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The sulfur cathode in Na/S batteries possesses a very high theoretical specific capacity of about
1675 mA h g* and specific energy of 1230 W h kg™ (which is over five times that of the LiCoO,
cathode in Li-ion batteries), besides high abundance and cost-effectiveness of the electrode materials.
The sulfur cathode in Na/S batteries undergoes various electrochemical processes, where a series of
soluble sodium polysulfides are formed during the discharge reaction, which adversely affects the
operation of the cell. Furthermore, the viable application of RT-Na/S batteries is severely challenged by
various obstacles, including their short-life and low-sulfur utilization, which become more serious when
sulfur loading is increased to the practically acceptable level of over 5 mg cm™2. Thus, there have been
innovative efforts in recent years to manipulate the physiochemistry of the matrix to overcome these
barriers toward the practical application of RT-Na/S batteries with an improved sulfur loading close to
practical limits. The rational design of the matrix (ie., physicochemical aspects) with a high-sulfur
utilization and long lifespan are two crucial challenges that Na/S batteries are experiencing currently and
require immediate attention to be addressed. This review highlights the recent progress on tuning
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the physiochemistry of the matrix through chemical and physical means to realize an improved
sulfur-loading. Particularly, basic insight into the chemical binding, strategies for mesoscale assembly,
unique architectures, and configurational innovation in the cathode are the specific focus. Finally, novel
strategies to improve sulfur-loading are proposed to guide the future development of high-sulfur
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rsc.li/materials-advances loading RT-Na/S batteries.

1. Introduction

There is growing interest in high-energy rechargeable batteries
for large-scale stationary energy storage.' Rechargeable lithium-
ion batteries with an energy density of about 180 W h kg™ * are
still the first choice for portable and mobile applications, but the
high cost of Li-ion batteries per kWh limits their use in stationary
storage applications.’® Besides, the performance of Li-ion
batteries has plateaued due to the fundamental limitations of
the electrode materials.

Recently, interest in sodium-sulfur batteries has been revived
due to their unique attributes, including high theoretical specific
capacity and energy density, high natural abundance and long-
term sustainability.” In addition, sodium-sulfur electrochemistry
offers several other advantages, such as (1) stable-operation,
(2) minimal self-discharge, (3) low-cost per cycle, (4) high energy
efficiency, and (5) non-toxicity.' Significant progress has been made
in high-temperature sodium-sulfur (HT-Na/S) battery technology
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owing to its high theoretical energy density (760 W h kg™') and
power capability with excellent durability for over 15 years or
2500 cycles."" HT-Na/$S batteries as cutting-edge technology have
found applications in space, electric vehicles grid storage, and
aeronautics.">'® Attempts have been made to utilize HT-Na/S
batteries for large-scale grid storage applications. For instance,
Kawakami and coworkers stabilized the fluctuating wind power
of about 51 MW using a 34 MW HT-Na/S battery system
in Japan." Similarly, other groups used HT-Na/S batteries for
load-leveling in wind-farms."> HT-Na/S battery technology has
matured over time and been well constructed and developed
mainly for large-scale storage applications. However, despite
these achievements, HT-Na/S is severely compromised regarding
safety due to its high operating temperatures (>300 °C), which
are required to achieve the desired ionic conductivity of the solid-
electrolyte. In addition, the reaction between molten sulfur and
sodium can liberate a high enthalpy of about —420 kJ mol ", which
may further contribute to an increase in the cell temperature.'®
Thus, the high operating temperature (300-350 °C), high initial cost,
corrosivity and low Coulombic efficiency of HT-Na/S batteries
challenge their long-term viability.
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In contrast to the HT-Na/S battery, the room-temperature
sodium-sulfur (RT-Na/S) battery offers a safe and reliable operation
with a low operating cost,'”*° delivering a remarkably high
theoretical specific energy of ~1230 W h kg '.?° Park and
co-workers proposed the idea of developing a room-temperature
analogue instead, which consists of a solid form of both sodium
and sulfur electrodes.>" This battery delivered an initial discharge
capacity of about 489 mA h g~*; however, it could only be cycled for
20 cycles with a drastic decrease (nearly tenfold) in its reversible
capacity. Wang et al.”® investigated for the first time the use of a
conductive polymer-PAN/S as the cathode material for RT-Na/S to
enhance both the cycling stability and performance of the cell.
The hybrid composite sulfur cathode exhibited an improved
performance of about 655 mA h g~'; however, the cell was
plagued with a low cycle-life (only for 18 cycles), while it retained
a reversible capacity of about 500 mA h g~ '. Subsequently,
significant progress has been made in the development of
state-of-the-art composite cathodes with remarkable progress
in the rate capability and ultra-long cycle-life.**** Recently,
attempts have been made to understand the charging/discharging
mechanism in Na/S batteries via both experiment and theoretical
modeling. Although the intermediate reactions are very complex,
the generally accepted discharging reaction in the RT-Na/S battery
follows Sg — Na,Sg — Na,S¢ — Na,S, — Na,S, — Na,S, where
the long-chain polysulfides, i.e., Na,Sg and Na,Ss, readily dissolve
in the electrolyte.>® In most cases, the dissolved polysulfides move
towards the anode (i.e., shutting effect) and hamper the anode
operation permanently, leading to rapid capacity fading and poor
cycling stability.”**” Polysulfide cross-over or shuttling can be
evaded partly through physical or chemical trapping by the matrix,
ie., carbon scaffold, in most cases.?® Extensive research efforts
have been focused on finding better matrix materials that can
offer great absorption sites for the long-chain polysulfides to
bind without compromising with electronic conductivity of
the electrode materials. However, the key challenge with this
technology is the low sulfur loading, which lowers its capacity
and the overall specific energy.

