermal stability 189

“ Current density measured in mA cm ™2 instead of C rate.
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improve the rate capability of LSBs, limiting their charge rate
and power density.

Nafion is the brand name of a popular and commercially
available sulfonated tetrafluoroethylene-based fluoropolymer-
copolymer modified to reduce polysulfide shuttling in LSBs via
physical and electrostatic mechanisms."****° Although Nafion
may be used as a separator directly for its high proton
conductivity and good thermal stability, it is a very expensive
polymer, so it is better used as a modifier for polyolefin
separators to save material cost. Wang et al.*** modified
a standard PP separator with Nafion/MXene composite nano-
sheets via vacuum filtration. The Nafion contributed to the
electrostatic repulsion of polysulfides and decreased the pore
size from 200 nm to 40 nm. MXenes were added to create
a stacked pore structure that further improved rejection via
size exclusion. Recently, Diao et al.*** composited Nafion with
a porous Cu-based MOF that mitigated Li dendrite formation
by homogenizing Li-ion flux with its negatively charged
sulfonate groups. In a Li//Li symmetric cell overpotential test,
the Nafion-modified separator had a low overpotential for over
100 h, whereas the pristine PP separator had short-circuited
after only 80 h.

While many porous modifiers like porous carbons (Section
3.3) and MOFs (Section 4.1) have excellent adsorptive ability and
can trap long-chain LiPSs in their complex pore structure, they
have poor adhesion for PP and PE. As a polymer with strong
polar groups, Nafion can fill the interparticle gaps and anchor
polar additives. As shown in Fig. 3a, Rana et al.*** used Nafion as
filler to hold the Ketjen black particles together and reduce the
interparticle gaps. The resulting Nafion/Ketjen composite was
slurry coated onto a standard PP separator, which showed
excellent polysulfide rejection even at high sulfur loadings up to
7.88 mg cm 2. Hao et al.*** similarly synthesized a Nafion/Super
P composite and coated it onto a commercial Celgard
membrane that enabled polysulfide trapping.

PEG is a low-cost, hydrophilic, and non-toxic polymer
frequently used to modify LIB separators due to its excellent
electrolyte wettability and ionic conductivity.">***” For LSBs,

~
.
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PEG modifications can restrict polysulfide shuttling while
maintaining high Li-ion conductivity. However, PEG modifica-
tions alone are insufficient to reduce polysulfide shuttling and
are often composited with porous materials like MWCNTSs or
porous carbon that can trap polysulfides. For example, Wang
et al.*® coated a Celgard 2400 separator with a PEG/MWCNT
composite, resulting in a 67% higher initial specific capacity
than a pristine Celgard separator. Moreover, after 500 cycles,
the LSB with the PEG/MWCNT membrane had a 4-times-higher
specific capacity than with the unmodified membrane. Similar
improvements with PEG were reported by Chung et al.*** and
Luo et al.**®

PDA is another promising material for LSB separator modi-
fication, owing to its hydroxyl groups that may provide an
electrostatic barrier and improved Li-ion diffusion. Recently,
Pei et al.*** modified a Celgard membrane with a PDA/PEI
composite. The significantly increased hydrophilicity resulted
in a 75% increase in electrolyte uptake rate, a 13% increase in
ionic conductivity, and a 28% higher initial specific capacity.
PDA is a particularly useful binding molecule between standard
polyolefin separators and other additives. For example, Tong
et al."** coated a Celgard 2500 separator with PDA to anchor
graphitic carbon nitride (g-CN) nanofibers to the membrane
substrate. The resulting PP/PDA/g-CN membrane showed good
physical and thermal stability, with higher PDA content
improving thermal stability. Yang et al.**® used a PDA coating to
prevent the reaction between silicone nanofilaments and Li
anode. Specifically, a Celgard 2400 membrane was modified
with silicone nanofilaments to increase electrolyte wettability
and physical polysulfide trapping, but the PP/silicone had poor
cycling due to its reaction with Li. The PDA coating prevented
the silicone-Li reaction and improved the lifespan of the LSB to
20000 hours, whereas the battery with a Celgard separator
lasted 100 h of voltage cycling and PP/silicone lasted 460 h.
Similarly, Hu et al.**® prevented CoFe/C nanoparticles from
aggregating on the Celgard surface by encapsulating the
nanoparticles with PDA. Interestingly, PDA may also be

Fig. 3 (a) Schematic of the mechanism of physical confinement of the PS in the porous structure of the KB and polar—polar interaction with —
SO5~, with Nafion filler'*® (Reproduced with permission from ref. 143. Copyright 2020, Elsevier). SEM of (b) PP and (e) PP/PAA. Digital photograph
of a polysulfide diffusion test with a PP separator after (c) 10 min and (d) 6 h and PP/PAA after (f) 10 min and (g) 6 h (h)**® (Reproduced with

permission from ref. 166. Copyright 2018, Elsevier).

This journal is © The Royal Society of Chemistry 2023
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a precursor to carbon-based core/shell modifications to poly-
olefin separators.'**'*

By grafting a polymer layer on the cathode side of meso-
porous membranes with various polymers, the pore sizes can be
easily controlled to reject polysulfides while allowing high Li-
ion diffusion. For example, Song et al'*® used a facile and
inexpensive photografting method to append a PAA layer to
a standard PP-based Celgard 2325 membrane. As shown in
Fig. 3b and e, the pore size decreased from 100 nm for the
pristine membrane by more than 50%, and the total number of
pores decreased. Increasing the time under UV irradiation
increased the grafting rate, resulting in smaller pores and lower
pore density, which improved polysulfide rejection. Fig. 3c and
d and Fig. 3f and g show how much the PAA layer improved
polysulfide diffusion via a simple diffusion test with a dark
yellow LiPS solution on the left compartment and clear solvent
on the right compartment separated by either a pristine PP or
PAA-modified separator. The PP separator fails almost imme-
diately, with yellow LiPSs diffusing within 10 minutes and
completely turning the right compartment yellow in 6 h. In
contrast, the PAA-modified PP separator test showed no
noticeable color change even after 6 hours of testing. This kind
of visual diffusion method qualitatively shows the improved
LiPS rejection ability of the PAA-modified separator. However,
a UV-vis absorbance test following the diffusion test would be
a non-invasive method of providing quantitative results for LiPS
diffusion through the separator. While greater PAA grafting
improved LiPS rejection via highly selective ionic sieving, the
composite membrane exhibited greater hydrophobicity, which
decreased electrolyte wettability and, consequently, ionic
conductivity. In more recent work, Pei et al.*** similarly found
that appending a polydopamine (PDA) layer to a Celgard
membrane reduced average pore sizes by 35% (130 nm).
However, the PP/PA membrane surface was rough with only
PDA. Modifying PDA with PEI yielded a smoother surface finish,
which improved Li-ion conductivity. Having multiple layers of
PDA/PEI further decreased surface roughness and polysulfide
rejection without significantly increasing the LSB's impedance.

Gao et al.*” compared the performance of LSBs with PP/
cobalt-doped porous carbon composite separator modified with
chenodeoxycholic acid, berberine chloride hydrate, or poly(-
diallyl dimethyl ammonium chloride) (PDDA). LSBs with the
PDDA modification showed one of the highest capacity reten-
tions, with a decay rate of 0.031% per cycle after 1200 cycles at
a high current of 4C. The small molecular size of PDDA allowed
it to exhibit stronger repulsion against polysulfides and
improved ionic sieving than the other organic molecules.

2.2 Functionalized polymers

Polymers may be functionalized prior to their implementation
in polyolefin separators to have more hydrophilic and anionic
functional groups. Common polymers like PEI (Section 2.1) and
other less common polymers like poly(ether ether ketone)
(PEEK) can benefit from additional functionalization.'®® Newly
appended polar groups like sulfonates and carboxyl/hydroxyl
groups increase the polymer's ability to immobilize LiPSs with

7838 | J Mater. Chem. A, 2023, 11, 7833-7866
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greater chemisorption and repel LiPSs with a more negative
surface charge. These groups can also improve Li-ion conduc-
tivity and electrolyte wettability for improved rate capability.
While the additional functionalization of various polymer
modifiers can improve LiPS rejection, it is unsure whether the
added material cost and synthesis time are justified, as the cost-
benefit analysis is often overlooked.

Polymers often undergo sulfonation, where sulfonate groups
are appended via reaction in sulfuric acid. For example, Li
et al.'® sulfonated PEEK before modifying a PP separator.
Similar to Nafion, the SPEEK separator had abundant sulfonate
groups that formed an electrostatic barrier against LiPSs, but
SPEEK can be fabricated at a lower cost with eco-friendly and
facile one-step synthesis. Similarly, Babu et al.** used SPEEK
and Nafion to modify a commercial Celgard membrane. The
SPEEK improved the stability of the LSB, while Nafion improved
specific capacity. Liu et al.*”® sulfonated PEI, which is known for
its excellent thermal, chemical, and mechanical stability. In all
aforementioned studies, the sulfonation decreased polysulfide
shuttling by increasing electrostatic repulsion against poly-
sulfides. Other sulfonated polymers, such as lithiated poly(-
diphenylether oxadiazole) sulfonate'* and sulfonated PEG,'”>
have been used in LIBs but have not yet been investigated for
LSBs.

Other common functional group modifications to LSB
separators include carboxyl and hydroxyl groups. In a recent
study, Paniagua-Vasquez et al.'”® used plasma treatment to
functionalize the PP substrate with hydroxyl and carboxyl
groups before coating with polyvinylidene fluoride (PVDF)/
super P. The pre-functionalized PP substrate increased
compatibility with the PVDF/super P coating, resulting in
a smooth coating with no visible cracks and small interparticle
gaps. After 100 cycles, the LSB with the modified membrane had
a higher specific capacity than the initial capacity of the battery
with a pristine membrane. This was due to the PVDF/super P
modification enabling improved Li-ion conduction and sulfur
utilization. Song et al.'*® and Yu et al.'”* similarly found that
modifying a PP membrane by grafting poly(acrylic acid) (PAA)
and hydrolyzed acrylamide, respectively, introduced carboxyl
functional groups that provided a highly negative surface
charge. The improved hydrophilicity and electrostatic repulsion
significantly reduced polysulfide shuttling while improving Li-
ion diffusion. Gu et al.'” controlled the ratio of charged amine
and carboxylate groups on the surface of a PE/poly(allylamine
hydrochloride)/PAA (PE/PAH/PAA) separator by changing the
acidity of the electrolyte solution. The microporous PE
membrane was modified with alternating layers of PAH and PAA
via a layer-by-layer technique. Decreasing the pH from 8.5 to 3
increased specific capacity retention due to the increase in
charged carboxylate groups that provided an -electrostatic
barrier against polysulfides.

2.3 Electrically conductive polymers

Conductive polymers are a special class of polymers that are
electrically conductive due to their backbones comprising
contiguous sp® hybridized covalent bonds. The delocalized
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electrons in these large polymer structures are free to move,
resulting in metallic or semiconducting behavior.”® Similar to
common polymers (Section 2.1) and functionalized polymers
(Section 2.2), conductive polymers can reduce the pore sizes of
polyolefin separators for improved LiPS sieving. Separators
modified with conductive polymers can also exhibit high ionic
conductivity because conductive polymers improve electrolyte
wettability. Uniquely, the high electrical conductivity of
conductive polymers can improve the conversion kinetics of
LiPSs and synergize with other modifiers. Despite these bene-
fits, conductive polymers are limited in use due to their difficult
processing and have variable conductivities depending on
external factors like the presence of other dopants and coating
thickness.'””

Polystyrene sulfonate (PSS) is often applied together with
poly(3,4-ethylenedioxythiophene) (PEDOT) to yield an electri-
cally conductive polymer called PEDOT:PSS. PEDOT also helps
contain polysulfides by forming chelated structures with
LiPSs."”® Abbas et al.'”® spray-coated a layer of PEDOT:PSS onto
the cathode side of a Celgard 2500 membrane. Due to the highly
negative surface charge of the modified membrane, the sepa-
rator effectively reduced polysulfide shuffling via coulombic
repulsion, decreasing the charge decay rate by 67%. While
PEDOT:PSS-modified separators have been shown to potentially
reduce the kinetics of the battery due to its thickness,'®* the
nano-scale thick PEDOT:PSS layer (approx. 800 nm) after spray
coating was thin enough to allow high Li-ion conduction.'”
Moreover, the hydrophilicity increased with the PEDOT:PSS
modification, resulting in improved electrolyte wettability and
decreased the charge transfer resistance of the LSB by 14%.
Similarly, Hareendrakrishnakumar et al.'’® and Zhong et al.**!
reported significant polysulfide rejection due to the negatively
charged PEDOT:PSS barrier.

