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Lithium sulfur (Li—S) batteries have a high theoretical specific capacity (1675 mA h g~%) and energy density (2600
W h kg™, possessing high potential as next-generation rechargeable batteries for long-distance transportation
and large grid applications. Sulfurized polyacrylonitrile (SPAN) is known as an alternative sulfur cathode material
for practical application in Li—S batteries, because of its capability of completely eradicating the shuttle of
lithium polysulfides in comparison with elemental sulfur cathodes. It can be synthesized by simply heating
polyacrylonitrile (PAN) and sulfur powder under the protection of an inert atmosphere and has good
compatibility with carbonate-based electrolytes that are commonly used in Li-ion batteries, as well as
adaptability to the manufacturing processes of current lithium-ion (Li-ion) batteries. In the past few decades,
SPAN has been widely investigated with respect to its chemical structure, redox reaction and
electrochemical performance. Thus, it is of great interest to thoroughly summarize the recent progress in
engineering SPAN material for practical application in Li—S batteries. This review aims to describe the
achievements in this promising material and gives a comprehensive overview in terms of structures,
mechanisms and performances. The relationship between the cell performance between the strategies
applied and the cell performance was statistically analyzed on the basis of metadata from the literature,
which could give the research direction and clues for the further study. Challenges and possible directions
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are also discussed to shed light on its implementation in large-scale commercial production in the future.
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1. Introduction

With the advances in solar, wind and tide energy, an urgent
demand is to develop efficient storage devices for clean energy.
Lithium ion (Li-ion) batteries have witnessed application in
most energy storage areas, but their energy densities are close to
the ceiling value and hard to efficiently power larger grids.” The
prevailing applications of small-scale electronic devices and
electric vehicles place even more stringent requirements on
sustainability, low cost and high energy/power density of energy
storage devices. The emergence of lithium sulfur (Li-S) batteries
spotlights the development of this promising energy storage
with high energy density (1675 mA h g~ ') and energy density
(2600 W h kg™') far beyond the state-of-the-art Li-ion
batteries.>* Naturally abundant sulfur is recognized as the most
promising candidate owing to its environmentally benign and
cost-effective properties. In the reduction of elemental sulfur,
the final Li,S,/Li,S product is in a solid form, whereas lithium
polysulfide (Li,S,, n = 4-8) intermediates are soluble in ether-
based electrolytes.” This obstinate dissolution upon repeated
redox reactions keeps Li-S batteries from practical application,
as it results in the increase of electrolyte viscosity, active
material loss, rapid capacity decay and poor cycle stability.
Moreover, the sedimentary Li,S,/Li,S on the surface of lithium
anodes also causes safety problems associated with surface
erosion and pulverization. To address them, many great
endeavors have been made in designing porous sulfur-carbon
composite materials, modifying separators, developing new
binders and electrolytes, creating catalytically active sites and
protecting lithium anodes.*® However, the commercialization
of Li-S batteries is still facing huge challenges concerning active
material utilization, long cycle stability and safety concerns of
lithium anodes.*®

Unique sulfurized polyacrylonitrile (SPAN) has attracted
chemical engineers’ attention because of its high active mate-
rial utilization with almost 100% coulombic efficiency, excellent
reversibility and cycle stability in the manipulation of Li-S
batteries." SPAN can be simply synthesized via vulcanization of
polyacrylonitrile (PAN) with sulfur, by which the -CN groups in
the PAN polymer structure are cyclized as a stable conjugated
polypyridine ring containing C=C and C=N double bonds."
Sulfur is covalently bonded to the polymeric backbone of
pyrolyzed PAN to form a stable molecular structure. The poly-
sulfide shuttle is totally eradicated in lithium-SPAN (Li-SPAN)
batteries to avoid the corrosion of the lithium anode and ensure
an outstanding cycle stability, which typically present a high
initial discharge capacity beyond the theoretical capacity of
sulfur. Fig. 1 illustrates the distinct redox behavior of SPAN
compared with pristine sulfur in its discharge/charge processes.
The discharge plateau of Li-SPAN cells is a gradual slope,
differing from the dual voltage plateau processes of Li-S cells.
The first discharge of SPAN shows a low-voltage slope ramped to
1 V, which rises to 1.8 V in the following cycles with reduced
polarization. It elucidates a solid-solid transformation upon
reduction without the appearance of dissolved polysulfides.
Also, SPAN has good thermal stability and flame retardancy to
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Fig. 1 Different redox behaviors between a Li—S battery and Li—-SPAN
battery.

broaden its application within wide temperature ranges.'*'*
However, the binding sites for sulfur are limited by the molec-
ular structure of SPAN, resulting in the insufficient mass
percentage of sulfur (~40 wt%). Moreover, a great challenge
also lies in the retarded redox kinetics and high polarization. To
view the tremendous progress in the last few decades,
a comprehensive summary is necessary to outline the develop-
ment and challenges of SPAN, which would provide new
insights into the manipulation of Li-SPAN batteries for prac-
tical applications in the future.

2. Chemical structures

To date, only a few possible molecular structures have been
proposed to depict SPAN (Fig. 2). Initially, the polypyridine rings
of PAN were recognized as the skeleton to wrap nano-scale
elemental sulfur particles (molecules 1 and 2).*>** FT-IR and
Raman spectra evidenced the existence of C-S bonds in SPAN
(molecule 3),"” and a model of the chemically linked sulfur on
the polypyridine ring was proposed by Fanous et al. (molecule
4)."® A high initial capacity of 1750-1800 mA h g~ " was obtained,
which exceeded the theoretical capacity of sulfur. The proposed
molecule structure enables the interpretation of the extra
capacity contribution from the conjugated conducting polymer
backbones. Furthermore, the observation of C-H bonds in the
elemental analysis of SPAN in molecule 5 explains the incom-
plete cyclization upon sulfurization." Given the totally different
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Fig. 2 The proposed chemical structures of SPAN in previous reports.