Although good progress in the electrochemistry of cathode
composites has been achieved in recent years, the low sulfur
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loading, which is below 3 mg cm™?, eventually hinders the cell
from reaching its unprecedented theoretical value. Further-
more, when attempts were made to improve the sulfur loading
in the cathode, the performance of the cell was observed to
deteriorate rapidly due to the lack of efficient binding sites,
strong inter-particle interaction, and optimized ratio of electro-
lyte and sulfur (ie., E/S).** Thus, to achieve a high specific
energy, it is urgent to increase the loading (>3 mg cm™?) and
weight percentage of sulfur.>® Pope et al. reported different
cathode architectures for Li/S batteries, where they analyzed the
specific energy as a function of the sulfur loading.*' They
identified that a higher specific energy of about 400 W h kg ™"
could be achieved with sulfur loadings greater than 2 mg cm 2.
It is evident that an increase in the sulfur loading has a profound
impact on the practicality of metal-sulfur battery systems. Several
research groups have presented impactful reviews on the Na-S
battery;**> however, this mini-review introduces the key issues
and different aspects of the matrix towards the development of a
high loading sulfur cathode for RT-Na/S batteries. Particularly,
the recent advances with a judicious combination of different
composite materials and representative physical and chemical
aspects of cathode engineering are summarized, as schematically
depicted in Fig. 1. In addition, novel strategies to improve the
sulfur loading are proposed to guide the future development of
high-sulfur-loading sulfur cathodes for RT-Na/S batteries.

2. The physio-chemistry of the matrix
for sulfur cathodes

A room-temperature Na-S battery is comprised of a sulfur
cathode, sodium metal anode, and a separator soaked in a
liquid electrolyte, as depicted schematically in Fig. 2. The sulfur
cathode, which consists of elemental sulfur particles, binder,
and conductive filler, undergoes severe chemical and structural
changes during the charge/discharge reactions. The chemical
and physical changes that occur in the matrix mainly dictate
the stability of the sulfur cathode and kinetics of the conversion
reactions. Although the charge/discharge reactions are very
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Fig. 1 Schematic illustration of the rational design of the matrix for high-loading sulfur cathodes for RT/Na-S batteries.
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Fig. 2 Schematic representation of an RT-Na/

battery.

complicated, the intermediate reaction steps that occur during

the reactions are presented below through a series of reactions
(eqn (1)-(4)).>*7°
Sg + 2Na" + 2~ — Na,Sg (solid-liquid transition;

~2.20 V vs. Na/Na") (1)
Na,Sg + 2Na* + 2~ — 2Na,S, (liquid-liquid transition;

2.20-1.65 V vs. Na/Na') (2)

2 2 4
Na,S4 + gNaJr + 567 — 5N8.253

(liquid—solid transition; ~ 1.65 V vs. Na/Na™)

(3)
Na,S4 +2Nat 4+ 2e™ — 2Na,$S,
Na, Sy + 6Na' + 6e~ — 4Na,S
Na,S, + 2Na' +2e~ — 2Na,S (solid-solid transition;
1.65-1.20 V vs. Na/Na") (4)

The overall reaction during the discharge process can be
expressed as:

Anode: 2Na — 2Na* + 2e~

Cathode: 1/8Sg + 2Na” +2e~ — Na,S

The reduction of Na* ions occurs at the cathode, where sulfur
gains electrons and combines with the sodium ions to produce
a range of polysulfides (Na,S,,), ranging from long-chain (4 <
n < 8) to short-chain polysulfides (1 < n < 4).*° The dissolution
and diffusion of sodium polysulfides upon the oxidation of
Na,S, (x = 1) provide mediators for the redox reactions to
enhance the insulating nature of the elemental sulfur (5 x
107%° S em '@25 °C) and Na,S.*>*” Due to the high solubility
of the reaction intermediates, they shuttle between the anode
and cathode, leading to polysulfide shuttling. The shuttle effect
for RT-Na/S is even more severe than that of the Li-S battery,
and consequently large volume fluctuations (about 170%) occur,
leading to the structural collapse of the cathode during repeated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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charge/discharge cycles.***' The aforementioned issues primarily
restrict the proper utilization of sulfur materials and mainly
contribute to the low specific energy of RT-Na/S.** With an increase
in the sulfur loading, the performance of the battery deteriorates
even faster due to the limited diffusion of sodium ions and low
accessibility of the electrolyte. All these factors severely affect the
battery performance (including low Coulombic efficiency, self-
discharge, loss of sulfur and its dissociated products, and fast
fading rate’’) and hamper the further development of RT-Na/$
batteries. Therefore, the rational design of the matrix materials,
which can overcome the aforementioned issues, is crucial to
realize the practical use of RT-Na/S batteries.

2.1 Chemical aspects

The sulfur cathode contributes two electrons to the reaction
and offers a high theoretical capacity of about 1675 mA h g~ *.*3
However, it is immensely challenging to extract the theoretical
capacity from sulfur cathode due to two major challenges. Firstly,
the dissolution of high-order polysulfide intermediates (Na,Sg—
Na,$S,, ie., long-chain polysulfides) in organic electrolytes causes
severe sulfur loss in the cathode, reducing the cycle-life of RT-Na/S.
The dissolution of the high-order polysulfides also requires a
flooded electrolyte (FE) to achieve a high power density, sacrificing
the total energy density. Secondly, Na plating/stripping continuously
consumes the Na-metal anode and electrolyte during cycling, which
requires excess Na-metal and electrolyte, thus further reducing the
Coulombic efficiency and energy density of RT-Na/S.

To date, numerous strategies and different material chemistries
have been developed to modify the matrix (ie., sulfur host) and
minimize dissolution of sodium polysulfides. To promote the
kinetics of the conversion reactions, a chemically modified sulfur
matrix has been demonstrated as a potential solution to enhance
the performance of RT-Na/S batteries.