Polyaniline (PANI) is another popular conducting polymer
for LSBs with its electrostatically repulsive imine (=N-) groups
and excellent conductivity. PANI is particularly useful for
providing a conductive coating for other modifiers like metal
oxides that have an excellent chemisorption affinity for poly-
sulfides but poor catalytic ability due to their electrically insu-
lating nature. For example, Chen et al.*®* coated V,05 nanowires
with PANI to enhance the ionic conductivity of Li-ions, electrical
conductivity for Li polysulfide conversion, and mechanical
strength. After the PANI/V,05 composite was vacuum filtered
through a standard PP separator, the resulting LSB exhibited
a 19% higher initial capacity and 11% higher capacity retention
after 200 cycles at 0.5C than the LSB with a PP/V,05 membrane.
This was due to the improved reaction kinetics and sulfur
utilization because of the significantly lower charge transfer
resistance with PANL. Jo et al.*®* found similar improvements to
initial capacity and cyclability after coating Co-Fe Prussian Blue
analogs (CFPs) with PANI and applying the PANI/CFP to
a standard Celgard membrane. The PANI coating on the CFPs
allowed more effective binding with the PVDF and NMP binder
solution, yielding a more structurally stable surface modifica-
tion on the PP substrate. Shi et al.*** used PANI as a conductive
intermediate between a conductive rGO backbone and highly

This journal is © The Royal Society of Chemistry 2023
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catalytic and polysulfide-adsorptive MoS, nanosheets. Fig. 4a
shows the synthesis of the rGO-PANI/MoS, (RPM) composite,
and Fig. 4b shows the “trapping-interception-conversion”
mechanism for LiPS rejection enabled by the RPM composite.
While MoS, has weak interactions with carbon, PANI interacted
with MoS, via strong Mo-N bonds and rGO via strong electro-
static effects. The high electrical conductivity of PANI allowed
fast electron transfer from the rGO to MoS, unlike other poly-
mer connectors. Hence, when cycled at a high rate of 5C, the
LSB with an RPM-modified PP separator showed an excellent
99.7% coulombic efficiency and retained 55% of its initial
capacity.

Polypyrrole (PPy) is another excellent conducting polymer
for LSB separator modifications due to its adsorptive amine
groups and facile synthesis. Li et al.™' modified a Celgard
separator on both sides with a thin layer of PPy via in situ vapor
phase polymerization to reduce Li-dendrite formation on the
anode side, with no visible corrosion even after 250 charge/
discharge cycles. The improved conductivity and nitrogen
functional groups in PPy improved the reversibility of sulfur at
the cathode, resulting in a smoother cathode surface. The
hydrophilicity of the 15 nm thick PPy coating improved elec-
trolyte wettability, increasing electrolyte uptake from 70% to
108% for higher Li-ion conductivity. Moreover, the rate capa-
bility of the LSB was significantly enhanced due to the
increased conversion kinetics provided by the conductive PPy
(Fig. 4c). While carbon-based modifiers are often modified
with a mix of pyridinic, pyrrolic, and graphitic nitrogen atoms,
it is possible to modify carbon matrices with mostly pyrrolic
nitrogen sites by functionalizing with PPy."® This is important
because pyrrolic nitrogen sites have shown excellent poly-
sulfide adsorption and catalytic conversion compared to the
other nitrogen sites.***'*” In a recent study, Zhang et al.*®*® used
DFT to show that a composite comprising PANI chains and a-
ZrP nanosheets was highly catalytic to polysulfide conversion.
The Li polysulfides adsorbed by the a-ZrP nanosheets acted as
an electronic switch that allowed electrons to flow between PPy
and o-ZrP, which triggered the multiphase conversion of the
adsorbed polysulfide. The PPy was also shown to limit exces-
sive polysulfide oxidation by controlling the output of elec-
trons. As shown in Fig. 4d, the relative energy barrier of Li-ion
diffusion through a-Zr/PPy is significantly lower than other
common materials. Interestingly, PPy composites can also be
used to reduce the effects of thermal shrinkage and thermal
runaway. Yang et al.*® compared the thermal stability of a PPy-
Li-montmorillonite (PPy-Li-MMT)-modified PP separator,
acetylene black-modified PP separator, and pristine PP sepa-
rator. As shown in Fig. 4e, after heating 160 °C, the PP/PPy-Li-
MMT retained its shape and had an evenly spread heating
profile. In contrast, PP/acetylene black (Fig. 4f) and PP (Fig. 4g)
quickly deformed and disintegrated, owing to the generation
of hot spots. While MMT is a well-known flame retardant, the
addition of PPy improved the uniformity of MMT on the PP
surface while allowing the composite to retain high thermal
conductivity, resulting in better thermal stability than a PP
modified with MMT without PPy.
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3 Carbon-based modifications

Carbon-based modifications are most frequently implemented
into polyolefin separators via vacuum filtration,'*” layer-by-layer
techniques,”* and slurry coating methods.'”> Carbon-based
modifications are primarily to (a) improve the LiPS conversion
kinetics by improving electron mobility during the redox reac-
tion, (b) decrease Li dendrite formation by decreasing local
current density and Li surface reactions, and (c) decrease the
charge transfer resistance of the LSB as a whole for improved
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rate capability (d) decrease pore sizes for improved LiPS sieving,
and (e) to improve the performance of other additives.*** While
there is no direct current flow through the separator, increasing
the conductivity of the separator reduces the charge transfer
resistance of the whole LSB by improving the electron mobility
of sulfur in the cathode and polysulfides.*** Moreover, modi-
fying a separator's anode side with conductive carbon nano-
structures can mitigate Li dendrite formation by reducing local
current densities at the anode, reducing Li surface reactions,
and homogenizing Li-ion flux. A carbon layer can also physically
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Fig. 4 Schematic showing the (a) synthesis process of RPM and (b) the “trapping-interception-conversion” mechanism of the RPM modification
on a PP separator substrate'® (Reproduced with permission from ref. 184. Copyright 2022, John Wiley and Sons). (c) Rate performance of an LSB
with a standard Celgard separator and a PPy-modified Celgard separator*** (Reproduced with permission from ref. 141. Copyright 2019, Elsevier).
(d) Transition state search of lithium ions diffusion in the a-ZrP/PPy interface compared with other materials*®® (Reproduced with permission
from ref. 188. Copyright 2022, Elsevier). In situ infrared thermography of (e) PP/PPY-LiM, (f) PP/AB, and (g) PP separators*® (Reproduced with

permission from ref. 189. Copyright 2021, Elsevier).
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shield the LSB against Li dendrite penetration with its small
nanopores.’” Thus, various forms of carbon, including gra-
phene, CNTs, porous carbons, and other graphitic carbons,
have been used as surface modifiers for commercial LSB sepa-
rators. Unlike most modifiers, carbon-based nanomaterials may
be easily synthesized from biomass or waste, making carbon
materials excellent options for sustainability-focused
manufacturing.”® The performance of exemplary LSBs with
carbon-modified separators is summarized in Table 2.

3.1 Graphene

Graphene is a 2D nanosheet of a monolayer, honeycomb-
arranged carbon lattice with excellent electrical conductivity,
mechanical strength, thermal stability, and high functionaliz-
ability, among other properties.”” Graphene derivatives, such
as graphene oxide (GO) and reduced graphene oxide (rGO), have
many or some oxygen functionalization and are much more
common in literature as they are easier to prepare while sharing
similar properties with perfect graphene.’®® As modifiers for
commercially available polyolefin separators, graphene and its
derivatives reduce the shuttle effect via ionic sieving with
controllable pore sizes and enhanced LiPS reduction kinetics
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owing to increased electron mobility. Because GO has abundant
oxygen groups, they can contribute to LiPS rejection via chem-
isorption and electrostatic repulsion. Functionalized graphene
moieties are also beneficial for improving electrolyte wettability.
However, graphene-based modifiers alone are unable to
completely mitigate the shuttle effect and must be co-doped
with more adsorptive or catalytic modifiers.

Graphene dopants can control the pore size of the composite
membrane to improve LiPS sieving. Ou et al.**® reduced the pore
sizes of a PP/PE/PP membrane by transferring a layer of gra-
phene to the Celgard membrane using a wet transfer method.
The average pore size of the graphene-modified separator was
2.45 nm, but the pore size was increased to 3.76 nm via O,
plasma treatment for improved Li-ion conductivity while still
being small enough to sieve LiPSs. Improved sieving was indi-
cated by a 15% higher specific capacity after 95 cycles with the
graphene-modified separator than with the pristine membrane.
Nylon-66 was appended to the composite separator via interfa-
cial polymerization to decrease pore sizes by clogging larger
pores in the graphene sheets. The result was a 10% higher
capacity retention than the unclogged graphene-modified
separator due to improved size exclusion. While the nylon

Table 2 Summary of LSB performance and longevity with carbon-modified commercial membranes

Specific charge % Loss
Membrane (mAhg™) Crate (C) Cycles  per Cycle  Highlights Ref.
Graphene
PP/PNCG 1192 0.1 800 0.05 In situ formation of PCN on GO 101
PP/NG nanoscroll 950 1.0 800 0.02 Improved electrolyte wettability 195
PP/NG/Ni;zSn, 1022 1.0 400 0.07 Nitrogen defects for improved chemisorption 201
PP/rGO/MoS, 1040 1.0 300 0.08 Increased sulfur utilization 210
PP/GO/CoPc 1092 1.0 400 0.08 Improved thermal stability 219
PP/tungsten-NG 1100 2.0 100 0.05 Adsorptive tungsten metal centers in graphene lattice 207
Carbon nanotubes
PE/CNT/Ti O, 888 0.5 250 0.1 Mitigated Ti O, overgrowth 234
PE/MWCNT-OH 1058 0.5 400 0.11 Hydroxyl groups for LiPS immobilization 240
PP/SWCNT/MnS 876 0.5 500 0.07 Thinner modification layer 238
PP/MWCNT/TiO 1527 0.5 1000 0.06 Increased sulfur capacity 229
PP/SWCNT/TB-BAA 880 1.0 500 0.06 Decreased TB-BAA layer thickness 241
PP/MWCNT/CTF 1000 1.0 1000 0.05 Conductive bridging between CTFs 223
PP/NCNT/MoS, 1173 1.0 1000 0.05 Reduce MoS, nanosheet aggregation 236
PP/OCNT/NiFe-LDH 730 2.0 600 0.09 Ozone treatment for oxygen functionalization 239
Porous carbons
PP/Carbon 1198 0.3 100 0.42 Porous carbon from sucrose and egg white 266
PP/N-doped KB/Co 1058 0.3 500 0.1 Nitrogen heteroatom increased LiPS affinity 252
PP/NC 1098 0.5 600 0.07 Chlorella (algae) powder 265
PP/Carbon 906 1.0 500 0.10 Rice paper plant 264
PP/PC 912 1.0 800 0.06 Lowered redox the activation energy 261
PP/HNPC 1302 1.0 900 0.06 P & N heteroatom doping 260
PP/Co-N-CNT/Carbon 782 2.0 500 0.04 One-step pyrolysis synthesis 262
PP/INC 1151 2.0 500 0.11 I-doped carbon from kelp 263
Graphitic carbon
PP/CF 1063 0.5 500 0.07 Clogged large PP pores 271
PP/CNP 699 1.0 200 0.08 Low dimensionality for interparticle space filling 269
PP/NSCNP 650 2.0 500 0.09 Nitrogen and sulfur heteroatom doping 270

This journal is © The Royal Society of Chemistry 2023
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modification reduced polysulfide shuttling, the charge transfer
resistance increased slightly by 8.5%, resulting in a 1% lower
initial capacity. Similarly, Lee et al.** reduced the pore sizes of
a commercial PE membrane via electrospraying an rGO/
PEDOT:PSS mixture. The spray-coated rGO/PEDOT:PSS layer
yielded a 2-times-higher specific capacity than the pristine
membrane after 100 cycles. Ni;Sn, doping was used to decrease
the pore size of NrGO by 32%, improving polysulfide
rejection.>**

Because the ion-sieving mechanism is often insufficient,
graphene is usually modified via heteroatom doping, yielding
nitrogen-doped graphene and sulfur-doped graphene.>*>** By
adding nitrogen defects to the graphene lattice, lone pairs from
the graphitic, pyridinic, or pyrrolic nitrogen enable LiPS
chemisorption. Recently, Qi et al.>** used the adsorption ability
of nitrogen-doped graphene (NG) to reduce the shuttle effect.
The LSB with the PP/NG separator had 112% higher capacity
retention than the battery with a pristine separator. While
nitrogen doping improves polysulfide adsorption, NG does not
exhibit significant catalytic ability. The adsorption energy of
various polysulfides on different parts of the NGO/Mo,N
composite was calculated with computational simulations and
is shown in Fig. 5d.*** As expected, the strongest binding
energies with all polysulfide forms were by pyridinic and
pyrrolic nitrogen groups on the NGO. Still, the nitrogen
heteroatoms usually have lower binding energies for LiPSs than
metal centers like Mo.

