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Abstract: Room-temperature sodium-sulfur batteries (RT-NaSBs) with high theoretical energy den-
sity and low cost are ideal candidates for next-generation stationary and large-scale energy storage.
However, the dissolution of sodium polysulfide (NaPS) intermediates and their migration to the
anode side give rise to the shuttle phenomenon that impedes the reaction kinetics leading to rapid
capacity decay, poor coulombic efficiency, and severe loss of active material. Inhibiting the generation
of long-chain NaPS or facilitating their adsorption via physical and chemical polysulfide trapping
mechanisms is vital to enhancing the electrochemical performance of RT-NaSBs. This review pro-
vides a brief account of the polysulfide inhibition strategies employed in RT-NaSBs via physical
and chemical adsorption processes via the electrode and interfacial engineering. Specifically, the
sulfur immobilization and polysulfide trapping achieved by electrode engineering strategies and the
interfacial engineering of the separator, functional interlayer, and electrolytes are discussed in detail
in light of recent advances in RT-NaSBs. Additionally, the benefits of engineering the highly reactive
Na anode interface in improving the stability of RT-NaSBs are also elucidated. Lastly, the future
perspectives on designing high-performance RT-NaSBs for practical applications are briefly outlined.

Keywords: room-temperature sodium-sulfur batteries; high energy density; polysulfide shuttle;
polysulfide trapping; physical and chemical strategies

1. Introduction

Energy storage has recently become a hot topic of research due to the fast depletion
of non-renewable energy resources coupled with the unprecedented surge in energy de-
mands [1,2]. With that, harvesting energy from intermittent energy sources has become
quintessential to ensuring an uninterrupted power supply to the grid. Realizing efficient
energy storage systems (ESS) for stationary and grid-level storage necessitates reliable and
efficient high-energy battery systems with long cycle life and low cost [3]. The enormous
commercial success of lithium-ion batteries (LIBs) has paved the way for compact and clean
energy storage powering portable electronic devices and EVs [4]. However, the overex-
ploitation of the limited lithium and cobalt resources has severely impeded their large-scale
applications due to the exponential rise in production costs every year [5]. In such a con-
text, next-generation battery technologies which explore low-cost raw materials are highly
desirable for realizing efficient ESS in the future. Sodium (Na) with a relatively similar
redox potential (−2.7 V vs. S.H.E) to that of Li (−3.0 V vs. S.H.E) and an exceptionally
high geographical abundance (23,600 mg kg−1 vs. 20 mg kg−1 for Li) is undoubtedly the
promising alternative for lithium in order to realize affordable and low-cost batteries [1,2,6].

The recent developments in next-generation energy storage devices, such as lithium-
sulfur batteries (LSBs), have garnered tremendous attention worldwide due to the high
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theoretical capacity (1675 mAh g−1) and energy density (2600 Wh k g−1) offered by sulfur
(S) cathodes [7,8]. The two-electron transfer reaction (S0 to S2−) in LSBs results in high
capacity, which accounts for almost 10 times the capacity of the commercialized LIB
cathodes, making them highly desirable for ESS [9–11]. Apart from that, S is widely
abundant in the Earth’s crust and environmentally benign [12]. Coupling the benefits of
the high energy density S cathode with the abundant and low-cost raw materials, S and
Na, room temperature sodium-sulfur batteries (RT-NaSBs) are promising candidates for
next-generation energy storage [13,14]. The rise in the number of publications over the past
decade shows that the RT-NaSB research has regained momentum (Figure 1a). The superior
theoretical energy density (Figure 1b) and the reduction in cost per kWh of RT-NaSBs
(Figure 1c) compared to that of LSBs, and LIBs are apparent reasons for such a rampant
research interest (Figure 1c,d) [10,15].
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Figure 1. (a) Rise in the number of publications on RT-NaSBs in the last 10 years (2012–2022 March,
data collected from Scopus) and comparison of (b) element abundance and raw material price and
(c) projected reduction in cost per kWh in terms of energy density achieved for RT-NaSBs compared
to that of prominent rechargeable battery technologies. Reproduced with permission [15]. Copyright
2021, American Chemical Society.

Despite the excellent prospects of achieving superior electrochemical performances
at low cost, poor conductivity, and massive volume changes, the polysulfide shuttle phe-
nomenon and Na dendritic growth limit the utility of RT-NaSBs. Among them, the poly-
sulfide shuttle mechanism is a major phenomenon that requires immediate attention.
Polysulfide shuttling in RT-NaSBs involve the shuttling of the soluble NaPS species from
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the cathode to the anode and their unwarranted reduction at the sodium anode. This
leads to low active material utilization and capacity fading in cells affecting cyclability and
efficiency. It is critical to understand the reaction mechanism of polysulfide shuttling and
design effective strategies to mitigate this problem so that the reversibility and cyclability
of RT-NaSBs can be improved substantially.