2.1.1 Chemical binding. The poor ionic and electronic
conductivity of the elemental sulfur cathode can be greatly improved
through chemical modification of the sulfur matrix. The approach
that has been investigated for improving the electronic conductivity
is based on the coating technique,***> which mainly involves
coating a thin polymeric material to promote the inter-particle
contact and chemical trapping of the dissolved intermediate
sodium polysulfides.*®*” Attempts have been made to design
and develop various matrices with diverse chemical structures and
morphologies,*® which have significantly improved the stability of
the sulfur cathode during the charge/discharge reactions. However,
the chemically modified structure could not prevent capacity fading
during cycling, which may likely be due to the weak interparticle
chemical interaction within the electrode materials. It is noteworthy
that the chemical coating alters the chemical structure of the matrix,
but most polymer coatings examined to date do not establish good
chemical interaction with the sulfur particles. Given that the weak
interactions can be easily broken upon high-volume changes during
cycling, it is nearly impossible to prohibit capacity fading using the
chemically modified matrix approach.**>!

The other aspect that can be employed is to use binders to
alter the chemical functionality of the matrix instead of polymeric
coatings. The chemically altered binder approach greatly improves

Mater. Adv,, 2021, 2, 4165-4189 | 4167
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the structural integrity of the cathode.’®>* Although the binder
accounts for only about 2 to 10 wt% of the overall electrode
material, it plays a critical role in ensuring the stable performance
of batteries. The primary function of a chemical binder is to
provide (i) strong inter-particle adhesion and binding, (ii) abun-
dant adsorption sites to adsorb or absorb the discharge products,
and (iii) a robust and interconnected structure to prevent pulver-
ization of the cathode material during volumetric contraction/
expansion during the charge/discharge reactions.>®™’ Tradition-
ally, linear binders, such as poly(vinylidene-fluoride) (PVDF), have
been used to form cathode films for RT-Na/S batteries. The polar
groups (i.e., -CF,) of the PVDF binder molecules facilitate the
adhesion among various components of the cathode, which
include sulfur particles, conductive fillers, and the current collector.
In addition, the van der Waals forces among the polymer chains
provide good elasticity to accommodate the volume change upon
repeated discharge/charge cycles. It is important to note that the
volume change in the sulfur cathode is many times that of the
conventional oxide cathode,*®*® and thus the PVDF binder encoun-
ters a significant challenge in ensuring long-term stability of the
cathode, especially when the sulfur loading is high or close to the
practical limits. Accordingly, by altering the molecular structure and
surface chemistry of the binder molecules, researchers can explore
alternative binders to promote better mechanical properties.””*
Polar functional groups, for instance, -OH, and -COOH, have been
incorporated to form covalent bonds with S-C composites and the
substrate. Recently, Alex and co-workers tailored the binder inter-
actions with the cathode materials through -COOH functional
groups to gain a better perspective towards binder assembly.”*
Carboxyl-containing binders were utilized as an alternative to the
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traditional PVDF binder due to the relatively stronger interaction of
their polar groups with sodium polysulfide. Polyacrylic acid (PAA)
binder, which behaves as a trap for the soluble sodium polysulfides
during the sodiation cycles, can readily adsorb sodium polysulfide.
The adsorption of sodium polysulfide was validated through
theoretical calculations. For example, the binding energy of
Na,S for PAA binder is about 2.02 eV, which is nearly 60% that
of the PVDF binder (binding energy of about 1.20 eV). Scanning
electron microscopy (SEM) images revealed the uniform parti-
cle distribution on the cathode surface for a PAA-based sulfur
cathode, whereas the PVDF-based cathode contained large
fractures and showed lower contrast due to the passivation
layer on its surface (see Fig. 3a-d). As schematically illustrated
in Fig. 3e, a conjugated pyridine-like backbone confirms the
cyclization in forming strong interactions between C—C and
C=N bonds. The strong bonds formed with the carboxyl
groups potentially act as a chemical trap if discharge products
are inadvertently formed during sodiation. Consequently, due
to these strong interactions, a sulfur content as high as 41 wt%
could be achieved and the mass loading of the active material
could reach about 1.8 mg cm 2. Due to the locally modified
matrix structure, the rate capability tests showed high specific
capacity values for the PAA-based cathodes of 1023 mA h g™,
920 mA h g " and 800 mA h g " at 1C, 2C and 4C, respectively.
In contrast, the PVDF based cathode exhibited a much lower
specific capacity of 554 mA h g~' at a C-rate of 4C.

Besides PAA, a hybrid sodium alginate-polyaniline matrix
binder was also developed and observed to play a crucial role due
to its inherent stiffness and swelling properties.®" In contrast to the
conventional binder (see Fig. 3f), sodium alginate could preserve

Sodiation

Desodiation

Conventional
binder

Sulfur Sodiated Sulfur

Polysaccharide
binder

Fig. 3 SEM images of (a and c) PVDF cathode and (b and d) PAA cathode at different magnifications. (e) Schematic illustration of the sulfur bonding
modes in S-PAN with the corresponding sodiation/de-sodiation reaction. Reproduced with permission.>* Copyright 2020, The Royal Society of
Chemistry. (f and g) Schematic of the proposed role of the conventional and polysaccharide binder to counteract the volume expansion of sulfur during
sodium-ion insertion. Reproduced with permission.®* Copyright 2019, the American Chemical Society.
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Fig. 4 (a) Chemical structure of copolymer by reaction of Ca monomer with sulfur. Reproduced with permission.*® Copyright 2017, the American
Chemical Society. (b) Schematic representation of the synthetic processes of C-BSA, C-BDSA, and SC-BDSA. Reproduced with permission.®? Copyright
2019, John Wiley and Sons. (c) Schematic illustration of the synthesis of SC. Reproduced with permission.®® Copyright 2019, The Royal Society of
Chemistry. (d) Synthetic route of a covalent sulfur—carbon composite via the solvothermal strategy. Reproduced with permission.®* Copyright 2020, the