Thus, graphene derivatives are usually paired with various
inorganic modifiers for LiPS adsorption. The properties and
benefits of different inorganic modifiers are discussed in detail
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in Section 5. In this section, we focus on graphene's role in
supporting the inorganic modifier. Gai et al** slurry coated
a Celgard separator with nitrogen-doped rGO (NrGO) and Co
nanoparticles. The NrGO was responsible for ion-sieving and
polysulfide adsorption, while the Co nanoparticles enhanced
the reversible conversion of polysulfides. Similarly, Jing et al.**®
used vanadium nitride (VN) nanoparticles to enhance the
reduction and oxidation kinetics of the polysulfides. Fig. 5a
shows that adding VN yielded clear redox peaks for the
conversion of polysulfides in both directions, whereas NG alone
did not have any distinct redox peaks. The NG/VN also
promoted Li,S nucleation and growth, yielding higher specific
capacity than pristine NG (Fig. 5b). Likewise, Wang et al.>”’
doped a graphene lattice with tungsten metal centers to
improve polysulfide adsorption and catalytic conversion.
Recently, Jing et al’*® sandwiched SrF, between graphene
nanosheets (Fig. 5¢) before vacuum filtration onto a commercial
PP membrane. The graphene provided ion-sieving effects as
expected but also improved electron transfer for faster poly-
sulfide conversion kinetics. In another study by Jing et al.,**
a standard PP membrane was modified with CaF,-decorated
rGO. A 1:3 ratio between adsorptive and catalytic CaF, and
conductive rGO was the best compromise between cycle
stability from CaF, and specific capacity from rGO.

Graphene plays a significant role in sulfur utilization. This
was exemplified by Cheng et al*°® who modified a Celgard
separator with MoS,-doped rGO nanosheets. The highly
conductive rGO enabled a high sulfur utilization as high as 80
wt%. Similar synergies have been reported between graphene
derivatives and metal oxides like CeO,,”"* Fe;0,4,*** M00,,**
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BaTiO3,>** and defect-rich and amorphous Fe;0, ,.>** Studies
involving transition metal nanoparticles like cobalt,>*® tung-
sten,”®” iron,”” and nickel*® on graphene have also reported
similar benefits.

The synergy between graphene derivatives and inorganic
nanoadditives may also improve heat dispersion. Shen et al.**®
improved the thermal stability of a PP separator via modifica-
tion with GO/cobalt phthalocyanine (GO/CoPc). Due to the large
thermal capacity of GO/CoPc and the thermally conductive GO,
the separator was able to dissipate heat more readily and
withstand prolonged heating at 130 °C. Improved thermal
stability and heat dissipation will help mitigate battery thermal
runaway.

When modifying graphene with other nanoparticles, the
distribution and adhesion of the nanoparticles play a signifi-
cant role in the specific capacity of the LSB. For example, Zhang
et al.* compared the performance of a modified Celgard
separator prepared with in situ and ex situ methods. In the in
situ process, phenyl-modified carbon nitride (PCN) was directly
formed on GO (referred to as PCNG) via pyrolysis of a freeze-
dried mixture of 2,4-diamino-6-phenyl-1,3,5-triazine (DPT) and
GO. In the ex situ process, DPT was calcined into g-C3N, and
mechanically mixed with GO (referred to as PCMG-M). Fig. 5e
illustrates the difference in the microstructural bonding
between PCN and GO. Because the PCN was uniformly distrib-
uted on GO with strong covalent bonding in PCNG, the PCN
layer could adsorb polysulfides without deforming and provide
direct conductive pathways for improved polysulfide conver-
sion. In contrast, the ex situ synthesized PCN layer was loosely
held with random arrangements, resulting in longer conductive
pathways. Thus, the in situ synthesis of nanoparticles is rec-
ommended for composition with graphene.

Other than modifying graphene with other nanoparticles,
graphene morphology has been altered for improved poly-
sulfide rejection. Li et al>** synthesized hollow graphene
spheres (HGS) to block the pores of a Celgard membrane. The
hollow spheres exhibited both physical blocking and adsorp-
tion mechanisms, resulting in a 55% higher capacity retention
than the pristine separator. Interestingly, the HGS seemed to
exhibit stronger adsorption effects than regular graphene,
indicated by a decent but relatively high decay rate of 0.15% per
cycle compared to other graphene composite membranes pre-
sented in Table 2. However, the adsorption effects were limited
as graphene itself has weak adsorption properties. Changing
the morphology of graphene may also add functionality. Zhang
et al.*® synthesized nitrogen-doped graphene nanoscrolls (rol-
led-up sheets of NG nanosheets) that wrapped around Coz;0,
nanoparticles. Compared to an LSB with a PP membrane
modified with planar NG/Co30,, the battery with a nanoscroll-
modified membrane retained a 10% higher coulombic effi-
ciency (99.5%) after double the number of cycles (800 cycles).
The nanoscroll membrane also reduced lithium dendrite
formation on the anode. The benefits stemmed from the
nanoscroll morphology promoting better electrolyte wetting,
homogenous Li-ion diffusion, and lower overpotentials than NG
nanosheets.

This journal is © The Royal Society of Chemistry 2023
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3.2 Carbon nanotubes

Single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTSs) are 1D tubes with nanoscale
diameters and are often thought of as rolled-up tubes of gra-
phene. Thus, they share many of the same properties as gra-
phene (Section 3.1) and consequently have great potential as
modifiers in LSBs because of their excellent electrical conduc-
tivity, thermal conductivity, functionalizability, and compati-
bility with other additives.?®* This was clearly demonstrated by
Raja et al.,'*® who found that MWCNTs on the cathode side of
a Celgard separator improved polysulfide reaction kinetics. This
allowed more efficient charge/discharge at higher charge rates
with around a 20% higher initial charge capacity. The effect of
MWCNTs on sulfur was only effective on the cathode side. An
LSB with MWCNTs on the anode side (Li side) of the separator
yielded similar performance to an LSB with a pristine Celgard
membrane.

As a popular upper current collector material, CNTs may
promote electron transfer to hasten LiPS conversion, but CNTs
alone do not adsorb LiPSs effectively. Hence, CNT-based
modifications employ catalytic compounds that provide chem-
isorption. Recently, Fan et al.?*> used a poly(diallyl di-methyl
ammonium) bis(trifluoromethanesulfonyl)imide (PDDA-TSFI)
layer on the CNTs to increase polysulfide adsorption and
induced interfacial charge distribution, resulting in a 67%
higher capacity retention after 300 cycles. Other polysulfide
trapping compounds, such as COFs,>* MOFs,*** MXenes,***
metal dichalcogenides,”® metal nitrides,”” and metal phos-
phides,*® have also been composited with CNTs for similar
benefits.

CNTs have been frequently paired with various metal oxides
(Section 5.1) that boast excellent polysulfide trapping properties
for higher sulfur utilization and redox kinetics. Li et al.**
fabricated a PP/MWCNT/TiO separator that enabled a high
sulfur utilization of 62%. While TiO alone limits polysulfide
conversion due to its insulating nature, limiting the discharge
capacity, adding conductive MWCNTs improved the specific
capacity by about 50% more than the pristine membrane.
Essentially, adding MWCNTs made TiO a viable modifier for
LSB separators, allowing an astoundingly low capacity fade rate
of 0.057% per cycle. Similarly, recent studies combined various
CNTs with oxygen-rich MnO nanoflakes,*** TiO,,**' Nb,Os,**?
MnO,*** and Ti O, ***to enhance specific capacity while also
significantly improving polysulfide rejection. Wang et al.**®
sandwiched 1D SWCNTs between 2D V,C/V,05 nanosheet layers
to prevent the nanosheets from agglomerating, resulting in
a maximum number of active sites for polysulfide adsorption.
Moreover, the interstacked SWCNTs created a conductive
network that improved LiPS conversion kinetics. Similarly,
Gong et al.>*® used N-doped CNTs (NCNTSs) to provide a porous
structure that reduced MoS, aggregation and consequently
greatly increased polysulfide adsorption and sulfur re-utiliza-
tion. Liu et al.*®” synthesized 2D WS, nanosheets interwoven
with 1D SWCNTs that formed a porous 3D structure that
provided abundant active sites for polysulfide adsorption and
conversion. In another example, Kannan et al.>®® slurry coated
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a PP membrane with SWCNTs functionalized with MnS nano-
particles. The SWCNTs provided conductive pathways for poly-
sulfide redox reactions while also physically blocking
polysulfide shuttling.

CNTs are easily functionalizable with various groups that
improve adhesion with other modifiers. For example, Liu
et al.>* modified MWCNTs with NiFe layered double hydroxides
(NiFe-LDH) by first functionalizing the MWCNTs with carboxyl
and hydroxyl groups via ozone treatment (OCNTs). The NiFe-
LDHs were subsequently grown on the functionalized MWCNTs
via an in situ hydrothermal method. The electronegative oxygen
functionalization was necessary for the homogeneous distri-
bution of Ni** and Fe®" in solution, yielding a uniform distri-
bution of NiFe-LDHs. The ability of NiFe-LDH/OCNT/PP
separator to reject LiPSs was supported by in situ Raman spec-
troscopy with a custom-designed Raman battery shown in
Fig. 6a. The resulting Raman spectra showed no obvious peaks
for any LiPS species during charge and discharge of the battery.
This was due to the good chemisorption and electrocatalytic
conversion afforded by the NiFe-LDHs on the OCNTs.

Moreover, CNTs functionalized with electronegative groups
that repel polysulfides and can form porous nanostructures that
physically obstruct polysulfide shuttling. Ponraj et al.>* func-
tionalized MWCNTs with abundant hydroxyl functional groups
(MWCNT-OH) via a hydrothermal method and used vacuum
filtration to coat a standard PE separator with a uniform layer of
MWCNT-OH. The MWCNT-OH adsorbed polysulfides, which
reduced the shuttling effect. This was observed when stirring
MWCNT-OH in a vial of Li,S, solution turned the yellow solution
to a nearly clear solution. In contrast, adding pristine MWCNTs
did not show any significant adsorption characteristics. As
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shown in Fig. 6b, the Li anode with a pristine PE separator
suffered from large deposits of inactive sulfur. In contrast, the
LSB with a MWCNT-OH-modified separator had a smooth Li
anode surface even after 100 cycles at 0.5C. The hydroxyl func-
tionalization of the MWCNTs enabled efficient polysulfide
chemisorption, resulting in a nearly perfect coulombic efficiency
of 99.5%. The MWCNT-OH also reduced the charge transfer
resistance, which resulted in enhanced rate performance and
increased re-utilization of sulfur during charge/discharge cycles,
indicated by a 52% higher initial charge capacity. Because the
MWCNT-OH separator reduced the deposition of inactive sulfur
on the Li anode, electrolyte resistance and interfacial resistance
decreased. NCNTs have also demonstrated their ability to adsorb
polysulfides.>*

MWCNTs coatings can also act as a gutter layer that reduces
the thickness of highly polysulfide-rejecting layers. A gutter layer
prevents the selective material from clogging the support layer's
holes and enables a thin, uniform coating of the selective mate-
rial.>** Sun et al.>”* used SWCNTs as a gutter layer between a Cel-
gard 2500 separator support and zwitterionic microporous
polymer (TB-BAA) selection layer (Fig. 6¢). Without the gutter
layer, TB-BAA infiltrated deep into the PP pores (6.5 pm thick
layer) while leaving some large microporous holes, leaving path-
ways for polysulfide shuttling. In contrast, longer SWCNTs were
smoothly coated onto the PP substrate and allowed the TB-BBA to
be thinly and uniformly coated (400 nm thick layer) on top of the
SWCNTs, resulting in a 50% higher specific capacity retention.