Molecule 1,** reproduced with permission. Copyright 2003, Wiley-VCH.

Molecule 2,*¢ 3,7 7,2t and 9, reproduced with permission. Copyright 2013, 2004, 2018 and 2020, respectively, Elsevier. Molecule 4,*® 6,° 8,22 10a
and 10b,2* Copyright 2011, 2015, 2018 and 2021, respectively, American Chemical Society. Molecule 5,*° reproduced with permission. Copyright

2014, Multidisciplinary Digital Publishing Institute.

redox process of Li-SPAN cells and Li-S cells, small sulfur
species (S,-3) were thus considered to be the group linked to the
polypyridine ring (molecule 6).>° With the characterization of
elemental analysis, X-ray photoelectron spectroscopy (XPS),
electron paramagnetic resonance (EPR) and solid-state nuclear
magnetism (ssSNMR), molecules 7 and/or 8 with polypyridine
rings connected by short S, ; chains were widely accepted as
possessing the structure of the SPAN molecule.*** A recent
study revealed a new SPAN structure containing N-S and -N=
C-S bonds in addition to the C-S and S-S bonds (molecule 9),*
and the DFT calculation suggested the co-existence of pyrrolic
and pyridinic rings in SPAN (molecules 10a and 10b).>* These
reported molecular structures of SPAN hint at the extra capacity
contribution in the initial discharge and the cleavage occur-
rence of C-S bonds upon repeated lithiation/delithiation
processes.”** These nuances in the molecular structure
perhaps suggest the good plasticity of SPAN and it being
adaptive to its synthetic conditions; however, comprehensive
molecular model remains to be generated for clear illustration.

3. Redox reaction processes

Generally, pristine SPAN is reduced to form Li,S in the
discharge process in Li-SPAN cells. A distinct phenomenon is
that the initial discharge capacity is higher than the theoretical
value of sulfur, which hints at a complicated redox reaction
occurring in Li-SPAN cells. Some possible mechanisms were
thus proposed to understand the lithium storage. Zhang et al.

19284 | J Mater. Chem. A, 2021, 9, 19282-19297

believed that SPAN underwent a reversible reaction of S-S and
C-S bond cleavage to form lithium sulfide (Fig. 3a),"® although it
is questionable to drive the cleavage and reformation of C-S
bonds by just a sole redox reaction. To figure out the exceeding
initial capacity, C=N and C=C double bonds in the pyridine
ring were claimed to bond with lithium in the first discharge of
Li-SPAN cells (Fig. 3b and c)."”** The S-S bonds can be dis-
rupted to form sulfur radicals and change the SPAN polymer to
be in an ionic state, by which SPAN is competent for Li"
acceptance with high reactivity (Fig. 3d).?? Partial Li* incorpo-
rated within SPAN, specifically linked with C and N atoms, fails
to participate in redox cycles in the subsequent charge/
discharge processes, likely causing irreversible capacity in the
first discharge (Fig. 3e).® To evidence it, S-S, C-S and N-S
bonds were also observed to be broken and form Li-S, Li-N and
Li—-C bonds in the discharge process, while Li-N and Li—C bonds
were still preserved in the recharged Li-SPAN cells (Fig. 3f).>* In
addition, the first-principles molecular dynamics model and
density functional theory (DFT) calculation also suggest the
contribution of the incompletely stripped Li" to irreversible
capacity in the first discharge.”” A Co-N,S cluster was con-
structed in SPAN, resulting in a more conjugated polymeric
matrix with faster charge transfer. Additionally, the crosslinking
of Co centers in the molecular of SPAN provided extra binding
sites for more sulfur content (Fig. 3g).”® Given that many
possible redox processes have been proposed to explain the
high initial capacity and cycle reversibility, it would be of great
interest to minimize the capacity reduction after the discharge

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 The proposed redox reaction mechanisms of SPAN in previous reports. (a) The cleavage of C-S bonds.* Reproduced with permission.
Copyright 2014, Multidisciplinary Digital Publishing Institute. (b and c) Lithium insertion mechanisms.*”?* Reproduced with permission. Copyright
2004 and 2018, Elsevier. (d) Sulfur free radical reaction.?? Reproduced with permission. Copyright 2018, American Chemical Society. (e) Pyridine
ring takes lithium ions.?¢ Reproduced with permission. Copyright 2019, Wiley-VCH. (f) N-S—-Li reaction.?® Reproduced with permission. Copyright
2020, Elsevier. (g) Co—N4S clusters.?® Reproduced with permission. Copyright 2021, Elsevier.

and maintain a high discharge voltage plateau by exquisite
design of SPAN materials.

4. Cathode synthesis and
modification
4.1 Material synthesis

The vulcanization process is affected by a series of reaction
conditions due to the complex polymeric precursor. The
different synthetic conditions of SPAN in previous studies result
in an uncertainty in understanding its molecular structure as
well as the redox reaction mechanism in the field, which are of
importance in exploring the electrochemical performance of
SPAN. The parameters including temperature, timespan, vapor
pressure, molecular weight of PAN and sulfur content are
comprehensively discussed below.

4.1.1 Synthesis temperature and timespan. The SPAN
matrix can be synthesized in a wide range of sulfurization

This journal is © The Royal Society of Chemistry 2021

temperatures, which often imparts different merits to the
polymeric matrix of PAN." Initially, SPAN was prepared at 280-
300 °C, a temperature also for the dehydrogenation and cycli-
zation of PAN." Based on the results from all previous reports
listed in Table S1,} a statistical analysis was performed as seen
in Fig. 4 to illustrate the relationship between the annealing
temperature and the initial/end capacity. Statistically, a better
electrochemical performance of SPAN is mostly at 300-450 °C,
and a capacity trough emerges at around 500 °C. The func-
tionality-rich chemical environment of pyrolyzed PAN (pPAN)
would provide more active sites for sulfur fixation towards
higher capacity, and therefore a relatively high temperature is
essential to form a conjugated backbone to bond the sulfur side
chains,* whereas the active C-S and C-N bonds are less
detectable above 500 °C, which would be responsible for such
a capacity fading.****

In comparison with temperature, the heating time has a less
important effect on the binding mechanism between sulfur and

J. Mater. Chem. A, 2021, 9, 19282-19297 | 19285


https://doi.org/10.1039/d1ta03300j

Published on 10 June 2021. Downloaded on 6/26/2024 5:36:36 PM.