American Chemical Society.

the structural integrity of the sulfur cathode during the sodium
insertion and extraction process, as shown in Fig. 3g. In addition,
the hybrid binder of sodium alginate-polyaniline could serve as a
conductive matrix to facilitate the movement of ions and electrons
and ensured a sulfur loading of about 2.05 mg cm ™2,

Another broad approach of covalent fixing can reinforce the
strong chemical binding interactions between the sulfur chains
and the host molecules. Consequently, Arnab et al.*° reported a
sulfur-embedded polymer matrix as the host for the cathode
material for RT-Na/S batteries with a high sulfur loading of
about 90 wt%. The sulfur co-polymer was obtained via a thermal
ring-opening polymerization strategy using cardonol-based benzox-
azine as the co-monomer (CS-90) (see Fig. 4a), which was then
incorporated with reduced graphene oxide (CS-90/rGO). Besides the
high reactivity of the co-monomer, the presence of multiple active
sites prompted the co-monomer to anchor the polysulfane chains,
resulting in an average S-loading of about 2.14 mg cm™2. The high

Similarly, Wu and co-workers proposed a covalently bonded sulfur—
carbon composite with benzenedisulfonic acid (SC-BDSA) with
-SO;H and SO, as the sulfur source in an RT-Na/S battery system,
which ensured an active mass loading of ~3 mg cm™ 2% Fig. 4b
schematically illustrates (1) a short-chain sulfur-carbon composite
with a sulfur content of 8.53 wt%, (2) replacing benzenesulfonic
acid with di-substituted benzenedisulfonic acid (BDSA) with an
increased sulfur content of 18.33 wt% and (3) replacing the salt
template with potassium sulfate, resulting in a high S-content of
40.07 wt%. Due to the O-S/C-S bridge bonds present in the sulfur
species, high conductivity can be maintained to provide excellent
interfacial contact among the particles in SC-BDSA. Consequently,
the RS,0, units formed on the surface of the complex matrix can
act as an internal mediator to strongly bind the long-chain sodium
polysulfides in the electrolyte. This results in catenating polythio-
nates, which trigger their conversion to short-chain sodium poly-
sulfides, as depicted in the following reaction.

o (0]

” 2- ” 2- R: carbon matrix
l R—S—S I + Na,§, ==—= |R—S—S§,,—S| Na,S, (x >4;y <3)

(0]

binding effect of the covalently bonded active sulfur with the
organic moiety units alleviated the dissolution effect of the sulfur
species during cycling. However, the cathode delivered a capacity
of 285 mA h g " after 100 cycles at a current density of 0.6C.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The cell exhibited high cyclic stability of 1000 cycles with a
minimal decay rate of 0.035% per cycle with a reversible
capacity of 452 mA h g ' at 2500 mA g ' and an initial
discharge capacity of 696 mA h g .
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Considering the covalent binding effect with sulfur, another
group demonstrated the idea of confinement to boost the binding
of sulfur with the matrix. Sulfur atoms were confined to a carbon
matrix, which was named “thioether bond-functionalized carbon
(SC)”.* This can be an effective approach to mitigate the dissolu-
tion effect of soluble polysulfides. They investigated if the devel-
opment of sulfur atoms bonded to carbon species can protect the
system from reduced sulfur species of long chain-polysulfides
owing to the generation of soluble sulfur species (S>~ and S,>")
in the routine carbonate electrolyte. SC, containing a thioether
bond, can be untied through voltage scissors in the voltage range
of 0.01-0.5 V vs. Na/Na" and the cell can deliver a large reversible
capacity for sodium storage. The insoluble reduced sodium species
were then incorporated in the carbon defects induced by the
cleaved sulfur (see Fig. 4c), overcoming the detrimental trans-
formation to long-chain polysulfides. However, despite their
effort to suppress the shuttle effect, the active material loading
obtained was very low at 0.9-1.1 mg cm™ 2. Recently, Li et al.®*
studied the in situ preparation of covalent configured carbon
sulfur through the wet-chemical solvothermal strategy using
carbon disulfide as the precursor in the presence of red phos-
phorus. S-C bonds were formed with the uniform distribution
of sulfur on the periphery and interior of the carbon skeleton, as
depicted in Fig. 4d. The ease of access of sodium ions between
the carbon interlayer could activate the sulfur species electro-
chemically under 0.5 V. They claimed that the enlarged inter-
layer spacing of ~0.4 nm allowed the free transportation of
sodium ions into the matrix, which reacted with sulfur, allowing
it to behave as a capacity donor in the subsequent cycles.
The covalent cathode composite maintained a high reversible
capacity of 811.4 mA h g~ ' after 950 ultra-long cycles at 1.6C.
Additionally, the covalent-S—C electrode delivered a remarkable
capacity of 700 mA h g~ " at 8.1C.