Henceforth, this review attempts to elucidate the strategic advances in polysulfide
inhibition by both electrode and interfacial engineering in view of the S cathodes, separators,
electrolytes, and the Na anode. A comprehensive overview of research strategies for high-
performance RT-Na-S batteries with extended cyclability is also outlined.

2. State-of-the-Art RT-NaSBs: Reaction Mechanism and Polysulfide Shuttle

The electrochemical energy storage with sodium-sulfur battery chemistry dates back
to the 1960s when it was proposed for the first time to support stationary energy-storage
systems [16]. Initial NaSBs consisted of molten Na electrodes and a sodium β alumina elec-
trolyte operated at a high temperature (>300 ◦C) with a theoretical energy density of 760 Wh
kg−1 based on the total mass of sodium and sulfur [17]. However, the utilization of corrosive
molten electrodes and the ceramic electrolyte at higher temperatures raised serious safety,
reliability, and maintenance issues, limiting their widespread application [16,18]. Over-
heating and thermal management are major hurdles to be addressed in high-temperature
NaSBs (HT-NaSBs) operated above 300 ◦C with molten electrodes. Subsequent research
strategies to explore the chemistry of sodium and sulfur reliably and sustainably led to
the development of RT-NaSBs [19]. A typical RT-NaS cell consists of a metallic sodium
anode, a sulfur-carbon composite cathode, and an organic liquid electrolyte as a separator,
as illustrated in Figure 2a [20]. In contrast to the HT-Na-S batteries, where Na2S3 is the
final discharge product on account of thermodynamic limitations, Na2S forms the final
discharge product in RT-NaSBs as its formation is thermodynamically feasible at room tem-
perature, leading to a higher theoretical capacity [17]. Furthermore, in RT-NaSBs, a series of
intermediate reactions occur during the complete transformation of S8 to Na2S [18]. More
importantly, the RT working environment significantly reduces the concerns of burning or
explosions caused by the highly reactive molten Na and S. Furthermore, the maintenance
cost could be reduced mainly by operating at room temperature, favoring extensive energy
storage applications [17,21].

A complex transformation of longer-chain polysulfides to short-chain polysulfides
occurs in RT-NaSBs during the discharge process via a dissolution/precipitation reaction
giving rise to severe challenges (which will be discussed later in detail) to achieving reliable
cycle performances and efficiency [22]. During the discharge process (sodiation), the higher
order polysulfides (Na2Sn, 4 ≤ n ≤ 8) formed at the cathode side, become dissolved in the
liquid electrolyte, and migrate to the anode side. These dissolved polysulfide species are
reduced at the anode side finally as lower order polysulfides (Na2Sn, 1 ≤ n ≤4), which
are insoluble [22]. The typical RT-NaSBs display two plateaus (see Figure 2b) located
at 2.2 V and 1.65 V during discharge and at 1.75 V and 2.4 V during charge. Figure 2c
shows the characteristic cyclic voltammetry (CV) profile of the RT-NaSBs. The various
NaPS intermediates formed during the electrochemical reaction of sodium and sulfur
are listed in Figure 2b, along with the corresponding theoretical capacities. Interestingly,
the redox process in RT-NaSBs consists of complicated intermediate stages where the
soluble liquid phase polysulfides and the insoluble solid phase polysulfides coexist [22].
Moreover, the final stage is a kinetically retarded phase where non-conducting solid-phase
NaPSs are formed. Henceforth it is challenging to practically achieve the high theoretical
energy density of RT-Na-SBs of 1274 Wh kg−1 (based on the mass of both sodium and
sulfur) [17,23].
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3. Challenges in RT-NaSBs

Even though RT-NaSBs have been reported since 2006, there are many critical chal-
lenges to be addressed to realize the projected applications of this system [19]. The cell
chemistry of RT Na-SBs is much more complex and raises many more hurdles for practical
applications, considering the reversibility of the reaction, electrochemical sulfur utilization,
and protection of metallic Na anode.

3.1. Sulfur Cathode

The nonconductive nature of elemental sulfur (5 × 10−28 S m−1) has been identified
as one of the major issues generally compensated by the utilization of conductive carbon
matrices to encapsulate the sulfur species [25]. However, this strategy leads to lower
utilization of the active material and thereby reduces the cycle life and volumetric capacity.
The lower-order NaPS species (Na2S, Na2S2), which are the final discharge products of the
RT-Na-S system, are also nonconducting in nature, raising further challenges to capacity
retention and long-term cyclability [26]. Additionally, the huge volume expansion in the
RT-NaSBs (171% upon full sodiation) and the sluggish transformation kinetics of the NaPS
severely affect the reversibility of redox reactions [22].

3.2. Electrolytes

Analogous to the LSBs, the major technological challenge faced by the RT-NaSBs is the
polysulfide shuttle mechanism which leads to low efficiency and rapid capacity fade upon
cycling [27,28]. The NaPS species generated during the discharge process dissolve in the
liquid electrolyte and migrate to the anode side, initiating uncontrolled parasitic reactions.
Furthermore, the passivation of the anode surface due to the deposition of NaPS species
can lead to an internal short circuit of the cell. Overall, the NaPS shuttle in RT-NaSBs lead
to severe capacity decay and self-discharge phenomenon, ultimately resulting in low active
material utilization [29].