Journal of Materials Chemistry A

2400
© Initial cycling|
© Post cycling
2 1800} O ° o
<< o
3 e o e
2 ° o ®
g °
]
& 1200 F b .
(6] ) a
=
§ o oe?® ° o 1
[ ° e
600 o
1 1 1 1
300 400 500 600

Temperature (°C)

Fig. 4 Statistical analysis of the temperature-dependent cell perfor-
mance of SPAN. The orange and green dots indicate the specific
capacity of initial and post cycling, respectively. The detailed infor-
mation is available in Table S1.+ The edged dots are the mean of
specific capacity for all the observations at according temperatures.
The orange and green fitting curves represent the trends of specific
capacity with temperature for initial and post cycling, respectively. The
95% confidence intervals were shadowed with color accordingly.

PAN.'¢?931733 Nevertheless, a critical timespan is necessary for
the complete reaction between sulfur and PAN. A heating
timespan of 2.5-4 h shows marginal chemical transformation in
FT-IR analysis and SPANs with similar thermal properties were
obtained with saturated sulfur, from which an upper limit of the
sulfur content at 56 wt% was demonstrated.”® Thus, the
majority of SPAN-based materials took 3-6 h to complete the
formation of the SPAN matrix.

4.1.2 Vapor pressure. SPAN is usually produced within an
excess sulfur atmosphere under ambient pressure. Whereas
the vapor pressure that applied for fabricating SPAN materials
should not be overlooked. Liu et al. studied the effect of vapor
pressure on the performance of SPAN cell through operating
the sulfurization process under different argon gas pressures.
The morphology, chemical structure, surface area and electric
conductivity are modulated by the vapor pressure. Also, tuning
to an appropriate vapor pressure of 5 MPa tends to complete
the cyclization of PAN with a high C/H ratio of 3 : 1 in SPAN.**
Thus the Li-SPAN cell delivered a high reversible discharge
capacity of 1542 mA h g~' in the second cycle. More related
studies are necessary to consider the effect of vapor pressure,
especially when subjected to sulfurization in sealed containers
with sulfur vapor.

4.1.3 Molecular weight of PAN. Most reported SPAN
materials employed PAN with an average molecular weight of
150 000 g mol ™" as the precursor, which directly correlates with
the conjugated chemical structure of SPAN as well as the
binding sites for sulfur. It is generally perceived that PAN with
a narrower molecular weight and higher structural purity would
result in a better electrochemical performance of Li-SPAN
cells.*® The in situ polymerization of acrylonitrile monomer with

19286 | J. Mater. Chem. A, 2021, 9, 19282-19297
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sulfur was proven to form the desired morphology and uniform
structure.***” Adopting PAN with a molecular weight of 550 000
g mol ™', a sulfur content of 55 wt% can be approached with
sulfur utilization over 98%. The PAN precursor with a high
molecular weight perhaps provides more space to accommo-
date chemically bonded sulfur and improve the interfacial
resistance of SPAN.%®

4.2 Sulfur content and areal loading

The mass percentage of sulfur in SPAN and sulfur loading in
cathodes are directly associated with the energy density of Li-
SPAN cells, which are thus recognized as significant engi-
neering concerns. The dilemma between high sulfur content
and excellent cell performance always challenges the experi-
mental trials. Unfortunately, the inherent structure of PAN
restricts the supply of enough sulfur storage sites. A confronted
problem in SPAN is the limited sulfur content (~40 wt%) and, as
a consequence, the moderate energy density in Li-SPAN cells.”

Taking advantage of the facile synthesis method via heating
sulfur and PAN, the sulfur content in SPAN can be easily altered.
Fanous et al. used different weight ratios of PAN/sulfur from
1:3to1:60 to obtain SPAN with sulfur contents from 31 wt%
to 44 wt%.* Surprisingly, both SPAN prepared with a PAN/sulfur
weight ratio of 1:15 and 1: 60 gave the same sulfur content,
indexing an upper limit of the mass percentage for sulfur that
covalently bonded in SPAN. Notably, the covalently bonded
sulfur provides a direct solid-solid reduction process to Li,S
while the extra sulfur existed as an elemental state confined in
the polymeric matrix still generates the polysulfide shuttling,
thus resulting in degraded cell performance.** Short-chain
sulfur was reported to be confined in microporous carbons, and
therefore the microporous carbon-encapsulated sulfur cathodes
also enable working in the same carbonate-based electrolytes
with SPAN.** By virtue of such similarity, a microporous carbon-
encapsulated sulfur composite was blended in SPAN fibers, by
which a hybrid sulfur cathode with a total sulfur content of 52
wt% was achieved without elemental sulfur observed.”” Addi-
tionally, diphenyl guanidine was used as the vulcanization
accelerator, by which the sulfur content in SPAN increased by
14% ascribed to its function in providing more sites to bond
sulfur atoms upon the sulfurization process.*

The sulfur loading in the cathode exerts significant influence
on the areal capacity and energy density of Li-SPAN cells. As
listed in Table S1,T most previous reports applied sulfur load-
ings of less than 3 mg cm ™. Obviously, the low sulfur content in
SPAN is responsible for the limited sulfur loading. On the other
hand, the low electric conductivity of SPAN requires extra
conductive components and new cathode configurations to
help deliver capacity. Highly conductive additives or modified
current collectors beyond Al foil are critical and effective in
fabricating high sulfur loading cathodes in building conductive
pathways. The addition of ketjenblack, carbon nanotubes, etc. is
found to increase the sulfur loading to above 4-6 mg cm™ 2,1
An ultrahigh sulfur loading of 30 mg cm™> was obtained by
casting on nickel foam,*” while graphene foam enabled a sulfur
loading of 26.5 mg cm™>.*® Flexible and viscous binders also

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ta03300j

Published on 10 June 2021. Downloaded on 6/26/2024 5:36:36 PM.