3.3 Porous carbons

3D porous carbons are also promising modifiers for commercial
LSB separators, owing to their high ionic conductivity, electrical
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Fig. 6 (a) Schematic illustrating a standard cell design for in situ Raman spectroscopy and the corresponding Raman spectra for an LSB with
a NiFe-LDH/OCNT-modified PP separator?*® (Reproduced with permission from ref. 239. Copyright 2022, John Wiley and Sons). (b) SEM of a Li
anode surface before cycling at 1.8-2.6 V at 0.5C for 100 cycles, and after cycling in an LSB with a PE separator versus MWCNT-OH modified
separator. The magnified view of the anode surface is shown in the bottom row?*° (Reproduced with permission from ref. 240. Copyright 2017,
American Chemical Society). (c) Schematic showing the implementation of an SWCNT/TB-BAA gutter layer via modification of a PP separator?*?

(Reproduced with permission from ref. 242. Copyright 2022, Elsevier).
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conductivity, and surface area. By controlling their pore size,
volume, and density, porous carbon modifications physically
block polysulfides with their complex pore structures while
allowing high Li-ion diffusion.**® Porous carbons are frequently
synthesized starting with a variety of carbon sources via
template methods or by using chemical activators followed by
pyrolysis at high temperatures.>** The most common imple-
mentation of porous carbons to commercial separators is via
slurry coating, yielding micrometer-thick, flexible selective
layers against polysulfides. Unlike graphene (Section 3.1) and
CNTs (Section 3.2) that require more complex processing,
porous carbons are readily available as byproducts of industrial
processes or as pyrolyzed biowastes, making porous carbon
implementations easily scalable and sustainable.

Commercially abundant carbon blacks are common modi-
fiers for standard LSB separators. Acetylene black (AB) is
produced in large volumes as a byproduct of incomplete coal
and oil combustion and is mixed with other porous carbons like
graphite to form hybrid 3D structures.** Similarly, Ketjen black
(KB) is a commonly available and popular carbon black
frequently used to modify commercial LSB membranes. Its high
porosity and excellent electrical conductivity make it an excel-
lent polysulfide sieve and upper current collector that improves
sulfur utilization.**® Super P is already one of the most common
conductive additives for lithium-based batteries, and super P-
modified separators are already commercially available for LSB
applications.>”**® Between the many commercially available
porous carbons, acetylene black may exhibit the best polysulfide
rejection with high ionic conductivity, owing to it having the
smallest pore size and pore volume.*** This was shown by
Huang et al.,*** who compared LSBs with a PP separator slurry
coated with acetylene black, Ketjen black, super P, lamp black,
Vulcan black, activated carbon, activated charcoal, and carbon
Black Pearls. The main difference between the carbons came
down to pore size and pore volume. Non-porous carbons like
acetylene black and super P formed closely connected carbon
networks that physically blocked polysulfides and limited liquid
electrolyte adsorption. However, porous carbons like Ketjen
black and activated carbon had large pore volumes that blocked
fewer polysulfides and disrupted Li-ion diffusion due to their
higher electrolyte uptake. Hence, the separator with non-porous
acetylene black, which had the second smallest pore size and
second smallest pore volume outperformed the other carbon-
modified separators that had mixed rankings of pore size and
volume. Still, every carbon-modified separator had at least
a 40% capacity retention (acetylene had 64%), which out-
performed the pristine separator that had less than 10%
retention after 200 cycles at 0.1C.

However, commercial porous carbon modifications alone
are not sufficient for polysulfide rejection. Jin et al.>*” showed
this by comparing the performance of an LSB with a standard
PE separator, a commercial super P-modified PE separator, and
a Co-N-C powder/super P-modified PE separator. The battery
with the PE/super P separator had a 30% higher initial capacity
than the pristine separator and lost 73% of its capacity after 200
cycles. Interestingly, the battery with the pristine separator lost
only 79% of its initial capacity under the same conditions,
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suggesting that super P did not significantly stop polysulfide
diffusion due to its large pores and minimal electrostatic
interactions. However, the addition of Co-N co-doped carbon
nanocages to super P increased the initial capacity by 28% and
capacity retention by 21%. Hence, carbon blacks are frequently
mixed with more catalytic compounds. Because porous carbons
have high surface areas and conductivities, they can adsorb
a large amount of additives that have high affinities for poly-
sulfides and provide conductive pathways for fast reaction
kinetics.

Porous carbons often need to be combined with metal
nanoparticles like Ni, Co, Fe, V, Cr, Mo, Nb, and Mn and cata-
Iytic metals like Pt and Au to maximize LiPS adsorption and
catalytic conversion.>******* For example, Zhen et al.*** found
that adding Co nanoparticles to Ketjen black improved capacity
retention from 54% to 69% after 300 cycles at 0.3C. Fig. 7a
shows the modification of Ketjen black with nitrogen and Co.
The nitrogen groups were necessary for the adhesion of Co
nanoparticles into the Ketjen pores. The highly adsorptive Co
and nitrogen centers embedded in the porous carbon were then
able to efficiently adsorb and immobilize LiPSs. Similarly,
highly polar metal salts like metal oxides,**>* sulfides,*****”
fluorides,**® and selenides,* exhibit good adsorption for poly-
sulfides. While not the most effective against polysulfide rejec-
tion, porous carbons have also been composited with doped
graphene and CNTs. In such instances, the porous carbons
provide high surface areas with large pores to adsorb poly-
sulfides, while the doped graphene or CNTs provide high elec-
tron mobility for fast LiPS conversion.

Heteroatom doping with nitrogen, phosphorous, and sulfur
improves porous carbon's ability to reject polysulfides by
endowing electrostatic and chemisorption effects. The most
common doping is with nitrogen atoms, owing to increased
electrical conductivity, interlayer spacing, and interaction with
polysulfides. Zhang et al'®* synthesized pyridinic N-doped
carbon via the calcination of GO with NH,HCO; at 600 °C.
Compared to a pristine Celgard separator or an rGO-modified
Celgard separator, the N-doped porous carbon-modified sepa-
rator reported a higher initial capacity (indicating better sulfur
utilization) and lower decay rate per cycle. The improved
chemisorption of polysulfides was due to the abundant pyr-
idinic nitrogen groups combined with effects from pyrrolic
nitrogen, graphitic nitrogen, and oxygen functional groups in
the N-doped porous carbon separator. The reduction of the
shuttle effect was determined using time-resolved in situ Raman
spectroscopy, wherein significantly lower intensity peaks for
soluble LiPSs were detected with the N-doped carbon-modified
separator than with the pristine PP separator. Zeng et al.**
synthesized honeycomb-like N, P dual-doped carbon (HNPC)
powder by pyrolyzing a mixture of glucose, urea, NH,H,PO,,
and SiO, nanoparticles and applied it to a Celgard membrane
via slurry coating. LSBs with an N and P-doped separator
exhibited better cycle stability, specific capacity, and rate
capability than an only N-doped separator. This was due to the P
atoms exhibiting excellent bonding with sulfur atoms in the
polysulfides that improved polysulfide adsorption, reaction
kinetics, and sulfur loading. Kong et al.>** similarly found that
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Fig.7 (a) Schematic showing the N and Co modification of Ketjin black to improve LiPS adsorption®? (Reproduced with permission from ref. 252.
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protrusions for increased surface area®®* (Reproduced with permission from ref. 261. Copyright 2022, Elsevier). (c) Schematic showing the
synthesis of porous carbon derived from egg whites and sugar?*® (Reproduced with permission from ref. 266. Copyright 2022, Elsevier).

strong P-S and P-Li bonds significantly reduced polysulfide
shuttling. Fig. 7b outlines the synthesis of a hierarchically
porous P-doped carbon nanosheet structure using MgO as an
initial template. HCI etching was used to remove the MgO
nanoparticles, leaving uniform pores around 4 nm for effective
LiPS sieving. The improved adsorption also lowered the reac-
tion energy barrier for Li,S precipitation, resulting in faster
liquid-solid conversion between the polysulfides and Li,S.
Metallic dopants like Co were shown by Liu et al.*** to exhibit bi-
directional catalytic activity for the redox of polysulfides.

The most promising carbon sources are biomaterials and
biowastes, which make porous carbons greener alternatives
than other carbon-based modifiers. Yang et al*®® turned
supermarket kelp into I and N co-doped carbon powder (INC).
While other carbon materials like graphene and CNTs require
additional chemicals during synthesis for heteroatom doping,
biologically derived porous carbons naturally have abundant
atoms like nitrogen, phosphorous, and sulfur in their structure.
This makes their synthesis significantly more facile and cost-
effective for large-scale production. Recently, Zhu et al>**
carbonized rice paper plant pith commonly used in traditional
Chinese pharmacies into a light carbon powder with honey-
comb-like pores. Li et al.>*® pyrolyzed chlorella (algae) powder to
yield N-doped carbon powder (NC). Choi et al.>** used egg whites
with sucrose as pore-forming agents, yielding hierarchically

7846 | J Mater. Chem. A, 2023, N, 7833-7866

porous carbon (Fig. 7c). Wang et al. synthesized heteroatom-
doped porous carbon from Ginko leaves.>” In situ Raman
spectroscopy showed that the Ginko leaf-derived carbon layer
mitigated the shuttle effect, with unchanging LiPS peak inten-
sities at the PP separator surface even after 300 min. Recycling
such biowaste materials should be encouraged for a more
sustainable future. Biologically derived porous carbons are
often mixed with small quantities of commercial powders like
super P, Ketjen black, and acetylene black as fillers before
application to commercial LSB separators.

3.4 Graphitic carbons

While not as popular as graphene, CNTs, and porous carbons
modifications, some recent works have been done on modifying
commercial separators with other graphitic carbon materials—
in particular, carbon nanoparticles (CNPs) and graphitic flakes.
As with the other carbon-based materials, graphitic carbon has
high conductivity for improved sulfur utilization and the ability
to sieve polysulfides.”®® Since the primary role of carbon-based
modifications in rejecting LiPSs is to improve LiPS conversion
kinetics with high electron mobility, lower-dimensional CNPs
may be more efficient than 1D CNTs and 2D graphene. Zhang
et al.**® compared the performance of LSBs with PP membranes
modified with CNPs, CNTs, and graphene nanosheets fabri-
cated via vacuum filtration. Fig. 8 shows SEMs of CNP, CNT, and
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Fig. 8 SEM of PP separators coated with a layer of (a—c) CNPs, (d—f) CNTs, and (g—i) graphene nanosheets. An unmagnified and magnified view
from the top is shown in the first two rows, respectively. A cross-view of the modified separator is shown in the last row, with the average
thickness of the carbon layer labeled?®®® (Reproduced with permission from ref. 269. Copyright 2021, Elsevier).

graphene-coated separators. The 0D CNPs were more densely
packed than the intertwined CNTs and flaky graphene, resulting
in smaller pore sizes that limited polysulfide shuttling while
still having a high pore volume for electrolyte and polysulfide
adsorption. Moreover, the charge transfer resistance of the cell
with the CNPs was lower than the CNTs and graphene flakes,
resulting in better rate capability even at 3C charge/discharge
rate. Due to their low dimensionality, CNPs acted as conductive
bridges that decreased interparticle gaps between the catalytic
modifiers and LiPSs compared to higher dimensional carbon
morphologies. The polysulfide rejection was respectable despite
the commercial separator having only carbon modifications,
with the LSB having a small 0.08% decay per cycle after 200
cycles at 1C. This work shows the potential of CNPs as potential
modifiers.

CNPs may undergo heteroatom doping with nitrogen or
sulfur to improve their interaction with polysulfides. Diez
et al.?’® co-doped nitrogen and sulfur in CNPs (NSCNPs) by
using polypyrrole as a carbon precursor and reaction with
sodium sulfate during activation. Having the NSCNP modifi-
cation resulted in a 23% higher initial capacity of
1020 mA h g~'. Moreover, the cell with the modified separator
retained 82% of its initial capacity after 100 cycles at 0.2C
(0.089% decay per cycle for 500 cycles at a higher rate of 2C),
whereas the cell with the pristine separator retained only 56%
after 100 cycles. The superior conductivity and polysulfide

This journal is © The Royal Society of Chemistry 2023

adsorption ability of doped CNPs caused the increase in
capacity and cyclability.

Graphitic carbon flakes (CFs) are also potential modifiers
that exhibit excellent conductivity. Zheng et al.>”* synthesized
CFs by directly carbonizing sodium citrate and embedded the
CFs into a PP separator via vacuum filtration. The CFs clogged
the large pores in the PP separator while leaving enough space
for Li-ion diffusion. Due to the abundant carboxyl, carbonyl,
and hydroxyl groups in the CFs, the CFs had significantly
improved electrolyte wettability, indicated by an almost 0°
electrolyte contact angle. The rate performance of a battery with
PP/CF separators was better than that of a battery with a PP
separator, with a 54% higher initial capacity at 0.2C (1207 mA
g ") and 99% coulombic efficiency even after 200 cycles. The
capacity fading rate was 0.071% per cycle for 500 cycles at 0.5C.