3.3. Metallic Na Anode

The major challenges to be addressed in the anode involve the continuous consump-
tion and loss of Na metal due to the make–break cycle of a solid electrolyte interphase (SEI)
layer during the charge/discharge process [30]. The nonhomogeneous plating/stripping
of Na+ can also result in eventual dendritic growth, shorting the cell internally [31].

4. Electrode and Interfacial Engineering for Polysulfide Shuttle Inhibition and
Polysulfide Trapping

NaPS generation and dissolution are critical issues that degenerate the cell efficiency
of RT-NaSBs. The rational implementation of innovative polysulfide adsorption and trap-
ping mechanisms employing the concept of the electrode and interfacial engineering can
considerably improve cell performances. Electrode engineering is a practical approach
that can be employed in RT-NaSBs, wherein the electrode components such as the S cath-
ode, separators, and electrolytes can be extensively modified strategically to improve the
electrochemical performances of the resultant cells. An additional interlayer configuration
can also be employed in RT-NaSBs to block the PS species similar to that in LSBs. Such
approaches encompassing the concepts of electrode/electrolyte interfacial engineering can
be significant in mitigating PS shuttling. The highly reactive Na anode is also a major com-
ponent that limits the performance of RT-NaSBs, due to the formation of unstable interfaces
that propagates dendritic growth. Henceforth, it is essential to employ the concepts of
the electrode and interfacial engineering in RT-NaSBs, to improve the reversibility and
cyclability by limiting the PS dissolution and dendrite formation.

As NaPS generation and dissolution are critical issues that degenerate the cell effi-
ciency of RT-NaSBs, the rational implementation of innovative polysulfide adsorption and
trapping mechanisms is critical to improving cell performance. The polysulfide adsorption
and trapping strategies employed in RT-NaSBs can be generally categorized into (a) physi-
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cal and (b) chemical methods based on the interaction with the PS species. A plethora of
research work has been carried out in both these directions showcasing near-successful
mitigation of the shuttle phenomenon. The schematic illustration in Figure 2d shows the
rational employment of these strategies in S cathodes, separators/interlayers, and (c) elec-
trolytes to achieve effective polysulfide trapping and, henceforth, excellent electrochemical
performances in RT-NaSBs.

4.1. Engineered Sulfur Cathodes
4.1.1. Cathodes with Conductive Carbon Matrices as S Hosts

Nanoengineered carbon matrices with multi-dimensional porosity: Based on the prior knowl-
edge of Li/S technology, various conductive carbon/carbonaceous materials, including
carbon nanotubes (CNTs) [32], graphene [33], carbon nanofiber cloths [34], ordered meso-
porous carbons (OMC) [21], metal-organic framework (MOF)-derived carbon [35,36], and
waste biomass-derived carbon [37] have been investigated in the RT-NaSBs. Apart from
boosting electronic conductivity, nanoengineered carbon materials can physically block the
generation, dissolution, and migration of PS species via efficient nanostructural confine-
ment of S. The key to this strategy is the creation of diffusion barriers via one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) structures with controlled pore
sizes (micro, meso, macro) and pore structures [38]. The 1D carbon nanostructures offer
rapid conversion kinetics of S species facilitated by the accelerated transfer of electrons/ions
via 1D transport pathways [32,39], while the 2D structures with elevated surface area and
tunable porous structures provide abundant active sites for redox reaction [38,40]. Further,
the 3D carbon structures can accommodate active materials well within them, improving
the S loading. The excellent electrolyte percolation pathways in them facilitate good con-
tact with the S species, though the adsorption and trapping of NaPS species is precisely
dependent on the pore sizes and pore structures involved [41,42].

Generally, the weak interaction between nonpolar carbon and polar polysulfides cou-
pled with the larger size of mesopores and macropores result in the dissolution of higher-
order polysulfide species into the electrolyte during the discharge (sodiation) process,
which initiates the shuttle phenomenon. For instance, Wang et al. reported a dual physical
confinement strategy employing interconnected mesoporous carbon hollow nanospheres
(iMCHS) as S hosts with high tap density, wherein the inner hollow spaces accommodate
high sulfur loadings while the outer carbon nano shells confine the polysulfides [43]. The
system followed a reversible reaction mechanism between Na2Sx (x = 8, 6, and 5) to Na2S4
and then to Na2S during sodiation and from Na2S4 to S8 during the desodiation process,
which was confirmed via in situ synchrotron studies. It can be observed that, despite this
sophisticated cathode structure and one-step desodiation process, the electrochemical per-
formance was limited, retaining 292 mAh g−1 based on sulfur (unless otherwise mentioned,
all the capacity, current density, and energy density values reported in this article are based
on active sulfur in the electrode) after 200 cycles.