Review

play key roles in fabricating high sulfur loading cathodes. A
Seo.0550.0sPAN cathode using carboxymethyl cellulose (CMC)
and styrene-butadiene rubber (SBR) binders obtained a high
loading of 20-35 mg cm 2% Another useful strategy for
improving the sulfur loading of SPAN cathodes is making
freestanding films free of binders and current collectors. It aims
to increase the active mass content to the maximum extent and
will be discussed in the following as a separate part.

4.3 Cathode modifications

Many efficient strategies of cathode modification have been
conducted to improve the electrochemical performance of Li-
SPAN cells. Perhaps, the strategies can be briefly classified as
augmenting conductive additives or polar accelerators, heter-
oatomic doping, and fabricating freestanding cathode
configurations.

4.3.1 Cathode additives. Conductive carbon materials are
required to improve the electric conductivity of SPAN for fast
redox reactions in cells. Multiple carbonaceous additives,
including carbon nanotubes,***® graphene,**** carbon fibers,>
and porous carbon particles,**** were harnessed to build elec-
tric conductive pathways in the SPAN matrix. With the combi-
nation of multiwalled nanotubes (MWNTs), a SPAN@MWNT
composite showed a 20% increase in specific capacity over the
MWNT free composite.*® In fact, the carbon additives not only
improve the conductivity of SPAN cathodes but also help
disperse the SPAN matrix. A graphene oxide (GO) blended
composite was produced by uniformly dispersing only 4 wt%
GO in in situ polymerized PAN to display a homogeneous
morphology with a high sulfur content of 47 wt% (Fig. 5a), by
which an initial discharge capacity of 1850 mA h g and
reversible capacity of 1200 mA h g~ after 100 cycles were ach-
ieved (Fig. 5b).*°

Polar metal oxides (e.g. Mg, ¢Niy 40/Si0,) and sulfides (e.g.
NiS,, CoS,, FeS, MoS, and SeS;) have a strong affinity with sulfur
and lithium sulfide.”®* Mg, ¢Niy 4O was found to uniformly
disperse in the SPAN matrix to form nanosized primary parti-
cles (Fig. 5c), which achieved higher sulfur utilization and
improved the cycle stability with 1223 mA h g~" in 100 cycles
(Fig. 5d).*® NiS, at a weight content less than 3 wt% was capable
of optimizing the composite morphology in regular spherical
particles. Serving as a polysulfide reduction accelerator, the
NiS,~SPAN cell obtained an impressively high reversible
capacity of 1533 mA h g~ " after 100 cycles at 0.2 A g~ " and good
rate capacity up to 2 A g .5 Metal sulfides are naturally
compatible additives with SPAN cathodes owing to their same
synthetic process under vulcanization and synchronous elec-
trochemical conversion upon lithiation/delithiation. A homo-
geneous combination of 52 wt% FeS and 48 wt% SPAN enabled
a hybrid cathode to retain 91% of theoretical capacity after 500
cycles.*

Heteroatomic doping is proven to reduce the charge transfer
resistance of the active material and promote the reduction of
short-chain polysulfide ions.®**"* Besides, the dopants enable
the improvement of the stability of the molecular structure and
realize the excellent electrochemical performance of SPAN in

This journal is © The Royal Society of Chemistry 2021
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both ether- and carbonate-based electrolytes. Selenium (Se)
was introduced into the molecular structure of SPAN as proved
by X-ray photoelectron spectroscopy (XPS) (Fig. 6a and b) and
boosted the redox conversion rate with reduced polarization
(Fig. 6¢), by which accelerated Li" migration in Se,SPAN and
suppressed polysulfide dissolution brought about 84% active
material utilization and a rate capability up to 10 A g *.% The
virtue of a tellurium (Te) eutectic accelerator was shown with
a low decay rate of 0.05% per cycle in over 600 discharge/charge
cycles, demonstrating its superior effect of heteroatomic
doping on the improvement of the electrochemical perfor-
mance of SPAN.” Iodine (I) doping was reported to generate Lil
and LiF in the cathode electrolyte interface (CEI) layer which
contributed to enhancing the reaction kinetics and cell
performance.”® Metals were also recommended as atomic
dopants for coordination within the SPAN molecular structure.
For instance, cobalt (Co) was coordinated with the pyridine
rings of SPAN in an iz situ transformation manner. With the aid
of X-ray absorption near edge structure (XANES) and Four-
ier-transformed extended X-ray absorption fine structure (FT-
EXAFS) analysis (Fig. 6d and e), a Co-N,S cluster was presented
in the SPAN molecule. Such a metal coordination structure
reinforced the charge transfer and served as a catalytic site for
accelerating the redox reaction of sulfur.”® Electrochemical
performance approached an initial discharge of 1865 mAh g~*
and an ultralong lifespan of 1500 cycles at 1C (Fig. 6f).