2.1.2 Dopants. Besides the exceptional effect of chemical
binding on the battery performance, most of the binders are
electrochemically inactive and add to the dead weight of the
cell and increase the thickness of the materials, and hence the
charge-transfer resistance. Therefore, to tune the interaction
between sulfur particles and the matrix, other strategies, such
as elemental doping of the matrix, have been examined in
recently and identified to be highly effective. Due to the multi-
functional aspects of elemental doping, i.e., enhanced sulfur
loading, improved conversion kinetics and good electronic
conductivity of the matrix, various elemental dopants, such as
N, B, and P have been examined.®**°

Recently, Zhang et al.”® developed an elemental cobalt (i.e.,
atomic cobalt)-doped hollow carbon nanosphere matrix for the
sulfur cathode, and reported an improved sulfur loading of
about 5 mg cm™ . Due to the strong polar interaction between
the Co and S atoms, the matrix could accommodate a high
loading of sulfur with improved kinetics in the conversion
reactions. Theoretical calculations were performed to under-
stand the kinetically fast reaction of Na,S with the Co-doped
matrix, as shown in Fig. 5a and b. The strong binding with the
doped matrix allows a complete sodiation reaction, which effectively
alleviates the shuttle effect and improves the cycling stability.

4170 | Mater. Adv, 2021, 2, 4165-4189
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The matrix doped with Co-atoms allows the facile adsorption of
sodium polysulfides due to the relatively low or negative energy
barrier for the adsorption reaction, as shown in Fig. 5c. Thus,
this enabled stability for over 600 cycles at a current density of
100 mA g~ '. The matrix without Co dopant could deliver an
initial reversible of 1209 mA h g~ " with a rapid decay in the capacity
of 271 mA h g~ after 600 cycles. Significantly, the addition of cobalt
clusters within the matrix enhanced the utilization of sulfur, where
the sodium polysulfides confined within the shell of carbon could
be catalytically reduced to Na,S. This attenuated the dissolution of
polysulfides based on the polar-polar interactions, as illustrated in
Fig. 5d and e.

Zheng et al. studied “a highly feasible nano-copper-assisted
immobilizing sulfur in high-surface-area mesoporous carbon
(HSMC)” prepared via the multiple wetness impregnation and
synchro-dry method with a S-content of 50 wt%.” In addition
to the physical encapsulation of sulfur in the mesoporous
carbon, sulfur was also chemically stabilized with the copper
nanoparticles, resulting in enhanced conductivity in the composite
cathode. The HSMC-Cu-S cathode delivered a high discharge
capacity of about 610 mA h g~ ' at 0.03C after 110 cycles with a
high Coulombic efficiency of about 100%. Despite the high initial
discharge capacity of ~1000 mA h g~' and improved kinetics
offered by the inclusion of the copper cluster in the matrix, the
feasibility of the system was hindered due to its low sulfur loading
(~1 mg cm > with 50 wt% S-content). Similarly, Zhu et al”*
modified the carbon matrix with 0.14 at% iron atoms and nitrogen
to develop a hybrid sulfur cathode. The nitrogen-doped carbon
nanospheres can expedite the transport of ions and electrons,
whereas the iron atoms serve as catalytic sites for stronger
chemical interaction and conversion for the discharge products
of sulfur. The hybrid cathode could deliver a reversible capacity of
359 mAh g ' and 180 mA h ¢~ ' at a current density of 0.1 A g™*
and 1 A g™, respectively, with a high coulombic efficiency of about
100% after 200 cycles. Recently, Wang et al. introduced “an
effective sulfiphilic matrix,” i.e., gold nanodot-decorated hierarch-
ical N-doped carbon microspheres (CN/Au/S).”* Due to the high
affinity of CN/Au towards sulfur atoms, a high sulfur content of
about 56.5 wt% could be achieved. The matrix doped with gold
nanodots (i.e., CN/Au/S) exhibited a higher binding energy for
sulfur atoms compared to the matrix without dopant, indicating
the strong interaction between the sulfur particles and gold
nanodots, consequently trapping the sodium polysulfides dur-
ing the cycling process. Apparently, the high binding energies of
the elemental sulfur and sodium polysulfides upon the addition
of gold clusters demonstrate their effectiveness in achieving a
higher sulfur loading. The presence of gold nanodots enhanced
the adsorption between the matrix and polysulfides (Na,S,; 4 <
n < 1), which helped alleviate the shuttle effect to a great extent.
The as-modified matrix in the sulfur cathode exhibited long-
term cycling stability, retaining a capacity of about 430 mA h g™ *
after 1000 cycles, and a reversible capacity of about 369 mA h g~*
after 2000 cycles at a current density of 2 A g ' and 10 A g™/,
respectively. This is attributed to the fact that sulfur and its
discharged species show higher absorption energies over CN/Au
compared to the matrix without gold nanodots, as shown in Fig. 5f.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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carbon hosting sulfur (S@HC), respectively. Reproduced with permission.”

In addition, the lower Gibbs free energy change for the gold
doped matrix suggests the spontaneity of the reaction, resulting
in enhanced adsorption capability, which efficiently mitigates
the polysulfides shuttling, as shown in Fig. 5g.

Intrigued by the effect of elemental doping, Li et al.”~ altered
the SPAN matrix with tellurium atoms to form a sulfur cathode
for RT-Na/S. The reaction kinetics were greatly improved with a
high sulfur content of about 47.77 wt% of the active material.
The tellurium-doped SPAN enhanced the reversible kinetics of
the system (see Fig. 5h) with improved reversibility. Besides
the fast reaction kinetics and the high electrochemical perfor-
mance of Teg 04S0.06@PPAN, a high sodium ion diffusion coeffi-
cient and a higher electronic conductivity of at least 1.6 times
that of pPAN@S could be achieved with Teg 04S¢ 0s@pPAN. The
cycle-life of over 600 cycles was attained with the Teg 4S0.06@
PPAN cathode, retaining a discharge capacity of about
970 mA h g~ " at 0.5 A g~ " with a decay of about 0.015% per
cycle. Due to the unique attributes of the Teg 4S0.06@pPAN

l. 72
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cathode (i.e., high electronic and ionic conductivity, and fast
conversion kinetics), it demonstrated an excellent rate capability
at various current densities (0.1 Ag " to 6 A g ). It is apparent
from the literature that the chemical modification of the matrix
of the sulfur cathode significantly improves the battery perfor-
mance, and it is anticipated that the role of chemical binding
will create more opportunities to further improve the sulfur
loading without compromising the fast reaction kinetics.