Among the porous carbon materials investigated, microporous carbons offer excellent
polysulfide trapping due to the unique cell chemistry of small S molecules (Sn, n ≤ 4),
limiting the formation of insoluble intermediate NaPS (Na2Sn, n > 2) within the micropores.
The small pore sizes and high specific surface areas, typical of microporous carbons, provide
huge volumes for adsorption and S confinement. The spatial confinement of S molecules
in such pores (<0.7 nm) initiates an exceptional “quasi-solid state” redox mechanism
between sulfur and S2−/S2

2− species, avoiding the generation of long-chain polysulfides
and the detrimental shuttle effect. The direct interaction with the confined S molecules
and the desolvated solvent molecules (~0.7 nm) on the exterior of the micropores can
alleviate the generation of higher-order polysulfides outside the micropores. Exploring this
concept, a coaxial cable-like structure with a pore size of ~0.5 nm consisting of a carbon
nanotube inside and an S containing microporous carbon sheath outside (S/(CNT@MPC))
was investigated in a carbonate-based electrolyte [32]. The CV and voltage profiles of
this system were significantly different from that of typical S/C composites, advocating
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a two-stage conversion of S to Na2S (Figure 3a,b) achieved with pore size control. The
reduction of molecular S within the micropores was validated via theoretical studies, and
the resultant cathode displayed stable cycling for 200 cycles at a 1 C rate with 63% retention.
Similarly, a low-cost, sugar-derived microporous carbon template S host (Figure 3c) also
reported an exceptional cyclability (1500 cycles), retaining 300 mAh g−1 at a 1 C rate, though
the S content was limited to 35% [44]. The impact of pore structure on the mitigation of
NaPS in RT-NaSBs was also demonstrated recently, employing a facile coffee residue
derived activated ultra-microporous coffee carbon (ACC) with a slit pore (2D) structure, as
illustrated in Figure 3d, hosting small sulfur molecules (S2–4) [37]. An ultra-stable cyclability
with almost no capacity fading was achieved for this composite after 2000 cycles at a 1 C
rate with an S loading of 40% (Figure 3e). An improved S loading (44%) reported by Zhang
et al. employing a hierarchical double carbon-shell porous carbon microsphere (PCM)
consisting of micro-sized carbon shells on the outside and consisted of carbon nanobeads
with hollow structure inside as the S host [45]. However, the cycle performances were
poor and unsatisfactory (290 mA h g−1 at 100 mA g−1 after 350 cycles), emphasizing the
limitations associated with increased S loadings in microporous carbon structures. To
summarize, though the S/microporous carbon cathodes displayed overall stability and
long-term cyclability, the low S content (<45%) in electrodes is a major drawback. The
low S loadings along with the low operating voltage obtained via the quasi-solid-state
reaction lower the achievable energy density, inhibiting practical applications. To tackle
this issue, hybrid S electrodes designed with both micro/mesopores can increase the S
loading capability in electrodes.

Hetero atom-doped carbon matrices: Hetero atom doping is a widely adopted strategy
to improve the physiochemical properties of carbon materials [46,47]. It is achieved by
modifying the electronic structure of carbonaceous materials and enhancing the conduc-
tivity, charge transfer properties, and reaction kinetics [48]. Notably, the introduction of
hetero atoms (single metal atom or non-metal atom) in carbonaceous S hosts can induce
strong polar interactions with polysulfide species, as opposed to conventionally nonpolar
carbon matrices [49–51]. The simple modification with various non-metallic atoms offers
good polysulfide adsorption capability without compromising the energy density. Nitro-
gen (N) is the most commonly employed dopant in carbon materials owing to the high
electronegativity of N atoms [52–54]. N-doped nanoporous carbon synthesized by the
carbonization of metal–organic framework zeolitic imidazolate framework (ZIF-8) with
pyridinic and pyrrolic-N groups reported decent cyclability, retaining 500 mA h g−1 at
0.2 C after 250 cycles [36]. Further, the reduction in conductivity upon increasing the
N-doping was investigated in detail by Eng et al. [55]. Pyridine N-oxide was found to
have the most robust binding with discharged species due to polar–polar interactions,
followed by pyrrolic and pyridinic N-groups. These polar interactions arise as a result of
the presence of lone electron pair on the nitrogen atom in pyridinic N, the polar N–H bond
in pyrrolic-N with a high dipole moment, and the lone electron pairs on the oxygen atom
in pyridine N-oxide, facilitating excellent polysulfide adsorption. The preferential binding
of NaPS with these N-groups, obtained at lower carbonization temperatures, was validated
via density functional theory calculations, indicating that despite the lower conductivity,
N-doping should be prioritized to mitigate the shuttle phenomenon and extend the cycle
performances. Excellent reversibility was observed for the composite cathode, retaining
800 mAh g−1 after 800 cycles.
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Co-doped carbon structures have shown enhanced electron transfer properties result-
ing in exceptional performances in alkali-ion-based batteries [56,57]. Adopting this strategy,
Xia et al. reported an N, O co-doped 1D carbon nanostructure consisting of carbon hollow
nanobubbles on porous carbon nanofibers (CHNBs@PCNFs) utilizing a simple electrospin-
ning technique adjusting the heating rates and the metal azide content (Figure 4a) [58].
The strong interactions between the generated NaPS and the N, O atoms enabled excellent
confinement of NaPS species within the cathode. The DFT analysis revealed that N/O
co-doping enhances the affinity to Na2S, Na2S4, and Na2S6 systems compared to single
atom doped (N-doped, O-doped) and non-doped carbon. When exposed to NaPSs, the
CHNBs@PCNFs with N and O co-doping displayed lower adsorption peak for NaPS in
UV–vis spectroscopy studies (Figure 4b), which could be correlated to stronger NaPS
adsorption in the sample. Similar observations were reported in another study wherein
multichambered carbon nano boxes (MCCBs) synthesized with N, O co-doping (Figure 4c)
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confirming the strong chemical affinity of N, O groups to NaPS [59]. A low-capacity (0.045%
decay per cycle) over 800 cycles at 5 A g−1 was achieved in the work. These studies indi-
cate that introducing co-doping in carbon matrices can be beneficial to achieving stronger
adsorption capability towards NaPSs.