Binders are an indispensable component in fabricating
electrodes, functioning to bridge the active materials with
conductive carbon and current collectors. Adopting water-
soluble sodium carboxymethyl cellulose (NaCMC) as a binder
for the SPAN cathode, the Li-SPAN cell showed a better cycle
performance of 450 cycles and a higher rate capability up to 5C
compared to the cathode bonded by polyvinylidene fluoride
(PVDF).”™ Polyacrylic acid (PAA) enabled a SPAN cathode with
good adhesion both to materials and current collectors.” A
more water-dissoluble and cost-effective binder of carbonyl-B-
cyclodextrin exhibited strong bonding to electrode materials
with moderate viscosity in water and wide electrochemical
windows, and the Li-SPAN cell exhibited a high sulfur utiliza-
tion of 92.2% and good cycle reversibility retaining 1456 mA h
g ' after 50 cycles.” Chen et al. also investigated a flexible
binder (AFB) to prepare high-load SPAN electrodes and achieved
good battery performance under lean electrolytes.””

4.3.2 Freestanding cathodes. The minimization of inactive
materials is also a practicable strategy as a substitute for casting
electrodes to improve the sulfur loading of Li-SPAN cells.
Freestanding SPAN cathode configurations are thus developed
free of both a binder and current collector to increase energy
density.**”® To this end, electrospinning technology in combi-
nation with direct vulcanization is widely used for simple,
effective and low-cost preparation of flexible composite SPAN
materials. One solution is the use of sacrificial templates which
allow forming holes in the fibers. The polymeric sacrifices such
as polymethyl methacrylate (PMMA),”**® polystyrene (PS),>**
and polyethylene oxide (PEO)** can decompose to produce pores
during the vulcanization process and benefit the full reaction of
SPAN.*

J. Mater. Chem. A, 2021, 9, 19282-19297 | 19287
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Notably, a one-pot trial of electrospinning multi-compo-
nent solution containing sulfur, PAN and CNTs presented an
integrated fibrous SPAN film with high porosity and electric
conductivity, in which CNTs act as both the pore-forming
agent and conductive pathway along the fiber (Fig. 7a).*> The
vulcanization process does not destroy the morphology of PAN
fibers, which can be well preserved within flexible SPAN
cathodes. It is worth noting that the formation of the SPAN
matrix begins from the fiber surface during the vulcanization
process, and the resultant dense matrix hinders the access of

19288 | J Mater. Chem. A, 2021, 9, 19282-19297

the sulfur vapor, leading to incomplete SPAN formation. As
such, the flexible SPAN electrode was endowed with higher
discharge capacity and long-term cycle performance. A recent
study reported metal organic framework (MOF) derived CoS,
anchored on the surface of SPAN-CNT fibers for improved
fiber density and sulfur loading, by which a high initial areal
capacity of 8.1 mA h cm™? and sulfur loading of 5.9 mg cm™>
were achieved in a prototype pouch cell with a superior
capacity of 1322 mA h ¢~ 1.5 Another attractive configuration is
3D holey graphene/SPAN aerogel (3DHG/PS),”® which greatly

This journal is © The Royal Society of Chemistry 2021
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accelerated both ion and electron migration and successfully
promoted the peak sulfur loading to 15.2 mg cm 2 and an
ultralong cycle life of 1500 times with a low capacity fading
rate of 0.012% per cycle (Fig. 7b).

5. Electrolytes

Although the elemental sulfur dissolution is eliminated in SPAN
cathodes, the kinetics of short-chain sulfur redox reactions still
relies on the electrolyte composition, including lithium salts,

This journal is © The Royal Society of Chemistry 2021

solvents, gel polymer electrolytes (GPEs) and solid-state elec-
trolytes (SSEs) in terms of their physical and chemical proper-
ties, which greatly affect the formation of a cathode electrolyte
interphase (CEI) and solid electrolyte interface (SEI).” In this
section, the review summarizes the electrolyte formula and the
cycle performance of Li-SPAN cells (Table 1).

5.1 Li salts and alternatives

ALi salt as an indispensable component plays a significant role in
ion conduction and SEI formation. Lithium hexafluorophosphate
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Table 1 A summary of the electrolyte formula and the related cell performance of Li—SPAN cells

Cathode Electrolyte Voltage 1% Discharge capacity After cycles Ref.

S@pPAN 1 M LiODFB EC/DMC/FEC (4.5:4.5:1) 1-3V  1875mAhg ', 1C 1246 mA h g~ *, 1100, 1C 87

SPAN 1 M LiPF, EC/DMC/EMC (1: 1:1)+1wt% 1-3V 1778 mAh g ', 0.25C 1106 mA h g™, 100, 0.25C 86
LiBOB

SPAN 1 M LiPF, EC/DEC (1:1) 1-3V  895.6mAhg*025mAcm 2 700 mAhg, 80", 110 mag™* 83

Seo.06SPAN 1 M LiTFSI DOL/DME (1 : 1) + 2 wt% 1-3V 1680 mAhg ' 02A¢g™" 881 mA h g7t 800™, 0.4 A g™? 65
LiNO;

SPAN/CB 5 M LiTFSI DOL/DME (1:1) 3 M LiTFSI 1.5-3V 1743 mAhg ', 100 mAg™* 880 mA h g7, 50", 100 mA g~* 40
DOL/TEGDME (1 : 1)

SPAN 4 M LiTFSI DOL/DME (1:1) + 0.5 M 1-3V 2050 mAhg™, 0.12C 1190 mA h g%, 100™, 0.1 Ag™* 88
LiNO;

S@pPAN 1 M LiPFs FEC/DMC (1: 1) 1-3V 1950 mAhg ', 0.1C 1261 mA h g~ *, 4000, 6C 89

SPAN 1 M LiPF, EC/EMC (1: 1) + 11 wt% 1-3V  1740mAhg ', 0.1C 1320 mA h g %, 50™, 0.1C 90
DMMP

S@PAN 1 M LiPFs EC/DMC/EMC (1:1:1)+25 1-3V  1625mAhg ', 0.1Ag " 1479 mAhg*, 100", 0.1 Ag™" 91
vol%FEC-0.1 M KNO;