4 Organic framework-based
modifications

Metal-organic frameworks (MOFs) and covalent-organic frame-
works (COFs) are highly porous compounds with highly orga-
nized crystal structures consisting of metal or organic nodes and
organic linkers. Organic frameworks provide polyolefin separa-
tors with (a) a highly organized cage structure with controllable
pore sizes for highly selective sieving, (b) catalytic metal or
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Table 3 Summary of LSB performance and longevity with organic framework-modified commercial membranes
Specific charge % Loss

Membrane (mAhg™ Crate (C) Cycles percycle Highlights Ref.
MOFs

PE/UiO-66/Nafion 1127 0.1 200 0.11 Nafion helped bind MOFs to PE 287
PP/ZIF-8/KB 1235 0.1 100 0.29 High LiPS chemisorption 279
PP/aMIL-88 1249 0.2 100 0.10 Amorphous MIL-88 better than crystalline MIL-88 102
PP/ZIF-8/ MWCNT 1588 0.2 100 0.45 91% sulfur utilization 278
PP/UiO-66 855 0.5 500 0.03 Improved thermal stability 274
PE/ZnO/N/KB 868 0.5 400 0.10 ZIF-8 carbonization 283
PP/Ce-UiO-66/super P 891 1.0 300 0.09 Super P conductivity required for catalysis 281
PP/Ce-MOF-808 955 1.0 500 0.03 Homogeneous Li platting/stripping 273
PP/FJU-90 1047 1.0 500 0.04 Pore-space partitioning increased active sites 285
PP/ZIF-8/PDA 750 2.0 500 0.01 PDA increased MOF density 286
PP/CSUST-1/CNT 976 2.0 1200 0.04 Multi-valent Ce metal centers 282
COFs

PP/COF 864 1.0 500 0.05 Lithiophilic properties of the SO;H groups 290
PP/CTF/MWCNTSs 1156 1.0 1000 0.05 Decreased overall LSB resistance 223
PP/CTF/PEDOT:PSS 1205 1.0 1000 0.05 Improve adhesion with negatively charged PEDOT:PSS 293
PP/COF 666 2.5 1000 0.05 Electrophilic carboranyl groups 289
PP/COF 633 4.0 400 0.04 Improved Li-ion conductivity 294
PP/TAPP-ETTB/graphene 1350 0.5“ 400 0.08 Decreased square resistance by 99% 292

“ Current density measured in A g ' instead of C rate.

organic centers for high LiPS adsorption, and (c) lithiophilic
groups that improve Li-ion conductivity. Commercial membranes
are often modified with organic frameworks via slurry coating®>
but may also be directly crystallized on polyolefin separators.>”
The performance of exemplary MOF and COF composite poly-
olefin separators for LSBs is summarized in Table 3.

4.1 Metal-organic framework (MOF)

MOFs are highly organized, porous, crystalline networks
assembled with inorganic metal centers connected with organic
ligands. Due to MOFs' easily tunable pore sizes and chem-
isorptive metal centers, they have been used to reduce poly-
sulfide shuttling via physical and adsorptive mechanisms.
While the advantages of MOFs are clear, recent improvements
to MOFs involve improving the electrical conductivity of MOFs
for higher sulfur utilization and tuning pore sizes for high Li-
ion diffusion with minimal polysulfide shuttling. MOFs used to
modify commercial LSB separators include®* UiO-66 and ZIF-
67.2>  More obscure MOFs include Nis(2,3,6,7,10,11-
hexaiminotriphenylene), (Niz(HITP),)*”* and HKUST-1.>”

One of the most common MOFs is the zeolitic imidazolate
framework (ZIF-8), owing to its facile synthesis and easily
controllable pore size. Carbon materials (Section 3) are often
composited with ZIF-8 to increase the MOF's catalytic ability.
Wu et al”® composited ZIF-8 with MWCNTs. The ZIF-8/
MWCNTs slurry-coated PP separator exhibited a high sulfur
utilization of 95% due to the combined effects of Lewis acid-
base chemisorption effects of the ZIF-8 and reduced charge
transfer and internal resistance due to the MWCNTSs. More
recently, Ma et al.>”® coated a PP separator with a slurry mixture
of ZIF-8 and Ketjen black. The capacity retention of the PP
separator with ZIF-8 and KB was 57%, much higher than the

7848 | J Mater. Chem. A, 2023, 11, 7833-7866

45% for PP/KB and 36% for pristine PP. While adding ZIF-8 to
PP/KB increased the charge-transfer resistance by 8%, the LSB
with the PP/ZIF-8/KB had a 9% higher initial capacity. This
suggests that the benefits of adding ZIF-8 outweighed the
potential loss in conductivity.

Cerium-based MOFs have also recently gained popularity,
owing to their excellent hydrophilicity and larger pore sizes
compared to ZIF-8 and ZIF-67 MOFs.”* Recently, Dang et al.*”?
grew cerium-based MOF-808 crystals directly on both sides of
a commercial PP separator via a room temperature in Situ
growth method. The Ce-based MOF-modified separator exhibi-
ted a 60% lower charge transfer resistance than a pristine PP
separator, owing to the enhanced electrolyte wettability from
the hydrophilicity of the Ce-based MOF (Fig. 9c). Moreover, the
1.8 nm pore sizes allowed fast Li-ion diffusion while sieving
polysulfides and provided a large surface area for faster redox
kinetics, evidenced by the significantly higher, indicated by the
small ratio between the steady state current to the initial current
shown in Fig. 9d. Ce-based MOFs have also been composited
with carbon materials to enhance their electrical conductivity.
Recently, Su et al.”®* modified a standard Celgard separator with
Ce-based UiO-66-MOF and super P, resulting in a composite
separator with a higher initial capacity and significantly
improved capacity retention compared to the separator modi-
fied with only super P. Similarly, Jin et al.*®** composited a Ce-
based MOF with CNTs before slurry coating the composite onto
a commercial PP separator. As shown in Fig. 9a, the mixed-
valence Ce-based MOFs were derived from Ce-based UiO-66,
referred to as CSUST-1. Compared to the UiO-66-modified, CNT-
modified, and un-modified Celgard separators, the CSUST-1/
CNT-modified separator exhibited higher overall capacity and
superior rate performance shown in Fig. 9b. This was due to the

This journal is © The Royal Society of Chemistry 2023
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Fig.9 (a) Synthesis and conversion among Ce-based UiO-66, CSUST-1, and Ce(HCO,)s. (b) Comparison of rate performances at various C-rates
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Elsevier). (e) Schematic diagram of crystalline and amorphous MIL-88. SEMs of crystalline and amorphous MIL-88 are also shown'*? (Adapted

with permission from ref. 102. Copyright 2021, Elsevier).

abundant oxygen vacancies stabilized by Ce(iv) metal sites,
excellent catalytic properties of the open Ce(m) sites, and the
Ce(1v)/Ce(m) redox couple (Fig. 9a).

MOFs can be used as templates that undergo carbonization
to increase electrical conductivity while preserving small pore
sizes. In a recent study, Qian et al*®*® carbonized a ZIF-8/KB
composite to yield a porous ZnO/N/KB composite. Similarly,
Zeng et al.'® carbonized a ZIF-8/PAN composite to yield
a network of carbon nanofibers. In another example, Qian
et al.”® derived Ni-doped porous carbon structures using a Ni-
based MOF precursor. Such composites are discussed more
fully in our discussion of porous carbons (Section 3.3).

Besides carbon-based improvements to MOF conductivity,
amorphous MOFs with abundant defects have exhibited
improved conductivity while retaining their catalytic ability.
Zhang et al.'® compared the performance of crystalline and
amorphous MIL-88 MOF as modifications to a commercial
separator. As shown in Fig. 9e, the amorphous MIL-88 MOF
(aMIL-88) was rougher and more porous than the crystalline
MIL-88 MOF (cMIL-88). The more abundant activation sites
with the amorphous MOF improved sulfur utilization and pol-
ysulfide rejection, increasing the initial capacity and capacity
retention. The amorphous MIL-88 MOF also had a lower charge
transfer resistance and interface resistance, owing to the
formation of Li-ion transport channels during amorphization.

The ability to control the porosity of MOF-modified
commercial separators has been heavily investigated. Jeon et al.*®
used rigorous molecular dynamics simulations to show that
a nanosheet layer of Cuz(benzene-1,3,5-tricarboxylate), MOF was

This journal is © The Royal Society of Chemistry 2023

highly selective against polysulfides but favorable for high Li
diffusion. Chen et al.>® fabricated pore-space-partitioned FJU-90
MOFs with pore sizes optimized to around 9 A for a balance
between fast Li-ion diffusion, uniform Li-ion electrodeposition,
and high polysulfide rejection. Moreover, the pore structure was
modified to expose the Co and Ni metal centers for polysulfide
adsorption and catalytic conversion. MOFs may also be used to
increase the porosity of other separator modifiers.

One of the limitations of MOF modifications to standard PP
or PE separators is the low density and adhesion of MOFs to
commercial separators. To improve MOF compatibility, inter-
mediate materials like polydopamine (PDA) may be used. For
example, Wu et al.**® used PDA as a glue between PP and ZIF-8.
The zinc centers in the MOF had strong interactions with the
catechol groups in the PDA for improved adhesion to the PP
substrate. The PDA interlayer also increased the number of
nucleation sites for ZIF-8 growth, resulting in a denser packing
of MOFs that closed the larger PP pores more effectively. Simi-
larly, Kim et al*® could not coat a pristine PE separator
completely with UiO-66 MOFs via vacuum filtration due to the
weak interactions between the PE and MOF. To overcome this,
a Nafion layer was added, which interacted strongly with both
the PE separator and the MOF additive.

4.2 Covalent-organic framework (COF)

COFs are highly nanoporous crystalline materials formed by
strong covalent links between organic building blocks.?*® COF-
based modifications have excellent potential in LSBs used in
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portable technologies like electric vehicles and smart devices,
owing to the low density and high thermal stability.”® While
they are not yet under intense study due to their difficult
synthesis and instability, their tunable pore sizes and excellent
functionalizability leave much room for further development.

COFs are promising in LSB separators because of their highly
tunable pore size and low density. Zhao et al.**° recently modi-
fied a PP separator with a 1,3,5-triformylphloroglucinol (Tp) and
2,5-diaminobenzene sulfonic acid (TpPa-SO3;H) COF via inter-
facial polymerization. The PP/COF exhibited regular pore
channels and improved electrolyte wettability to its high
polarity, resulting in a 157% higher ionic conductivity than
pristine PP. The lithiophilic sulfonic groups in the TpPa-SO;H
COF helped block polysulfides via coulombic repulsion,
resulting in a low 25% decrease in initial capacity after 500
cycles at 1C. Moreover, having the TpPa-SO;H increased
lithium conductivity by 158% than PP (Fig. 10a), while the COF
with -SO;H groups showed an 11% higher Li-ion transference
than the COF with -COOH groups (Fig. 10b). This was due to the
lithiophilic interaction from -SOz;H and more regular pore
structure for the COF with -SO;H groups.

Zhu et al.*® modified a Celgard separator with a carborane-
based COF that exhibited a 72% higher initial capacitance and
27% lower % decay per cycle than a pristine Celgard separator.
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Fig. 10d shows the binding energies between the COF and LiPSs
of various chain lengths. The high polysulfide rejection was
attributed to the electrophilic boron centers in the COF that
easily adsorbed the polysulfides. Work by Sahu et al.*** has also
shown the efficacy of boron atoms as adsorptive centers for
sulfur. Moreover, the small 1.2 nm pore sizes sieved the large
polysulfides while allowing high Li diffusion.