2.2 Physical aspects

The poor ionic conductivity of sulfur and relatively large size of
Na' ions result in extreme electronic and mechanical stress in
the matrix.”>”® Therefore, it is desirable for the matrix to have a
provision for altering the electronic conductivity to improve the
electron transfer between the electrode/electrolyte interface
without experiencing volume changes upon charge-discharge
in the sulfur cathode. Due to limited availability of electronic
and ionic sites in the conventional matrix, the RT-Na/S battery
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loses its capacity very fast.”” Thus, to promote the electrochemical
stability, different strategies have been developed to alter the
physical structure of the matrix (i.e., 1D, 2D and 3D structures)
to concomitantly restrict polysulfides at the cathode and virtually
eliminate their dissolution in the electrolyte.

2.2.1 One-dimensional matrix materials (1D matrix). A
significant achievement has been made in altering the structure
of the matrix materials to overcome the weak-interaction between
sulfur particles and the matrix materials.”® One-dimensional
nanofiber matrices, such as polyacrylonitrile (PAN), have
previously been used due to the infusion of sulfur particles
and widely utilized as a cathode material due to their high
electronic conductivity for both lithium-sulfur and sodium-
sulfur batteries.>*”?"% Hwang and co-workers®® reported a poly-
acrylonitrile-derived carbon/sulfur composite matrix to support
the cathode material for the RT-Na/S battery. The sulfur content
obtained was about 31.42 wt%. The one-dimensional (1D)
matrix, ie., PAN nanofibres with a uniform diameter of
~160 nm, was prepared via an electrospinning method. The
sulfur was infused under heat treatment with sulfur powder,
which resulted in a 1D matrix structure in the PAN@C/S
composite cathode. The 1D matrix, which was composed of
“n-conjugated ring structures covalently bonded to sulfur species,”
could deliver an excellent electrochemical performance due to its
(1) high electronic conductivity to facilitate electron transfer,
(2) polar groups to alleviate the dissolution of sodium polysulfides,
and (3) facilitating the kinetics of the conversion reactions. Further-
more, by employing the 1D structure of cPANS with a controlled
morphology, the cathode could deliver cycling stability for over
500 cycles at 0.1C, as shown in Fig. 6a and b. The 1D matrix
could enable a total sulfur loading of about 1.0-1.2 mg cm 2.
However, despite the appreciable electronic conductivity and
excellent stability, a desirable sulfur loading (>3 mg cm™?)
could not be achieved. Li et al. analyzed a 1D framework of
selenium disulfide with pyrolysed PAN (pPAN).** The 1D matrix
maintained a large aspect ratio with the added advantages of a
high surface area and directional propagation of ions. pPAN/SeS,
as a cathode for an RT-Na/S battery at a current density of 1 Ag ™"
could deliver an initial discharge capacity of about 1043 mAh g~*
and a stable specific capacity of about 800 mA h g~ ' after
400 cycles. With an increase in the current density, pPAN/SeS,
exhibited a capacity of ~302 mA h g " even at 5 A g " and the
sulfur loading that could be achieved was about 2 mg cm™> with
a mass content of nearly 63 wt%. The high sulfur loading could
be credited to the multi-functionality of the 1D matrix-based sulfur
cathode, including its high surface area and amorphous structure.
PPAN/SeS, exhibited improved chemical reaction kinetics, high
sulfur utilization and a robust matrix structure, enabling it to
withstand the constant volume changes during cycling.

Generally, metal oxides are non-conductive with abundant
active polar sites due to their oxygen ions. A judiciously
designed metal oxide with polar sites may lead to a higher
loading of sulfur, and simultaneously exhibit a high volumetric
energy density with limited diffusion of polysulfides.?”*® Ma
et al. implemented a new strategy for mitigating the shuttle
effect by employing an amorphous structured transition metal
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oxide on a ferroelectric-encapsulated composite cathode to
achieve high ionic transport across the electrode materials.®®
The composite cathode was fabricated through a carbonization
process and melt diffusion strategy with the active mass loading
of about 1.2-1.4 mg cm™ >, as shown in Fig. 6¢c and d. The
electrochemical results for CSB@TiO, were compared with that
of pure C/S and C/S/BaTiO3, and it was found that the hybrid
cathode CSB@TIO, exhibited a superior performance. This can
be attributed to the synergistic morphology of the atomic layer
deposited layer on the surface of C/S/BaTiO;. The CSB@TiO,,
C/S/BaTiO;, and C/S electrodes displayed a specific capacity of
1020 mAh g ', 1101 mAh g ' and 1120 mA h g™, respectively,
where a high reversible capacity of 611 mA h g* could be
retained for the CSB@TiO, cathode after 400 cycles. The cycling
performance was evaluated at an even higher sulfur loading of
about 3.3-3.5 mg cm 2, and the initial specific capacity at
0.5 A g~' was 1055 mA h g~' for C/S, 1040 mA h g for
C/S/BTO and 967 mA h gf1 for CSB@TiO,. Unconventional
battery systems using cable-type configurations have been
recently explored to provide an efficient capacity for battery
devices.®® Xin et al. reported a composite cathode comprising
co-axial cable-like carbon nanotubes with a mean diameter of
0.5 nm in a sulfur-infused microporous carbon matrix.** S/CNT@
MPC exhibited a sulfur content of about 40% with an overall active
material loading of 1 mg cm ™. The cable-like structure provides a
facile pathway for the movement of ions and electrons (Fig. 6e)
without deteriorating the attributes of the 1D microporous matrix.
The cathode with small sulfur molecules could deliver a high
capacity of 1610 mA h g™" in addition to displaying a high rate
performance of 815 mA h g~ " even at a high C-rate of 2C. The high
performance of S/CNT@MPC was attributed to the complete
reduction of sodium polysulfides. An ultra-microporous carbon
with a pore diameter of less than 0.7 nm can be more effective in
providing better absorption sites for entrapping sodium
polysulfides.”® The matrix was fabricated through an activation-
free approach, and the elemental sulfur particles were infused
under thermal treatment. Owing to the ultra-microporosity in the
3D matrix, the cell could deliver a reversible discharge capacity of
392 mA h g " after 200 cycles with a high Coulombic efficiency
close to 100% at 1C.