SPAN 1 M LiPF, EC/DEC (1:1) + 5wt% FEC  1-3V 1530 mAhg ', 0.5C 1478 mA h g, 100™, 0.5C 75

pPAN@S 1 M LiPFs EC/DMC (1 : 1) + 10 wt% TTFP 1-3V 2000 mA h g™', 0.1C 1300 mA h g7*, 150", 0.1C 92

SPAN 1 M LiBOB TEP/FEC (7 : 3) 1-3V  2100mAhg ', 1C 1050 mA h g~ *, 1000™, 1C 93

SPAN 1 M LiPFs EC/DMC (1:1) + 5wt% TPPi 1-3V 1800 mAh g ', 0.5C 1380 mA h g, 40™, 0.1C 94

S@pPAN 1 M LiPF EC/DMC (1:1) + 1 wt%TMSP- 1-3V 1830 mAhg ', 1C 1243 mA h g *, 800", 1C 95
2 wt%VC

S@pPAN 1.1 M LiFSI TEP/TTE (1 : 3) 1-3V 1900 mAhg ', 0.5C 795 mA h g~*, 1000, 0.5C 96

SPAN 1 M LiPFs EC/DMC/DEC (1:1:1) + 1-3V  1199.5mAhg ', 0.1C 975.3 mA h g%, 50", 0.1C 14
PMMA

SPAN 1 M LiPFs EC/DMC (1: 1) + desolvated 1-3V ~ 1951mAhg ', 60 mA g™’ 1276 mA h g™, 50", 60 mA g~* 97
DGE

SPAN 1M LiPFg EC/DMC (1:1) + PVDF/PMMA 1-3V  2105mAh g ', 250 mA g™ 1052 mA h g™, 100", 1250 mA g~' 98
(1:1 wt%)

SPAN 1 M LiTFSI DOL/DME (1: 1) + 1 wt% 1-3V  1672mAhg 01Ag " 1422.1 mAh g, 500", 01 Ag" 99
LiNO; + PPC-LiTFSI@tissue paper

SPAN 1 M LiTFSI DOL/DME (1 : 1) + nano- 1-3V  1884mAhg ', 01Ag" 1465.6 mAh g~*, 200", 01Ag™" 100
Si0,@PPC

S€0.0550.05@PPAN  Li;GeP,S;, (LGPS) 1-3V  840mAhg™ ', 0.1C 650 mA h g7*, 150, 0.1C 101

Teo.0550.0s@PPAN  Li;oGeP,S;, (LGPS) 1-3V  1703.5mAhg ', 0.2C 932.9 mA h g%, 100", 0.2C 102

@Li;P5S1;

S/PAN Liz 25Geo.25P0.75S4 (LGPS)/PEO 1-2.5V 1772mAhg %, 0.1C 1183 mA h g, 50", 0.2C 103

SPAN NASICON-type Lij 3Al, 5Tiy ,(PO,); (LATP) 1-3V 1793 mA h g ', 0.1C 784 mA h g7*, 120", 0.1C 104

(LiPFe),® LiTFSL* LiFSL* lithium bis(oxalate) borate (LiBOB),*
and lithium difluoro(oxalato)borate (LiIODFB)* have been inves-
tigated by modulating constituents and concentration within the
interior environment of Li-SPAN cells. 1 wt% LiBOB is sufficient
to form a protection layer for an increased capacity retention of
SPAN over 100 cycles.** A newly designed electrolyte of 1 M
LiODFB/EC-DMC-FEC for Li-SPAN cells showed a high ionic
conductivity (7.2 mS cm™ ') and a wide electrochemical window
(>5.5 Vvs. Li/Li") with superior compatibility with electrodes of Li
and SPAN, by which the cycle life of Li-SPAN cells lasted up to
1000 times with a high capacity retention of 89%.

5.2 Electrolyte solvents and additives

Carbonate-based electrolytes such as ethylene carbonate (EC),
dimethyl carbonate (DMC) and ethylmethyl carbonate (EMC)
commonly used in Li-ion batteries can be adopted to Li-SPAN
cells. However, an EC-based electrolyte is reported to elicit side
reactions with sulfur species and deteriorate the cycle perfor-
mance of SPAN.” Fortunately, fluoroethylene carbonate (FEC)
was reported to stabilize SEI formation and modulate the

19290 | J Mater. Chem. A, 2021, 9, 19282-19297

growth of lithium dendrites.®® By employing the LiPFs/FEC-
DMC electrolyte, an uppermost lifespan of 4000 cycles at 6C
with up to 96.3% capacity maintenance was achieved (Fig. 8a).*
This EC electrolyte also enabled to tolerate high capacity and
rate capability (up to 30C), demonstrating superior compati-
bility of the FEC-based electrolyte with SPAN cathodes (Fig. 8b).
The FEC-based electrolyte was beneficial to provide a LiF-rich
coating on both the cathode and anode for uniform lithium
deposition, and consequently display longer lifespan for Li-
SPAN cells than an EC-based electrolyte (Fig. 8c and d).
Dimethyl ether (DME) combined with 1,3-dioxolane (DOL) is
the most common solvent used in Li-S batteries. An ether-based
electrolyte, using dibutyl ether (DBE) with a high concentration
of 4 M lithium bis(fluorosulfonyl) imide (LiFSI), was used in Li-
SPAN cells and enabled a high coulombic efficiency (99.2%) and
smooth Li deposition.'® A different recipe with lithium bis(tri-
fluoromethanesulfonyl) imide (LiTFSI) and lithium nitrate
(LiNO3) as the co-salts showed a stable SEI layer and a crystal-
line CEI containing LiF and LiNO, on the surface of SPAN,
which allowed a much more stable delivery of the lithium

This journal is © The Royal Society of Chemistry 2021
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Reproduced with permission.®® Copyright 2018, Elsevier.