Because COFs suffer from low electrical conductivity, COFs
are often combined with conducting materials such as carbon
nanomaterials or conductive polymers before modification to
commercial battery membranes. For example, Sun et al.**?
combined a COF with graphene. 5,10,15,20-tetrakis(4-amino-
phenyl)porphyrin cores and 4,4’,4”,4”-(ethene-1,1,2,2-tetrayl)
tetrabenzaldehyde linkers were reacted to form a COF called
TAPP-ETTB (Fig. 10c). The COF was mixed with graphene in a n-
methyl-2-pyrrolidone (NMP) solution and combined with
a commercial PP vig vacuum filtration. Adding graphene to the
COF decreased the square resistance from over 20000 Q
square” " to 33 Q square . Compared to a PP/graphene sepa-
rator, the PP/COF/graphene separator exhibited about 55%
higher specific capacitance at a range of current densities,
owing to improved sulfur utilization, decreased polysulfide
shuttling, and diffusion during lithiation/delithiation. Simi-
larly, Shi et al.**® modified a COF with MWCNTSs before coating
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2021, The American Chemical Society).
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a Celgard separator. A 2D covalent triazine framework (CTF) was
mixed with MWCNTs in NMP and slurry coated onto a Celgard
separator. The CTF/MWCNTs-modified separator exhibited
a 42% lower decay per cycle than an MWCNT-modified sepa-
rator, owing to the abundant pyridinic nitrogen groups in the
CTF adsorbing the polysulfides. Interestingly, the PP/CTF/
MWCNT separator exhibited a lower total resistance than a PP/
MWCNT separator, resulting in the highest rate capability for
the CTF/MWCNT separator. CTFs have also been combined
with conductive PEDOT:PSS via a layer-by-layer technique onto
a Celgard separator.>”® The Celgard separator was pretreated
with Nafion for stable layer-by-layer assembly. Likewise, the CTF
was functionalized with poly(diallyl dimethyl ammonium
chloride) (PDDA) to have a positive charge before layering with
negatively charged PEDOT:PSS. Ionic conductivity increased by
14% than a pristine separator, and the composite had a low 33
Q interfacial resistance due to the higher electrolyte wettability
and conductivity of the CTF/PEDOT:PSS composite.

While not in direct contact, a conductive interlayer between
the modified separator and cathode can significantly improve
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Journal of Materials Chemistry A

rate capability. Cao et al.*** fabricated a PP/TpPa-SO;Li COF
separator that could not sustain capacity at a current density
above 2C. However, adding a CNT interlayer enabled a low
0.039% decay per cycle to a respectable 632.7 mA h g"* even
after 400 cycles at 4C. This was because the CNTs lowered the
charge transfer resistance of the sulfur-loaded cathode, which
decreased the build-up of inert LiS/S.

5 Inorganic modifications

The most common inorganic modifications to LSB separators
include transition metal oxides, metal sulfides, and MXenes.
Other promising inorganic modifiers include metal nitrides,
borides, phosphides, and fluorides. Inorganic modifiers
specialize in effective LiPS rejection via (a) immobilization
through strong chemisorption, (b) rapid catalytic conversion
with their multi-valent metal component (c) sieving or trapping
when using 1D or 2D morphologies.>” Inorganic modifiers are
often implemented in commercial polyolefin separators via
vacuum filtration.”® However, they often require other

Table 4 Summary of LSB performance and longevity with inorganic-modified commercial membranes

Specific charge % Loss
Membrane (mAhg™) Crate (C) Cycles  percycle  Highlights Ref.
Metal oxides
PP/MgAl, O,/ MWCNT 1370 0.1 50 0.61 Only impacted cathode side 106
PP/CeO,/graphene 1039 0.5 200 0.12 High sulfur loading 211
PP/TiO,/MWCNT 1104 0.6 900 0.07 Increased separator surface area 231
PP/MnO/NCNTs 929 1.0 500 0.07 Upper current collector 230
Mn;0,/PP 572 2.5 2000 0.03 Oxygen vacancies for selective catalyst 306
PP/V,05/graphene 2028 1.0¢ 100 0.62 Increased Li-ion insertion/extraction capacity 299
Metal sulfides
PP/ZnS 967 0.5 200 0.04 Quantum dots with abundant active sites 314
PP/CoS/KB/C3N,4 810 1.0 500 0.03 Capacity retention plateaused after 200 cycles 256
PP/C-SnS,/AB 919 1.0 500 0.06 Chemical etching for defects 257
PP/WS,/SWCNT 1069 1.0 1000 0.04 Porous 3D layer 237
PP/CuS/graphene 1029 1.0¢ 200 0.19 Increased electrolyte wettability 311
MXenes
PP/V,C/SWCNT/V,05 1240 0.2 500 0.17 MWCNTs reduced V,C nanosheets aggregation 235
PP/Ti;C, 849 0.5 500 0.06 Decreased charge transfer resistance 316
PP/Ti;C,Ty 852 1.0 600 0.06 CNTs prevented MXene restacking 225
PP/Ti,C/Nafion 920 1.0 1000 0.03 Decreased pore size 152
Other inorganic modifiers
PP/purified BNNT 1429 0.3 200 0.12 Li dendrite suppression 326
PP/Ni-Co-P/carbon 961 0.5 1000 0.06 High rate capability at high sulfur loadings 338
PP/CaF,/rGO 1005 0.5 420 0.06 LiF formation mitigated dendrites 209
PP/SrF,/graphene 1140 0.5 350 0.05 SrF, lithophilicity suppressed dendrites 208
PP/TiN-Siz;N, 1243 0.5 500 0.09 Molten salt process reduced synthesis cost 327
PP/Sb,Se;/rGO 945 1.0 500 0.03 Defect engineering increased conductivity 342
PP/ZnSe/carbon 1026 1.0 1000 0.04 MOF-derived ZnSe nanoparticles 341
PP/VN/NG 1082 1.0 300 0.07 Dual redox catalysis 206
PP/f-BN 1194 1.0 1000 0.01 Amino and carboxyl functionalization 323
PP/Nij ,M0y sN/MWCNT 1421 1.0 1400 0.05 Bimetallic synergy in metal nitride 332
PP/Ni;B/rGO 572 2.0 500 0.06 Electron deficient adsorbent 334
PP/Mo-MoB 671 2.0 500 0.06 Heterogeneous catalyst for multi-step LiPS reduction 335
PP/CoN/CNT 901 2.0 250 0.11 Nitrogen vacancies 227

“ Current density measured in A g " instead of C rate.
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conductive materials like carbon-based nanomaterials (Section
3) or conductive polymers (Section 2.3) for practical applica-
tions due to their poor electrical conductivity. The performance
of LSBs with inorganic/polyolefin composite separators is
summarized in Table 4.

5.1 Metal oxides

Transition metal oxides comprise a broad class of nanomaterials
that boast abundant active sites, multiple valence states, and low
preparation costs. Their use as modifiers for commercial LSB
separators is primarily due to their ability to immobilize and
catalyze polysulfides via Lewis acid-base interactions and oxygen
vacancies.”” Wang et al.**® recently modified a standard PP
separator with MnO, via a self-assembly method from KMnO,.
The aforementioned properties of transition metal oxides resul-
ted in a low decay rate of 0.058% per cycle after 500 cycles at 0.5C.
Cheng et al.** used V,05 microspheres on graphene to increase
the specific capacity of the LSB. Because V,05 has a large elec-
trochemical window that can match with the sulfur cathode, it
can theoretically act as a secondary cathode for Li-ion insertion/
extraction, increasing the cathode-side capacity of the LSB.**
Hence, Cheng et al>® reported one of the highest initial
discharge capacities at 2028 mAh g~ " at 1 Ag ™" current. Fig. 11a
shows a special LSB cell designed for in situ XRD analysis. The
disappearance of a-Sg during discharge and reappearance during
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LiPS redox reaction (Fig. 11b). No Li,S was observed during the
charge/discharge, suggesting incomplete LiPS reduction. The
consistent presence of long-chain LiPS signals also indicated that
the soluble LiPSs remained on the cathode side without any
significant diffusion to the anode.

In another study, a PP separator modified with Eu,0; and
Ketjen Black yielded a low 0.05% decay per cycle for 500 cycles at
1C, primarily due to the adsorption and catalytic conversion by
Eu,0;.>” The KB supplemented the poor electrical conductivity of
Eu,03, boosting its rate capability. A similar synergy was reported
between Ti,O, and KB.*** Both Ti,O, and KB outperformed the
pristine separator and KB-modified separator in low and high
sulfur loadings, indicated by the higher initial capacity and longer
cycle life. Other conductive nanomaterials have been used to
improve the charge transfer between insulating polysulfides and
metal oxides, including porous carbons,*” CNTs,** carbon coat-
ings,** and conductive polymers like PANL**>

While often doped as nanoparticles into conductive hosts,
transition metal oxides may have 1D or 2D morphologies that
may be directly layered onto standard polyolefin separators. For
example, Huang et al®” synthesized a layered structure of
sodium-containing TiO, nanowires and TiO, nanosheets via
a hydrothermal process. The mixed structure composite was
vacuum filtered through PP to yield a composite separator. The
polar TiO, increased electrolyte wettability and decreased the
shuttling effect, as expected. Compared to a separator with only

the charging process showed the excellent reversibility of the 110> nanowires, the nanowire/nanosheet mixed-structure
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(a) Schematic showing the configuration of an LSB used for in situ XRD test with a V,Os-modified separator and (b) in situ XRD contour

mission from ref. 299. Copyright 2021, Elsevier). Schematic of the LiPS

transformation on the surface of (c) N, F, B-doped CoFe,O4—x on MWCNTSs and (d) CoFe,O4 on MWCNTSs®*%* (Reproduced with permission from

ref. 303. Copyright 2022, John Wiley and Sons).
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composite had an approximately 40% higher initial capacity at
0.2C, with better rate capability for charge densities between 0.2
to 2C. This was partly due to the thinner deposition of the
mixed-structure TiO, than pure TiO, nanowires, higher Li-ion
diffusion rate, and improved polysulfide rejection capability.
Other transition metal oxides like V,05 are commonly used as
nanowires.">

Surface engineering has been used to improve the catalytic
activity for multiple LiPS species instead of specific LiPSs. Zhu
et al.**® created oxygen vacancies in Mn;O, to reduce the acti-
vation energy of converting soluble long-chain LiPS into insol-
uble short-chain LiPS. Due to the oxygen vacancies, strong Mn-
S bonds were formed between the catalyst and long-chain LiPS,
whereas short-chain LiPS formed more Li-O bonds. Moreover,
the binding energy calculated by DFT was significantly lower for
oxygen-vacant Mn;O,_, (—2.7 €V) than pristine Mn;0, (—2.2
eV). The strong chemisorption of soluble LiPS reduces the
shuttle effect, while the favorable Li—O bonds for insoluble LiPS
free the sulfur for faster redox kinetics. In situ XRD supported
these findings, with fast disappearance of Li,Sg peaks and rapid
appearance of Li,S peaks during discharge, with MnS and Li,-
Mn,O,_, intermediate peaks.

Multi-metal oxide heterostructures are promising for LiPS
adsorption owing to their abundant defects providing oxygen

@) Ss Li>Sg
i A
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vacancies. Hu et al.**® decorated MWCNTSs with N, F, and B co-
doped CoFe,0, , and coated a Celgard separator (Fig. 11c). The
resulting separator exhibited an astoundingly low capacity
decay of 0.016% decay per cycle over 1000 cycles at 1C. The
excellent rejection was partly due to the heteroatoms increasing
polysulfide affinity, resulting in more physiochemical trapping.
Moreover, there was more uniform LiPS adsorption with
heteroatom doping than without, as illustrated in Fig. 11d. The
oxygen vacancies also improved polysulfide conversion kinetics,
resulting in decreased shuttling. Liu et al.>*” found a low 0.065%
decay per cycle over 1000 cycles at a high current density of 2C
using NiFe,O0, bimetallic oxides. Multiphase and multi-
component NiFe,0,-NiO heterostructures attached to CNTs
were directly grown on a PP substrate yielding uniform and
crystalline heterostructure interfaces. This minimized electrical
impedance and maximized ionic conductivity, resulting in
a high capacity of 1350 mA h g " at 0.1C.

5.2 Metal sulfides

Transition metal sulfide nanosheets have abundant metal
centers for polysulfide adsorption. Fig. 12a shows the adsorp-
tion energies of various LiPSs on MoS, nanosheets,**® respec-
tively. Compared to the nearly non-existent adsorption energy of
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Fig.12 (a) Adsorption energy of Sg and Li,S, (2 < x < 8) on a slab of MoS,.2*¢ (Adapted with permission from ref. 236. Copyright 2022, Elsevier). (b)

Adsorption energy of Li>Se on a slab of WS, without lithilation (left) and with lithilation (center). The adsorption energy of Li,Sg on graphene
(right)®” (Adapted with permission from ref. 237. Copyright 2021, American Chemical Society). (c) UV-vis spectra of Li,Se¢ solutions upon the
adsorption by different sorbents (inset: photograph of the corresponding Li,Sg solutions).?*¢ (Adapted with permission from ref. 236. Copyright
2022, Elsevier). Li anode after 100 cycles at 1C of an LSB with a (d) pristine Celgard separator and (e) WS,-modified separator?®*” (Adapted with
permission from ref. 237. Copyright 2021, American Chemical Society).
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LiPS on graphene (Fig. 12b), the metal sulfides have a high
affinity for LiPSs, indicated by their highly negative adsorption
energies. Liu et al.>*® used MoS, nanosheets, which are known to
have excellent Li conductivity, to coat a standard PP separator.
An LSB with the modified separator exhibited a 51% higher
initial capacitance at a low current density of 0.1C and main-
tained a high 752 mA h g™ ' capacity at 2C. The excellent
adsorptive properties of the MoS, nanosheets resulted in a 93%
capacity retention after 500 cycles at 1C. The LSB with a MoS,-
modified separator had a low 0.083% decay per cycle due to
a mix of excellent polysulfide adsorption and physical blocking.
Cheng et al**® found that sulfur-deficient MoS, nanoflowers
exhibited excellent chemisorption and catalytic conversion of
polysulfides but required efficient electron transfer from rGO to
increase LiPS conversion rates.