2.2.2 Two-dimensional matrix materials (2D matrix). Owing
to the high surface area, good electronic conductivity, and porous
structure, carbon-based composites have widely been used as a
2D matrix for sulfur cathodes in Li-S battery systems.”'°® Kim
and co-workers reported a 2D matrix-based carbon/sulfur com-
posite cathode, which was synthesized using an activated carbon
precursor with a high pore volume (0.7932 cm® g™ ') and surface
area (1696 m* g~ 1), delivering a high discharge capacity of about
855 mA h ¢~ ".%” The conventional cathode comprising a mixture
of sulfur particles, PVDF and super-P conductive fillers exhibited
a homogeneous well-distributed porous structure with a clean
surface. However, after a few tens of cycles, nanometre-sized
overgrown particles on the surface in direct contact with the
electrolyte were observed on its surface. The particles were
determined to be deposits of sodium polysulfides (Na,S,; 1 <
n < 3). Conversely, a 2D matrix with composite sulfur cathode

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Rate performances of the electrospun c-PANS NFs and c-PANS powder measured at various C-rates. The C-rates were the same for both

charge and discharge in each cycle. (b) Capacity retention and Coulombic efficiencies of c-PANS NFs. The sample was measured at a low C-rate of 0.1C
(0.025 A g~ total) in the first two and final ten cycles, but at a higher C-rate of 1C (0.22 A g~ total) in the cycle range of 3-500. Reproduced with
permission.®* Copyright 2013, the American Chemical Society. (c) Schematic illustration of the preparation of the CSB@TiO; electrode. (d) Photograph of
the CSB@TIO; free-standing electrode. Reproduced with permission.8> Copyright 2018, John Wiley and Sons. (e) Electrochemical reaction between S
and Na* ions during the discharge process in S/(CNT@MPC). Reproduced with permission.¢ Copyright 2013, John Wiley and Sons.

could maintain a reversible capacity of about 521 mA h g~ " with
a Coulombic efficiency of ~100%. However, although it could
maintain a good specific capacity, the capacity fade per cycle
and decay in the Coulombic efficiency were very high, which
could likely be due to the partial attachment of the sulfur
particles to the solid electrolyte layer. The capacity fade may
also be contributed by the resistive nature of the SEI. In
addition, the decay can be ascribed to the increased thickness
of the coated material on the metal foil, which impedes

© 2021 The Author(s). Published by the Royal Society of Chemistry

electrolyte infiltration inside the material, resulting in slower
kinetics of the discharge reactions. Hu and co-workers used
elemental sulfur particles to coat nanosized composites with a
suitable promotor to accelerate the kinetics of the sulfur
reactions.’® Accordingly, pre-milled commercial sulfur (10 pm
average size) with processed nanocarbon as the promotor was
utilized as the composite cathode material for RT-Na/S. The TGA
results depicted a high loading of sulfur, i.e., about 61.1 wt%
and a S-loading of 0.8-2.0 mg c¢cm > could be maintained.
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The increased performance using processed carbon compared
to the pristine carbon can be attributed to the increased number
of vacancy defects for the processed nanocarbon with an
increased pore volume of <0.7 nm. Based on the Raman shift
(1516-1541 em ™ ') and differential scanning calorimetry curves
(shaded region), a greater number of defects was observed in the
processed nanocarbon compared to the pristine carbon (Fig. 7a
and b). The facile nanocarbon was processed via a high energy ball
milling process, resulting in an enhancement in the specific capacity
in the sulfur cathode from 400 to 713 mA h ¢~ " at a Crate of 0.2C.
The cell delivered a high reversible capacity of >700 mA h g~ ' with a
retention rate of about 98.2% at 0.2C after 200 cycles, maintaining a
Coulombic efficiency of ~100% (see Fig. 7c).

Recently, an effective polysulfide anchoring composite was
formulated by Sajjad and co-workers, where they studied
2D polar nitrogenated holey graphene (C,N) and non-polar
polyaniline (C;N).' The bilayer polar C,N was superior to
the non-polar C;N in terms of its efficiency as an electrode
enhancer for improving the conductivity of the sulfur cathode,
thus attenuating the shuttle phenomena. A pure carbonaceous
material system is relatively less or non-polar in nature, which
impedes its practicality due to the weaker binding in confining
the metal polysulfides.'®’'** Recently, researchers have
exploited metal-based composites as a possible matrix for the
sulfur cathode owing to their highly polar nature and remark-
able theoretical specific capacity values.'% ™% Attributed to the
highly polar sites within the 2D metal-based composite matrix, the
additional benefits of strong “sulfiphilic” sites can be exploited.'*®
Consequently, an allotrope of molybdenum sulfide as the cathode
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has recently been examined with the aim of enhancing the loading
of sulfur for the sulfur cathode in the RT-Na/S battery system. Ye
et al. reported an amorphous structured MoS; a “the sulfur-
equivalent cathode material” for RT-Na/S batteries.”® A remark-
able loading of about 7.1 mg cm ™~ was achieved for the MoS;/S
composite cathode, which is attributed to its unique atomic
arrangement, where the Mo atoms were bridged between the sulfur
and di-sulfur ligands. MoS; as a cathode exhibited good electro-
chemical cycling stability for over 1000 cycles at 0.45 A g~ with a
Coulombic efficiency of ~100%, as shown in Fig. 7d. At a current
density of 0.5 A g, the cathode maintained the initial discharge
capacity of ~248 mA h g~' with ~76% capacity retention after
200 cycles, as illustrated in Fig. 7e. Operando X-ray absorption
spectroscopy (XAS) was performed to observe the S K-edge XANES
spectrum in the sulfur composite during the charge-discharge
process. Profound changes were observed during the discharging
of the sulfur cathode, which could be due to the strong interaction
between the sulfur and sodium ions, as shown in Fig. 7f.