Apart from the non-metallic atomic dopants, single metal atom doping has been found
to be exceptionally effective for both polysulfide adsorption and catalytic redox mediation.
An atomic Co atom incorporated hollow carbon sphere (S@Con−HC) was introduced as
an S host retaining 508 mA h g−1 at 100 mA g−1 after 600 cycles [60]. The strategy benefits
from the utilization of atomically dispersed Co as an efficient electrocatalyst, facilitating fast
PS transformation. The reduction of Na2S4 into Na2S by the atomic Co employed within the
S host was investigated via a combination of spectroscopic and theoretical studies such as
operando Raman spectroscopy, synchrotron X-ray diffraction, and density functional theory
(DFT). Followingly, a single Fe atom anchored N-doped mesoporous hollow carbon (NMC)
consisting of atomically dispersed dual active sites (Fe–N4) was also investigated [61]. The
Fe-N4 sites in the carbon matrix were found to enable advanced chemical adsorption of
polysulfide species, boost the electron (e−) transfer, and facilitate excellent Na diffusion
to the Na-poor regions, enabling the rapid conversion of intermediate NaPS species to
Na2S, in contrast to the conventional N-doped carbon cathodes where distinct separation
between Na-rich and Na-poor regions prevails. With this feature, the reaction kinetics and
the reversible capacity of RT-NaSBs with Fe-N4 sites were enhanced considerably, resulting
in long-term cycle performances (540 mAh g−1 after 500 cycles at 100 mA g−1).
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Polar and electrocatalytic redox mediator encapsulations: Recently, the incorporation of po-
lar materials into the carbonaceous S hosts to compensate for the weak affinity of non-polar
conductive carbons to NaPS species has been explored widely to inhibit NaPS dissolution
and the shuttle effect. The strong affinity of polar materials to NaPS species via polar-
polar interactions results in effective adsorption of NaPS via chemical coupling. The polar
material-incorporated carbonaceous S hosts benefit from both physical (nanostructural con-
finement) and chemical (polar interaction) PS adsorption, improving the electrochemical
performance of RT-NaSBs. Following the established concepts of PS mitigation in LSBs,
many polar materials, including metallic nanoclusters, metal oxides, metal chalcogenides,
metal carbides, and MOFs, have been investigated in RT-NaSBs so far. The electrocat-
alytic ability of transition metal and metal oxide nanoparticles to boost redox kinetics
has become a hot topic of interest. First among such initiatives in RT-NaSBs involve a
nano-copper-assisted S immobilization method demonstrated by Zheng et al. confining S
in a high-surface-area mesoporous carbon host with 50% S loading [63]. The inclusion of
10% nano Cu in the composite facilitated the immobilization of active S species within the
cathode structure via the formation of CuPS on account of the strong interactions between
Cu and S.