Other metal sulfide nanosheets like SnS,,** VS,,*'* and WS,
*7 have reported improved LiPS adsorption and conversion,
improving LSB cycle stability and initial capacity. For example,
Li et al.*" found that adding CuS nanoflowers greatly increased
electrolyte wettability, with an astounding electrolyte contact
angle of 0°. Adding WS, to a Celgard separator decreased the
growth of inactive Li, indicated by the smoother and thinner Li
anode surface shown in Fig. 12e (WS,) than in Fig. 12d (Cel-
gard).>” As shown in Fig. 12b, the WS, had much higher
affinities for LiPS adsorption, resulting in the reduction of
parasitic polysulfide reactions at the anode. Compositing metal
sulfide nanosheets with conductive carbon nanomaterials can
produce a synergistic effect that improves the catalytic conver-
sion of polysulfides. For example, Gong et al**® covered
nitrogen-doped Co-CNTs with MoS, nanosheets, resulting in
excellent Li-ion diffusion and electrical conductivity shown in
the high 610 mA h g~ capacity at 4C. As shown in Fig. 12¢, the
vial containing a Li,Se solution that was dark red initially
became nearly transparent after 2 hours with MoS,/Co-CNTs
added to the vial. In contrast, with only N-doped CNTs and N-
doped Co-CNTs, the vials had much higher absorptions, indi-
cated by their visually brown hues. Ghazi et al** found that
vacuum filtration of MoS, through a Celgard membrane yielded
a composite separator with a high Li-ion conductivity of 0.2 mS
em ' (5.4 times higher than with a GO-modified separator).

Metal sulfide nanoparticles have also been used to modify
commercial LSB separators. However, the 0D nanoparticles are
often used as dopants for carbon-based modifiers (Section 3).
Liu et al.*** added CoS nanoparticles to graphitic carbon nitride
and KB. The CoS provided Lewis acid-base interactions that
immobilized the polysulfide and hastened its conversion. Li
et al’*® embedded ZnS nanoparticles on N-doped carbon
nanosheets and subsequently carbonized the composite,
yielding unsaturated Zn metal centers that formed strong
coordinate bonds with polysulfides. ZnS** quantum dots have
shown excellent adsorption and catalytic properties.

5.3 MXenes

MXenes are 2D nanomaterials composed of transition metal
carbides, nitrides, or carbonitrides that are -electrically
conductive with good electrocatalytic properties. In particular,
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the abundant metal centers may adsorb polysulfides®?
(Fig. 13b) and hasten their conversion.*** Fig. 13a shows the
high binding energies (>2 eV) of various MXenes for all stable
LiPSs. Song et al.>*® coated a PP separator with Ti;C, MXenes via
vacuum filtration. Due to the high electronic conductivity of
MXene nanosheets, the charge transfer resistance decreased
from 101.2 Q for the pristine PP separator to 45.06 Q. The Ti
metal centers in the modified separator exhibited increased
LiPS chemisorption, resulting in a low capacity decay rate of
0.062% per cycle at 0.5C. Moreover, the Mxenes increased sulfur
utilization and rate capability, resulting in a 72% higher initial
capacity at 1C than with a pristine PP membrane. Mxenes have
also been used to increase electrolyte wettability with their
abundant functional groups and enhance ionic conductivity.'>

MXenes are also highly compatible with other materials that
can provide functionality, such as increased electrocatalytic
ability and faster Li-ion diffusion via ionic channels. Gu et al.*
added Co nanoparticles to MXenes to improve polysulfide
conversion kinetics. As shown in Fig. 13c and d, adding Co
nanoparticles increased LiS, deposition in the cathode, sug-
gesting faster conversion from Li,Sg to Li,S and a smaller loss of
sulfur due to a reduced shuttle effect. Liu et al.’'” fabricated an
asymmetric separator with MXenes facing the cathode side and
Cu-TCPP MOFs on the anode side. As shown in Fig. 13e, the
pristine separator and MOF/PP separator had a greater self-
discharge, owing to the inability to suppress soluble LiPSs on
the cathode side. In contrast, the addition of MXenes with
almost 50% improved self-discharge resistance than with
a standard PP separator. Wang et al.***> used a layer-by-layer to
combine MXene with Nafion onto a commercial PP substrate.
The composite membrane had a 50% higher initial capacitance
than with a pristine PP separator of 1234 mA h g™, with a low
0.03% decay per cycle for 1000 cycles at 1C. MXenes have also
been modified with CNTs to prevent the aggregation of MXene
nanosheets while maintaining excellent electrical conduc-
tivity.>* Li et al.*'® combined a Ti;C, MXene with guanidinium-
based ionic-covalent organic nanosheets (iCON) to suppress the
shuttle effect with fast catalytic conversion. While Ti;C, had
decent redox capabilities at low cyclic voltammetry (CV) scan
rates (Fig. 13f) but failed at high CV scan rates (Fig. 13g). In
contrast, the Ti;C,/iCON composite showed excellent redox
capabilities at both CV scan rates, with little change to its shape.
The sustainably high catalytic ability of the Ti;C,/iCON
composite was due to the high electron mobility afforded by
iCON.

5.4 Other inorganic modifiers

Other inorganic modifiers, including nitrides, borides, phos-
phides, fluorides, and selenides, have been studied for their
catalytic abilities as LSB cathodes.>**' Recently, various cata-
Iytic inorganic compounds have also been implemented as
modifiers for polyolefin separators. Like the inorganic modi-
fiers discussed previously, these inorganic compounds improve
LiPS rejection via strong chemisorption and improve the
conversion of soluble LiPSs into insoluble Li,S, and Li,S. In
addition, the materials discussed in this section have unique
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(Reproduced with permission from ref. 29. Copyright 2022, John Wiley and Sons). (e) Self-discharge tests of the LSBs with standard PP, Cu-
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structures that make them promising for LSB separator
modification.

Boron nitride (BN), sometimes called inorganic graphite, has
recently gained popularity due to its structural similarity with
graphene, high thermal conductivity, and chemical stability.**
While the nitrogen groups in BN can bind to the Li in LiPSs,
additional functionalization is usually required for improved
LiPS chemisorption. Fan et al.*** functionalized BN nanosheets
(fBN) with amino and carboxyl groups and vacuum-filtered the
modified BN nanosheets through a Celgard separator. The
functional groups immobilized LiPSs via chemisorption,
resulting in an exceptional 83% capacity retention after 1000
cycles at 3C, whereas an LSB with a Celgard separator retained
only 27%. BN coatings on the anode side of the separator can
reduce Li dendrite formation. Its high thermal conductivity
creates a uniform thermal distribution on the Li anode during
charge/discharge, stabilizing the SEI and homogenizing Li
plating/stripping.*** Kim et al.*** tested a BN-modified separator
through a Li plating/stripping test and found that the BN-
modified separators retained a high coulombic efficiency above
85% with no decay even after 100 cycles. SEM analysis showed
flat Li granules with a large 1 pm diameter grew on the anode
surface with a BN separator, whereas sharp pillars of Li nano-
wires were formed with a carbon-modified PP separator. BN can
also be made into nanotubes (BNNTs) with uniform pore
structures for LiPS sieving. Standard synthesis yields impurities
such as hexagonal or amorphous boron nitrides, which reduce
the BNNT's Li conductivity. In recent work, Kim et al.**®
synthesized purified BNNTs of defects before composition with

This journal is © The Royal Society of Chemistry 2023
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a PP separator via slurry coating. The Li diffusion coefficient
was 58% higher for the LSB with purified BNNTs than standard
BNNTs and PP. SEM and Li plating/stripping tests showed that
purified BNNTs reduced Li dendrite growth and Li inactivation.
Purified BNNTs also had strong adsorption for LiPSs, indicated
by an 85% decrease in UV-vis absorbance during a simple
diffusion test.

Unlike BN, metal nitrides have excellent conductivity and
greater adsorption affinity for LiPS due to their abundant metal
centers. TiN has shown excellent LiPS adsorption ability and
catalytic conversion; however, the high cost, harmful byprod-
ucts, and complex synthesis have limited its application.**” To
circumvent this, Shen et al**® devised a one-step solid-state
reaction for the growth of TiN on graphene. Zhou et al.**” used
a molten salt method (Fig. 14a) to synthesize TiN coated SizN,
core-shell nanoparticles. Unlike typical high-temperature
synthesis, the molten salt process did not require harmful
solvents and could be largely recycled, improving the safety and
economic viability of TiN. The TiN shell had a dendritic struc-
ture that provided a greater surface area for LiPS adsorption.

Vacancy engineering may also be employed to improve
chemisorption and catalytic properties. In recent work, Luo
et al.*” synthesized nitrogen-deficient CoN grown on MWCNTSs
(Fig. 14b) to improve LiPS adsorption and catalytic conversion.
As shown in Fig. 14c, DFT calculations confirmed that nitrogen
vacancies improved the binding energy, which makes sense as
more metal centers are exposed to adsorb the bulky poly-
sulfides. Moreover, the catalytic properties of nitrogen-vacant
CoN improved due to its decreased band gap between the d-
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band in Co and p-band in nitrogen, resulting in improved
electron mobility. Fig. 14d shows how nitrogen-vacant CoN/
CNTs had smaller energy barriers for Li,S, diffusion, which
would improve LiPS reduction kinetics as LiPS diffusion is
critical for the reaction pathway. Yao et al.** created Te vacan-
cies in a P-doped NiTe,_, electrocatalyst. The bi-metal catalyst
was anchored to biologically-derived carbon nanosheets and
used to modify a PP separator. With a standard PP separator, in
situ Raman spectroscopy showed the formation of soluble LiPSs
on the Li anode side during LSB discharge, which remained
during recharge. In contrast, no noticeable Raman peaks were
detected for the LSB using the electrocatalyst-modified sepa-
rator. Similarly, selenium vacancies in bimetallic CoySg_,/
FeSe,_, significantly reduced the shuttle effect via excellent
chemisorption and electrocatalytic conversion.*** The bime-
tallic selenide was crystalized onto CNTs before modifying a PP
separator. The conversion of soluble LiPSs were detected using
in situ XRD, which showed the evolution of a-Sg turning into
Li,S during discharge and into B-Sg during recharge. The
formation of Se; ;Se Was also detected, suggesting the forma-
tion of strong chemical bonds between Se from the bimetallic
CoqSg_,/FeSe,_, and S from the LiPSs.

Quantum dots are newer but promising additives that boast
excellent adsorption properties with high surface area and
catalytic abilities. In a recent study by Ma et al.,”** Mo,N
quantum dots were also used to improve the Li-ion conduction
of nitrogen-doped GO (NGO) by a factor of 3. While the smaller
pore sizes of the NGO layer deposited on the PP separator
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decreased Li-ion conductivity by 56%, the addition of lith-
iophilic Mo,N supplied attractive forces that improved Li-ion
conductivity by 48% more than pristine PP. The excellent pol-
ysulfide adsorption resulted in an LSB with one of the highest
reported capacity retentions, indicated by a low 0.039% decay
per cycle for 800 cycles at a high current of 2C. Similarly,
Nitrogen-doped nanodots like NbN** have been used to
increase the rate of LiPS conversion. In situ Raman spectroscopy
was performed on a uniquely designed test battery during the
charge/discharge process to determine the presence of LiPSs on
the Li anode side. During the first charge/discharge, Raman
signals for the soluble Li,Sg, Li,Se, and Li,S, were detected for
LSBs using a standard PP separator and N-graphene/PP sepa-
rator. In contrast, no Raman signals were found when
employing an NbN/N-graphene/PP nanocomposite separator.