Kim et al. developed a flexible 2D matrix using a SPAN web/S
composite as the cathode material for the RT-Na/S battery.*?
The flexible web was prepared through a two-step electrospinning
method followed by pyrolysis. The sulfur content was estimated
to be about 41 wt%. The as-developed cathode exhibited good
stability for over 200 cycles without any deterioration, dents, or
cracks. The discharge capacity of about 343 mAh g, 257 mAh g™,
and 266 mA h g~* could be achieved in the 1st, 2nd, and 200th
cycles, respectively. Zhu et al. studied carbonized PAN (cPAN)
with sulfur as a sulfur cathode for the Na/S battery system."%’
The sulfur loading was estimated to be about 0.79 mg cm >
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Fig. 7 (a) Raman spectra and (b) DSC curves of pristine and processed C. (c) Cycling performance at 0.2C. Reproduced with permission.’® Copyright

2020, Elsevier. (d) Cycling stability and corresponding Coulombic efficiency at 0.45 A g~ (e) Cycling stability of a high-loading electrode (7.1 mg cm™

2)at

0.1 mA cm™2 for the first few cycles, and subsequently 0.5 mA cm™2. (f) Evolution of S K-edge XANES spectrum during sodiation. Reproduced with

permission.®® Copyright 2017, National Academy of Sciences.
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The cell delivered a discharge capacity of about 311 mA h g, while
maintaining a high Coulombic efficiency of ~100% after 100 cycles.

Recently, Ma and co-workers examined a “carbon-wrapped
nano-cobalt anchored graphene aerogel.”''® The matrix was
fabricated through a heat-treatment method with Co/rGO and S in
the weight ratio of 6:4, as illustrated in Fig. 8a-c. The framework
of the graphene aerogel could provide a platform for successfully
entrapping the sulfur particles, while the Co nanoparticles accel-
erated the kinetics of the conversion reactions, as shown in
Fig. 8d-g. In addition, the nano-sized cobalt nanoparticles offered
active sites for sulfur and its discharge products. The inter-
connected porous framework of graphene buffered the volume
fluctuations during the cycling process. Consequently, the cathode
delivered the initial discharge capacity of 572.8 mA h g™* at 5C
with a minimal decay rate of 0.01% per cycle.

2.2.3 Three-dimensional matrix materials (3D matrix).
Owing to their high mechanical stability, abundant adsorption
sites, high electrical and ionic conductivities, and highly acces-
sible surface area, 3D matrices or infiltrated scaffolds are widely
used to support the active materials, thereby attracting increasing
attention in RT-Na/$ batteries."**™"** 3D matrix structures contain
sufficient void spaces in their self-woven morphology and high
porosity, enabling the matrix to accommodate and support a
large amount of active materials. The interconnected morphology
results in a high sulfur loading and improved wettability,
which significantly improve the specific capacity and reduce
the diffusion pathways for both ions and electrons."** ' 3D
interconnected matrices can be assembled from primary building
components, such as 1D carbon nanotubes and carbon nano-
fibres, 2D graphene, and other 2D analogues. Lu et al''
examined the performance of 3D interconnected flexible carbon
fibre cloth/sulfur (CFC/S) as an electrode material. The CFC/S
material with a sulfur loading of about 2 mg cm ™2 exhibited the
1st discharge capacity of about 390 mA h g™ and retained a
reversible capacity of about 120 mA h g ' after 300 cycles.
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By combining the solution impregnation method and melt
diffusion process, the resultant composite of CFC/S, which
consisted of a cellulose interwoven fibrous structure, rendered
enough space to support sulfur and its discharge products to
achieve an increased sulfur loading of close to 3 mg cm >
However, with a further increase in the sulfur loading, the sulfur
cathode experienced higher polarization, which could be due to
the increase in charge transfer resistance.

3D infiltrated electrodes are promising matrix candidates,
where sulfur can be infused into the 3D interconnected pores
via different techniques, such as melt diffusion and vapor phase
infiltration.""”'*® The 3D infiltrated matrix offers alluring char-
acteristics, which can be useful to improve the transportation
kinetics, while increasing the thickness of the electrode
materials.’***2° Unlike 3D assembled electrodes, microporous
carbon with a size of <2 nm enhances the conductivity of the
sulfur cathode, which can be designed to act as a strainer to
successfully confine sulfur polysulfides."*" As a proof-of-concept,
Carter et al. designed microporous carbon derived from sugar as a
3D matrix to support elemental sulfur."'” Sulfur particles were
infused through a vapor infiltration chemical processing method,
which could provide stable adsorption and successful confinement
of the sulfur species, as schematically shown in Fig. 9a. The
composite cathode demonstrated a stable performance for over
1500 cycles with the Coulombic efficiency of over 98%. The
reversible capacity of about 300 mA h g could be obtained
at 1C, whereas the cell could deliver a discharge capacity of
~700 mA h g~ at 0.1C. The successfu