anode.*® Compared to carbonate-based electrolytes, ether-based
electrolytes tend to induce polysulfide dissolution and degrade
the electrochemical performance. A breakthrough is to coordi-
nate this electrolyte with a Se-doped SPAN cathode, which pre-
sented fast Li-S kinetics without sulfur loss via polysulfide
dissolution and attractive rate capability and cycling stability.*®
A new formula 1.8 M LiFSI in diethyl ether/bis(2,2,2-tri-
fluoroethyl)ether (DEE/BTFE) endowed an enhanced charge rate
and ultrahigh average coulombic efficiency of 99.37% with
a long lifespan of 1200 cycles.**

The electrolyte additives are known to improve the electro-
chemical performance of lithium rechargeable batteries.
Multifunctional electrolyte additives of FEC and KNO; were
reported to form a hybrid SEI layer consisting of LiF and Li,NO,,
and meanwhile K' ions exerted a self-healing electrostatic
shield that efficiently suppresses the growth of lithium
dendrites.”* Wang and coworkers designed a series of phos-
phorus (P)/boron (B)-containing electrolyte additives as a flame
retardant to alleviate the safety concerns of Li-SPAN batteries,
including dimethyl methyl phosphonate (DMMP),* triphenyl
phosphite (TPPi),** tris(2,2,2trifluoroethyl) phosphite (TTFP),
tris(trimethylsilyl) phosphite (TMSP),* triethyl phosphate
(TEP)* and tris(trimethylsilyl)borate (TMSB).'*” The use of these
additives extends the engineers' recipes to develop novel elec-
trolytes for lithium protection as well as promotion of the
electrochemical performance of Li-SPAN batteries.

This journal is © The Royal Society of Chemistry 2021

5.3 GPEs and SSEs

The GPE is attractive as a separator substitute in lithium
rechargeable batteries owing to its properties of high ionic
conductivity, electrolyte uptake and electrode compatibility.®”**°
A GPE Dbased on poly(vinylidene fluoride-co-hexa-
fluoropropylene)/PMMA/montmorillonite nano clay (PVDF-
HFP/PMMA/MMT) was fabricated for Li-SPAN cells and deliv-
ered a reversible capacity of 1071 mA h g~ after 100 cycles.”® A
multifunctional SiO, filler is able to promote the ionic
conductivity and interfacial stability to SPAN cathodes. The
nano-SiO,-embedding endowed a poly(propylene carbonate)
(PPC) based GPE with an enhanced cell performance of 85%
capacity retention after 500 cycles.” Interestingly, the synergic
effect of SPAN and the GPE with a carbonate-based electrolyte
allowed the cells to work at high temperature (60 °C), realizing
the anticipated application of SPAN-based cells under an
extreme environment.™

Solid-state lithium rechargeable batteries would be of the
greatest interest with respect to safety concerns,'* although the
use of SSEs causes degraded specific capacity and rate capability
due to the solid-solid interfacial hindrances. Li;,GeP,S;,
(LGPS) has high ionic conductivity and good compatibility with
sulfur. An initial capacity of 840 mA h ¢~ " was gained in the cells
with this electrolyte and Se-doped SPAN cathodes.'** A similar
synergic effect was also observed in a multiple functionalized
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Tep.0550.0s@PPAN@Li,P3S;; composite cathode, delivering
a reversible capacity of 665.3 mA h g™ after 500 cycles at 0.3C
and exhibiting promoted reaction kinetics and a conformable
interface between the electrode and SSE.'** Besides, introducing
PEO, a polymer plasticizer, enabled the further improvement of
the interfacial wettability.**®

6. Anodes

The safety concerns of lithium anodes in Li-SPAN batteries
provoked tremendous efforts towards protecting the lithium
surface, constructing 3D anodes, and exploring substitutes to
lithium anodes.**'*® The prolonged cycle life evidences the
feasibility and superiority of anode modification strategies in
suppressing the growth of lithium dendrites and avoiding the
pulverization upon repeated redox cycles.'*

2D reduced graphene oxide (rGO) was coated on the surface
of the lithium anode to form a mosaic morphology full of
cracking gaps, through which Li" was able to transfer freely
with smooth plating and stripping. This protected lithium
anode was coupled with SPAN cathodes to deliver a reversible
capacity of 1200 mA h g~* for 1000 cycles at 1C."*° Li-based
alloys (e.g. Li-Al, Li-Au and Li-Si) were also prepared in
replacement of the ambient unstable lithium metal to
assemble a Li-ion-sulfur full cell with enhanced capacity
reversibility.”**** A full cell with SiO,/C as the anode and
prelithiated SPAN cathode showed a highly reversible capacity
of 616 mA h g " at a voltage plateau of 1.6 V.'** 3D composite
cathodes were fabricated by pressing and heating a mixture of
SPAN, MgO and lithium powder, in which an interface rich in

View Article Online
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Li;N and Li,S appeared on the surface of lithium (Fig. 9a). The
hybrid framework demonstrated a fast ion transfer and sup-
pressed lithium dendrite growth, enabling the inhibition of
the volume fluctuations during the cycle processes for higher
lithium activity and capability. A superb cell performance
compared to the bare lithium anode was delivered for 500
cycles without great capacity fading (Fig. 9b)."** Based on the
observation of lithium dendrites, a denser and regular deposit
was shown, revealing a stable lithium plating and stripping
process (Fig. 9c and d). An ultrathick lithium metal anode was
also reconfigured via overlithiating SPAN to provide a Li,S-rich
SEL.* When paired with a high sulfur loading SPAN cathode (5
mg cm %) and a lean electrolyte, the full cell with such an
anode was able to run for 400 cycles at a low capacity decay,
exhibiting promising prospects in the advancement of prac-
tical Li-S batteries.