Multi-metal nitrides can also be designed to overcome the
limitations of specific metals. For example, Zhang et al.>*
synthesized bimetallic Ni, ,Mo0,gN on MWCNTSs to overcome
the Mo leaching by polysulfides in Mo,N and the low conduc-
tivity of Ni;N. Consequently, the LSB with the bimetallic nitride
exhibited a 6% and 50% lower capacity decay rate than an LSB
with Mo,N and Niz;N-modified separators, respectively.

Metal borides are especially promising for LiPS adsorption
because boron atoms have empty orbitals that have a high
affinity for polysulfides. Unlike metal oxides, sulfides, nitrides,
and MXenes that depend on their metal centers for chemi-
sorption with S atoms, metal borides have both metal and
boron components binding to the long sulfur chains.*** Fig. 14e
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Fig. 14 (a) Schematic of a molten-salt process for synthesizing TiN/SizN, core/shell structures with dendritic TiN*?” (Reproduced with permission
from ref. 327. Copyright 2023, Elsevier). (b) Schematic illustrating the synthesis of nitrogen-vacant CoN (CoN-Vs) grown on CNT to yield CNT-
CoN-Vs. (c) Binding energies of Li,Se, Li>S4, and Li,S on pristine and nitrogen-vacant CoN/CNTs. (d) Diffusion energy barriers of Li,S on pristine
and nitrogen-vacant CoN/CNTs.2# (Reproduced with permission from ref. 227. Copyright 2022, Elsevier). (e) Binding energies of Li,S, on Co,B
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shows that the binding energy between the sulfur atom in Li,S,
and boron in Co,B is only slightly lower than the binding energy
between Co and S in Co;0,4. Moreover, the binding energy is
68% higher between Co and S in Co,B than in Co;0,. In recent
work, Shrshr et al.*** synthesized NizB nanoparticles uniformly
distributed on rGO, which were subsequently slurry coated onto
a PP separator. A simple diffusion test showed that Ni;B had
less adsorptive ability than NizB/rGO, suggesting synergistic
properties between the metal boride and conductive carbon
host. This was further supported by a self-discharge test
wherein NizB/rGO lost 2.2% capacity while bare Ni;B lost 4.0%
and bare rGO lost 18.8% of its initial capacity. Guo et al.***
improved the catalytic properties of MoB by synthesizing
a metallic Mo and MoB heterostructure via a molten salt
method. Metallic Mo had a lower Gibbs free energy (AG) of 0.31
eV for the reaction of soluble Li,S, into insoluble Li,S,, whereas
MoB had a high AG of 1.42 eV. Then, for the subsequent reac-
tion from Li,S, into Li,S, the reverse happened where metallic
Mo had a large AG of 0.76 eV, whereas MoB had a lower AG of
0.005 eV. The heterogenous composition of the modifier
enabled efficient bidirectional catalysis by having the different
components favor different steps of LiPS reduction.

While metal fluorides, like other ionic salts, have a good
affinity for LiPS adsorption, they have the unique ability to react
with Li to form LiF, which may be used to mitigate Li dendrite
growth.** Jing et al.>*® found that during cycling, the fluorine in
CaF, and Li in lithium Dbis(trifluoromethanesulfonyl)imide
(LiTFSI) electrolyte formed a layer of LiF. The LiF promoted fast
and uniform Li-ion diffusion and deposition. Plating/stripping
tests and SEM analysis showed a low and steady overpotential,
suggesting minimal dendrite formation. In a more recent study
by Jing et al?**® found that SrF, also reduced Li dendrite
formation due to the lithiophilicity of SrF,. The sandwich
structure comprising SrF, and graphene minimized local
current densities at the Li anode to further suppress Li
dendrites.

Metal phosphides benefit from a similar affinity for LiPSs
but have greater electrical conductivities than metal oxides and
sulfides.® The greater electron mobility allows metal phos-
phides to potentially have great catalytic ability for improved
LiPS rejection. Metal phosphides also boast greater thermal and
chemical stability for improved battery safety. Wu et al.**® found
that Ni and Co-phosphide-modified carbon nanocages
promoted faster Li-ion diffusion and improved catalytic
conversion of LiPS. Still, the binding energy to LiPSs can be
improved. Wang et al.*** recently used defect engineering to
increase the electrical conductivity of Moz P. Mo,;P was modified
with MoO, and MoP to create dangling bonds and oxygen
vacancies that decreased the formation energy for generating
electron holes. Moreover, the defects exposed more metal active
sites for LiPS chemisorption.

Like metal sulfides, metal selenides have similar crystal
structures, polar characteristics, and adsorption capacity for
LiPSs. However, metal selenides boast greater electrical
conductivity due to looser valence electrons and greater defect
density.**® Zhang et al.*** synthesized ZnSe nanoparticles using
ZIF-8 MOF as a template. The highly structured ZnSe

This journal is © The Royal Society of Chemistry 2023
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nanoparticles showed excellent chemisorption of LiPSs, indi-
cated by nearly transparent UV-vis absorbance. Tian et al.**
used defect engineering to increase the conductivity and cata-
Iytic properties of Sb,Se;. Defects were introduced via chemical
reduction and thermal shark in an Ar atmosphere. Sb,Se; with
abundant Se vacancies had a 5-times-higher electrical conduc-
tivity. When combined with rGO, the Sb,Se; , maintained
stable voltage curves even at a high current rate of 8C. DFT
analysis also showed that Se vacancies increased the binding
affinity of S-Sb and Li-Se. Consequently, the LSB with Sb,Se;_,-
modified separator had a 25% great capacity retention than
with a pristine Sb,Se;-modified separator.

6 Future prospects

Various nanocomposite separators have successfully lowered
polysulfide shuttling to raise the stability of LSBs to commer-
cially viable standards, withstanding more than 1000 cycles and
holding specific capacities above 1300 mA h g~".3** Composite
separators have also improved Li anode stability, decreasing
parasitic LiPS reactions and Li dendrite formation. Moreover,
the Li-ion diffusion rates, sulfur utilization, thermal stability,
and rate capability of LSBs have been greatly enhanced. Still,
there is more to be done before LSBs are commercially viable.

Firstly, LSBs with modified separators are limited by their
polyolefin base. Modifying widely available Li-ion battery sepa-
rators, such as Celgard membranes, will be important for the
initial industrial scale-up and commercial production, but
novel separators based on nanofibers may be necessary for
competitive performance with LIBs. Nanofiber-based separators
have better thermal stability, Li-ion conductivity, electrolyte
wettability, flexibility, modifiability, and LiPS adsorption ability
than standard polyolefin separators.*** Nonwoven membranes
are often made from poly(vinylidene) fluoride (PVDF)*** or pol-
yimide,**® and electrospun membranes can be made from
various polymers like polyacrylonitrile (PAN)**” and poly-
vinylpyrrolidone (PVP).**® However, such membranes tend to
have limited LiPS rejection capabilities and high cost of fabri-
cation.*” More work into optimizing fiber roughness,******
polymer blend ratios,**” fiber coating,**** and nanomaterial
doping®***” may open up solutions to improved fiber-based
separators for LSBs.

The complex reaction pathways of LSBs, especially involving
the solid-liquid-solid conversion of LiPSs, need to be better
understood using improved characterization techniques. Ex situ
methods like UV-vis spectroscopy of penetrate experiments and
SEM/TEM of electrodes show the macroscopic consequences of
using different modifiers. However, the reaction pathways
(especially involving catalytic materials) are still unclear and
can be improved by designing analysis setups for in situ spec-
troscopic techniques like Infrared, UV-vis, and Raman spec-
troscopy and XRD analysis.**® Other in situ analytical techniques
used in LIB research, like in situ SEM,*** EDX,**® and mass
spectroscopy®** should be employed in LSB investigations to
better understand the reactions occurring at the Li anode and
modified separator. These in situ tests will require uniquely
designed LSBs for testing.
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LSBs still require much more development in their overall
design before becoming commercially viable. While specific
capacities are the primary measure for LSB performance that
account for the weight of the electrode, this measure does not
account for the weight of the whole battery. The weight
contributed by thick modification layers may become signifi-
cant, especially for smaller devices like drones. For weight-
dependent applications like EVs or portable electronics, the
energy density of the whole device needs to be accounted for.
Similarly, volumetric energy densities are almost never reported
but are critical for small form-factor applications. The effect of
the modified separator on power densities could also be
investigated along side performance measures at varying C
rates. The tested cells in laboratory settings also most often use
Li metal anodes in coin cell configurations. However, the
battery industry has shifted away from Li metal anodes due to
safety, cost, and ethical concerns in favor of lithiated carbon-
based anodes that have lower capacities.**> Other battery
configurations like pouch cells and winding-type cells require
LSBs to consider other factors like volume expansion, binder
strength, and electrolyte volume, amongst other electro-
chemical changes. Improvements to the sulfur cathode must
also be made for LSBs to sustain higher power densities and
greater sulfur loadings.**

The cost and processing complexity of most modifiers are
considered before beginning investigations. Hence, many
studies design composite separators using cheap, sustainable,
or easily processible materials like common polymers, porous
carbons, and metal oxides. Studies involving more obscure
materials like MOFs and MXenes test the viability of the
composite membranes and help answer the question of
whether industrial-level production would be worth the cost.
Overall, the industrial scale-up of lab-scale composite separator
fabrication has still not matured and will be a critical bridge to
cross before LSB commercialization. The optimal battery form
factor for LSBs has also yet to be tested. Moreover, novel sepa-
rators for LSBs with highly uniform pores or hierarchically
porous structures have also been fabricated via templating
methods,***** anodic oxidation,**® and advanced polymeriza-
tion techniques.*® While such fabrication techniques are
popular and well-published for membranes used in nano-
filtration and wastewater treatment,**® these techniques may be
tested for LSB separators.

Lastly, the maintenance and longevity of LSBs still need to be
examined. Because the primary focus of LSB research has been
on reducing the shuttle effect for higher cycling stability, there
is much room for improvement regarding thermal stability,
physical stress resistance, and volume expansion resistance,
especially at high current rates. As with LIBs, thermal stability is
critical if LSBs are to be used in EVs and mobile devices with fast
charge/discharge requirements that result in overheating.
Separators coated with heat-resistant materials like ethylene-
vinyl acetate copolymer®”® or separators fabricated from ther-
mally stable polymers like polyimide®* should be investigated
more to improve LSB safety. With portable and wearable elec-
tronics being ubiquitous in society, flexible batteries have
become more important due to better resistance against

369

7858 | J Mater. Chem. A, 2023, 11, 7833-7866

View Article Online

Review

physical stress. Few recent investigations have fabricated highly
flexible LSBs,*”>*”* with many studies using novel separa-
tors.’’*%”> Battery expansion due to gas build-up, volume
expansion, and separator swelling is an issue prevalent in Li-ion
batteries®”® that has not been addressed much for LSBs, despite
facing similar problems. Such tests for stability are critical
before LSBs may be commercially available.

7 Conclusion

LSBs are one of the most promising next-generation batteries
that may displace LIB's dominance in portable technology,
electric vehicles, and other energy storage applications. LSBs
boast a 5-times-higher theoretical capacity than LIBs and use
more affordable, environmentally friendly, safer, and abundant
materials than LiBs. However, current LSB materials and
designs are not yet commercially viable due to low conductivity,
dendrite formation, and the polysulfide shuttle effect. Much
development in LSBs in recent years involves reducing LiPS
shuttling by modifying polyolefin separators, which are used in
most LIBs. Polymer/polyolefin composites have facile prepara-
tion methods with easily tunable pore sizes and various func-
tional groups that help repel or immobilize polysulfides.
Carbon-modified separators have significantly higher conduc-
tivity, allowing fast LiPS conversion, enhanced rate capability,
and Li dendrite suppression. The uniform and controllable pore
structure of organic framework/polyolefin composites provide
selective ion channels for high Li-ion diffusion with limited
LiPS shuttling. Inorganic, metal-based additives provide cata-
Iytic active sites that promote the adsorption and conversion of
soluble LiPS to insoluble Li,S. Modifying polyolefin separators
is essential in bringing LSBs to market because it leverages the
infrastructure of LIBs' polyolefin separators to lower production
costs. However, separator modifications alone are likely insuf-
ficient for fully commercializing LSBs, and more work needs to
be done in refining the cathode, anode, and electrolyte. Novel
separators based on nanofiber technology, graphene sheets,
xerogels, or other materials may be required to reach higher
efficiencies closer to the theoretical limit of LSBs. With the
exponentially growing demand for new energy storage tech-
nologies and the potential of LSBs to meet those demands, it is
an exciting time to investigate LSBs.
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