Among the various transition metal catalysts reported for RT-NaSBs, nickel (Ni) has
been proven to efficiently adsorb the NaPSs and accelerate the electrochemical kinetics
of NaPSs transformation [64]. The introduction of bimetallic alloys is another strategy
to enhance carbonaceous S hosts’ electronic properties further. Wang et al. reported a
FeNi3@hollow porous C/S host (Figure 4d) displaying an excellent electrocatalytic ef-
fect [62]. The NaPS precipitation capacity of FeNi3@HC was found to be much higher than
the pristine hollow porous C/S composite and the one containing only nickel demonstrat-
ing the firm anchoring of long-chain NaPSs and their rapid conversion to short-chain NaPSs.
A 3D hierarchical S cathode (40% S loading) consisting of an in situ grown vanadium diox-
ide (VO2) nanoflower catalyst on rGO reported the accelerated conversion of long-chain
NaPSs to Na2S2/Na2S via the catalytic effect of VO2 (Figure 5a) [65]. The rGO/VO2/S
composite retained 156.1 mA h g−1 after 1000 cycles at 2 C, exhibiting 0.07% capacity decay
per cycle. Similarly, Kumar et al. demonstrated a free-standing manganese dioxide (MnO2)
decorated carbon cloth (CC@MnO2) as a “sulfiphilic matrix” and polysulfide reservoir,
employing an unconventional sodium polysulfide (Na2S6) catholyte as the active mate-
rial in contrast to the melt-diffused S species [66]. The capacity retention of 67% after
500 cycles was achieved for this binder-free electrode maintaining a high energy density
of 728 W h kg−1. The XPS investigations revealed mechanistic insights into the enhanced
catalytic adsorption capability of MnO2 nanoneedles. Accordingly, in situ formation of
polythionate complexes via the electrostatic interaction between the anchored NaPSs on the
MnO2 surface, and the following surface reaction of NaPSs with Mn2+, aid to anchor the
high-order NaPSs (Na2Sn, 4 ≤ n ≤ 8), further promoting their electrocatalytic conversion
to insoluble short-chain NaPSs.
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MOF-derived carbon materials find immense applications in various fields due to
their exceptionally high surface area, uniform pore structures, atomic-level structural uni-
formity, and tunable porosity [69–71]. The increased surface area of MOF-derived carbon
materials facilitates enhanced S loadings and can accommodate the volume changes during
cycling [72,73]. Additionally, in situ doping with heteroatoms can be achieved by the
carbonization of heteroatom-containing MOFs, which improves the electrical conductiv-
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ity and adsorption ability of the S host [74]. Synthesis of sophisticated hybrid materials
involving transition metal or transition metal chalcogenide (sulfide and selenide) em-
bedded MOF-derived carbon materials benefit from the good catalytic absorptivity of
chalcogenide species and the physical confinement of S within the MOF-derived micro-
porous carbons [75–77]. For instance, flexible and freestanding porous nitrogen-doped
carbon nanofiber (PCNF) encapsulating Co nanoparticles (Co@PCNFs, Co = 15.7%) were
reported recently by Yang et al., with a high S loading of 2.1 ± 0.2 mg cm−2, enabled the
activation of S species via electron engineering [78]. This hybrid composite was synthesized
by carbonizing an electrospun Zn, Co−ZIF/PAN nanofiber mat and could accommodate
almost 60% S content. UV–vis studies for NaPS adsorption along with density functional
theory calculations, demonstrated the successful boosting of transformation kinetics of
higher-order polysulfides to Na2S via the embedded metallic Co nanoparticles. Good cycla-
bility was achieved for this hybrid cathode, retaining 398 mA h g−1 at 0.5 C over 600 cycles,
which accounts for the best electrochemical performance in freestanding electrodes for
RT-NaSBs so far. Similarly, a mesoporous cobalt sulfide/nitrogen-doped carbon (CoS2/NC)
was synthesized as an S host by the sulfurization of a polydopamine-coated Co−MOF [79].
The catalytic properties of CoS2 were verified by DFT analysis. A correlation between the
pore size and the presence of short-chain NaPS was elucidated by tuning the pore size in the
composite via the introduction of Zn2+ and the selective removal of ZnS. The degree of the
catalytic effect depended on the proximity of CoS2 to the sulfur. Followingly, a dual metal
sulfide encapsulated multisulfiphilic S cathode was fabricated by Hanwen et al. consisting
of porous core–shell carbon structure and multisulfiphilic sites of ZnS and CoS2, which
can promote the electrocatalysis of S species by suppressing the dissolution of long-chain
polysulfides and improving the transformation kinetics of short-chain polysulfides [80].
Long-term cycle performances of this dual metal sulfide incorporated S cathode retained
250 mAh g−1 at 1.0 A g−1 over 2000 cycles. Yolk-shell FeS2/C hollow nanocubes embedded
in hollow carbon fibers as cathode and FeS2@C/CNT along with a CNT hybrid film as the
modifying layer on the separator were demonstrated recently for flexible RT-NaSBs [81].
Benefitting from this unique design strategy with a dual defense system, long-term cycle
performances were achieved with a maximum S loading of 7.6 mg cm−2, retaining an
ultralow capacity decay rate (0.024%) after 1000 cycles at 2 C.