Considering the reaction mechanism of SPAN in carbonate-
based electrolytes as well as its affinity to lithium, a new
configuration using SPAN as the anode for Li-ion batteries with
LiMn,0, (LMO) as the cathode exhibited an initial capacity of
1378 mA h g~ at 0.1C and retained 90.8% after 150 cycles.''
Further modification of phosphorus doping on the lithiophilic
matrix of SPAN led to a decrease of the voltage plateau of SPAN,
and an increase in energy density for Li-ion batteries.”»"” A
synthesized hybrid P-SPAN anode was designed to improve the
conductivity and relieve the huge volume expansion by intro-
ducing P-S bonds.®” These strategies are effective alternatives
for deposition and homogeneous distribution of lithium
towards robust cells with high safety, high energy density and
fastened reaction kinetics.*11116:1187120
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7. Conclusions and outlook

The inherent merits of SPAN such as environmental benignity
and low cost make it an attractive energy storage material with
great research interest and wide application prospects. With
SPAN as a promising cathode material, Li-SPAN cells exhibit
superhigh capacity, outstanding reversibility and prolonged
cycle stability compared to traditional Li-S batteries. There-
fore, a comprehensive summary of SPAN should contribute to
the fundamental understanding of the relationship between
material modification strategies and electrochemical proper-
ties. In this review, the concerns on the development of SPAN
cathode materials for Li-S batteries were summarized and
discussed in terms of organic chemical structures, redox
reactions and advances in cell performances with respect to
cathode synthesis, electrolyte optimization and anode
protection.

Nevertheless, the adoption of the SPAN cathode is chal-
lenging due to its unknown chemical structure and redox

This journal is © The Royal Society of Chemistry 2021

reaction mechanism. Great efforts have been involved to unfold
the puzzles of the sulfur binding manner within the pyridine
rings of pPAN, as well as the capacity contribution in the initial
discharge and the lithiation/delithiation process involving the
cleavage and reformation of C-S bonds. However, the current
achievements regarding the understanding of SPAN are still in
their infancy, and much more elaborate investigations are yet to
be carried out. Many in situ or ex situ examination technologies
such as X-ray absorption spectroscopy (XAS), sSNMR, XPS, time-
of-flight mass spectrometry (TOF-MS), etc., are subjected to
organic chemistry analyses, which would contribute to the
discernment of the bona fide mechanism, especially the
molecular change upon repeated redox reactions.

The processing temperature affords driving forces to fully
vulcanize the PAN matrix with a certain sulfur content in the
synthesis of SPAN. An appropriate temperature range at 300-
500 °C is suggested according to the statistics based on previous
reports. Besides, it is also worthy to consider the factors such as
timespan and vapor pressure.
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As for the cathode modification, highly smooth electronic
and ionic pathways are extremely required to obtain
outstanding electrochemical performances. Through the addi-
tion of multi-dimensional and extremely conductive carbon
materials or polar additives, SPAN with a modified morphology
and uniform dispersion endows the Li-SPAN cell with
promoted sulfur utilization and rate capability. Heteroatomic
doping is proven to be an effective strategy in optimizing the
molecular structure and enhancing the reaction kinetics. To
improve the active sulfur loading in cells, the development of
freestanding SPAN cathodes would be a feasible solution by
removing the binder and current collector. Four key factors
associated with the electrochemical properties, namely, sulfur
loading, initial discharge capacity, retained discharge capacity
after long-term cycling (post-cycle capacity) and cycle lifespan,
were thus extracted from reported data and are statistically
evaluated in Fig. 10. The discharge capacities of the initial cycle
broadly range from 1200 to 1800 mA h g™' in most Li-SPAN
cells, whereas the post-cycle capacities were preserved at 700-
1300 mA h g ! regardless of the cycle number and current rate
the engineers adopted (Fig. 10a, left panel). The clear capacity
gap between the initial and post-cycle remains to be overcome
by developing more effective strategies. Besides, most
researchers evaluate the lifespan and stability of their Li-SPAN
cells within 100-200 cycles (Fig. 10a, right panel), which is
probably insufficient to fairly assess their practical perfor-
mance. Principal component analysis (PCA) of the reported cell
performance was implemented to evaluate the contribution of
different modification strategies (Fig. 10b). The PCA plot shows
that a similar improvement can be gained by modifying the
cathode additive, elemental doping, and adopting a free-
standing cathode, while electrolyte engineering also exerts
a significant effect on the electrochemical performance of
SPAN. The detailed cell performances via these four modifica-
tion strategies were evaluated by the radar plots in Fig. 10c. They
all improve cell capacity, while the cycle life is still the key
concern to upgrade in the future. Because of the remarkable
influence of the electrolyte on both capacity and cycle life,
a combined approach of two or more strategies would further
promote the Li-SPAN cell performances in terms of sulfur
utilization, cycle stability and rate capability in virtue of their
synergic effect.

The binder and electrolyte are generally recognized as
essential components in Li-SPAN cells, which ensure the
structural stability of the cathode and ionic conduction in the
process of redox reactions. Some novel flame-retardant elec-
trolyte additives, GPEs and SSEs can alleviate the safety
concerns. Besides, ether-based electrolytes are favorably
compatible with the lithium surface, while carbonate-based
electrolytes afford much higher capacity with a long lifespan for
Li-SPAN cells. The structural stability of SPAN in these elec-
trolytes, nevertheless, needs to be extensively studied in the
future. Besides, novel redox mediators need to be explored in
order to better the redox reaction of SPAN.** Last but not least,
the development of full cell configurations is highly required to
render Li-SPAN cells with high energy density, in which
important parameters such as high sulfur loading, low
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electrolyte/sulfur ratio and novel lithium anodes without
dendrite growth are worthy of intensive investigation.

Conclusively, although progress has been made in the
development of highly efficient SPAN cathodes, the establish-
ment of low-cost manufacturing with a prolonged cycle life for
Li-SPAN batteries is still challenging. Continuous endeavor on
both material synthesis and cell engineering would surely make
the application of promising SPAN based Li-S batteries a reality,
hopefully in the nearest future.
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