MXenes are two-dimensional (2D) inorganic compounds, e.g., transition metal carbides
and nitrides, which are a few atoms thick, with the general formula, Mn+1XnTx, where
M is a transition metal such as Ti, Cr, V, Mo, Nb, etc., X is either carbon or nitrogen, and
Tx denotes the terminal functional group (F, O, and OH) [82]. The first report of MXenes
dates to 2011, and they are currently being investigated for diverse applications in energy
storage and catalysis [82–84]. This class of 2D materials benefits from active functional
surfaces, high electronic conductivity, and chemical durability that favor their applications
in RT-NaSBs. The synthesis of MXenes typically involves the selective etching of the
A element in the corresponding Mn+1AXn phases, where A is an element from IIIA or
IVA (Al, Ga, Si, S) sandwiched between the M and X layers. In such an attempt, Bao
et al. reported a 3D wrinkled MXene nanosheet (S–Ti3C2Tx) prepared via doping MXenes
with S atoms [85]. S-atom-doped MXene enhances the redox activity of RT-NaSBs and
enables the controlled diffusion of NaPS species into the electrolyte, resulting in high-rate
capability. DFT investigations revealed the preferential binding of NaPS species to the
surface of S–Ti3C2Tx composite which correlated well with the long-term cyclability of the
cell, denoting NaPS shuttle-free operation. Raman studies of the S–Ti3C2Tx electrode before
and after cycling further confirmed the generation of NaPS species during discharge and its
adsorption by the S–Ti3C2Tx nanosheets. Self-assembled, porous nitrogen-doped Ti3C2Tx
MXene microspheres reported by a modified spray drying and annealing method could
achieve a high sulfur loading of 5.5 mg cm−2 [67]. The N-doped cathode structure exhibited
strong affinity to NaPSs via Na–N and Ti–S interactions, resulting in highly efficient binding
toward NaPSs. Exceptionally stable high-rate cycling performance was achieved for the
S–Ti3C2Tx electrode, retaining 450.1 mAh g−1 at 2 C after 1000 cycles (Figure 5b).
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4.1.2. Covalently Bonded S/C Cathodes and S Copolymers

Carbon materials containing active sulfur species covalently bound to polymeric
carbon backbone have been extensively investigated recently [68,86–88]. The covalently
bound S–C composites display excellent reversibility and shuttle-free operation on account
of the direct solid-to-solid conversion reaction during redox reaction, completely unlike
that of conventional S/C composites. In general, the covalent S–C composites are prepared
by in situ synthesis methods employing closed systems with an inert atmosphere as ex
situ S–C bonding strategies may result in incomplete and non-homogeneous covalent
binding of sulfur to the C backbone and lead to the undesirable formation of elemental S
on the composite surface, adversely affecting the electrochemical performances. Further,
the covalently bound S/C composites exhibit good compatibility with carbonate-based
electrolytes, which are utilized in commercial batteries, unlike the traditional S cathodes,
which employ ether-based electrolytes [89].

Among all the covalently bound S/C composites, sulfurized polyacrylonitrile (SPAN)
is the most interesting and extensively investigated S/C composite. SPAN is prepared by
the pyrolysis of S and PAN, during which the dehydrogenation and cyclization of PAN
occur, and the S atoms are covalently linked to the carbon atom in the polypyridine ring
backbone [90]. The SPAN cathode exhibits good long cycle life and rate performances
compared to conventional S/C cathodes and utilizes a carbonate-based electrolyte [91,92].
For example, an electrospun 1D fibrous SPAN cathode reported by Hwang et al. displayed
robust cycle performances such that 70% of the capacity in the fifth cycle was retained
after 500 cycles, ultimately alleviating the PS shuttle effect [93]. However, the S content
was compromised (<35%) and was not appreciable for practical applications. A singular
flexible SPAN cathode prepared by Kim et al. also reported stable cycle performances [94].
Recently, doping of SPAN cathodes with trace amounts of tellurium [95], iodine [96], and
selenium [97] as eutectic accelerators have been explored to improve the reaction kinetics
and sulfur utilization. Figure 5c shows the schematic illustration of rapid ion/electron
transfer achieved with a tellurium-doped SPAN cathode. In a recent report, Hun et al.
reported the insertion of the maximum number of Na atoms into the SPAN cathode by
extending the discharge to 0.01 V, as opposed to previous studies [92]. The SPAN electrode
exhibited a reversible capacity of 1502 mAh g−1 (~90% of the theoretical value) and retained
1405 mAh g−1 at 0.16 C rate even after 100 cycles. Despite the exceptional cyclability and
reversibility observed with such modifications, improving the S content in the SPAN
composites beyond 50% remains a major challenge. A new S copolymer cathode reported
by Ghosh et al. with an S-embedded cardanol benzoxazine polymer and reduced graphene
oxide could achieve an exceptionally high S loading of 90% [98]. The cathode with a unique
structure (Figure 5d) was prepared by thermal ring-opening polymerization of benzoxazine
in the presence of elemental sulfur and mixed with rGO. Interestingly, the ICP analysis
of the electrolyte after the cycling process revealed restricted dissolution of NaPS in this
novel composite compared to a conventional S/C cathode, benefiting the chemical binding
of S species in the cathode. In another work, organosulfur (e.g., 4-aminophenyl trisulfide
(H2N–C6H5–SSS–C6H5–NH2)) covalently tethered to the surface of electrically conductive
CNT networks was reported by Milan et al., as positive electrodes in an aqueous electrolyte
demonstrating reversible surface redox kinetics [99]. Interestingly, unlike traditional RT-
NaSBs, the voltage profiles resembled that of a supercapacitor enabling long-term cyclability
and high-power density.

Many novel strategies have been put forward to prepare covalently bound S/C cath-
odes; however, engineering the S content in these unique composites to suit commercial
applications is a major hurdle that needs detailed investigation via advanced characteriza-
tions. S/C composites generally display a trade-off between conductivity and S contents,
as higher annealing temperatures can result in lower S contents. The novel covalent S/C
composite prepared by exploiting the strong interaction between carbon disulfide (CS2)
and red phosphorus by a solvothermal method is a classic example [100].
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Another novel covalent S-C composite, a thioether bond functionalized carbon (SC)
prepared by the carbonization of a crosslinked polymer utilizing thiophene monomer and
dimethoxymethane as the crosslinking agent, was reported by Chen et al. [101]. Insoluble
NaPS species (Na2S2 and Na2S), which could be hosted within the defects of the pristine
cathode, were generated by the cleavage of the thioether bond structure (C–S–C) in a
low voltage range of 0.01–0.50 V vs. Na/Na+ in this system. Excellent reversibility and
long-term cyclability were achieved for this cathode material at a high current density
of 1 A g−1, exhibiting 330 mA h g−1 after 800 cycles with only an undesirably limited S
content of 21%. Similarly, the synthesis of a covalent S-based carbonaceous material put
forward by Fan et al. utilizing benzo [1,2-b:4,5-b’] dithiophene-4,8-dione also displayed a
strikingly minimal capacity decay rate of 0.053% per cycle over 900 cycles, retaining almost
100% CE with only an incredibly low S content (18%) [102].

4.1.3. Dissolved Polysulfide as Cathodes

Advanced hybrid electrolyte configurations incorporating both cathode and electrolyte
(catholyte) into a single entity have been thoroughly explored by taking advantage of
the dissolved nature of the polysulfides. Such catholyte-incorporated cells can mitigate
the whole range of the transformation process of S8 to higher-order polysulfides during
discharge. A multiwalled carbon nanotube cathode with catholyte reported by Yu et al.
investigated the lower voltage plateau of RT-NaSBs, avoiding interference from higher-
order polysulfides [103]. By preventing this transition that substantially contributes to
capacity fade in RT-NaSBs, a stable output capacity for the sulfur/long-chain NaPS redox
couple was demonstrated, with a restricted voltage window of 2.8 to 1.8 V. RT-NaSBs with
liquid phase NaPS catholyte enclosed in free-standing carbonaceous substrates additionally
benefit from the electrode’s binder-free nature, which boosts the energy density. An rGO-
CNT-CMC substrate prepared by a condensation procedure resulted in a highly cross-linked
host, which can mitigate the volume shrinkage due to its sponge-like structure and enable
strong NaPS adsorption capability on account of the oxygen functional groups on rGO
and CMC surfaces [104]. This quasi-liquid Na/PS battery employing Na2S6 catholyte
maintained a high sulfur loading (1.9 mg/cm2) and low electrolyte/sulfur (E/S) ratio
(4.05 mL g−1) at room temperature, with a capacity retention of 66.67% after 200 cycles
at 0.2 C rate. Additionally, the ultra-low self-discharge of 0.04% per h achieved for this
system at open-circuit voltage indicates excellent mitigation of PS shuttle, unlike that in
conventional RT-NaSBs.

Free radical catalysis-induced enhancement in reaction kinetics and capacity of NaPS
batteries investigated in detail by Kumar et al. utilized a Na2S6 catholyte infiltrated acti-
vated carbon cloth (ACC) cathode, which displayed remarkably stable cycle performance
with a capacity retention of 0.03% per cycle [105]. For the first time, the generation of
relatively stable polysulfide radical monoanions (S3•−) by the homolytic bond cleavage of
polysulfide dianions and the formation of C–S bonds on the surface of the ACC that aids in
anchoring the –S3−Na+ species was validated, facilitating rapid transfer to end products
upon discharge. Catalytic adsorption and mitigation of PS species in Na/PS batteries were
further explored by incorporating catalytic redox mediators in NaPS hosts similar to the
PS mitigation strategies discussed in cathodes as shown in Figure 6a [66]. For example, a
manganese dioxide-decorated carbon cloth (CC@MnO2) and a modified CC@MnO2 NaPS
host with sodium–alginate nanofibers (CC@MnO2@Na–alg) exhibit the benefits of catalytic
redox mediation and PS adsorption [106]. The subzero-temperature (−10 ◦C) cycling of
NaPS cells with an S host consisting of an indium tin oxide (ITO) nanoparticle-decorated
activated carbon cloth (ITO@ACC–Na2S6) was also reported by the same group, showing
long-term cycle performances [107]. The remarkable cycle performances (445 mAh g−1)
after 1000 cycles at 0.5 C, 20 ◦C, and 310 mAh g−1 after 100 cycles at 0.1 C and −10 ◦C were
achieved for this hybrid system with a high active material loading of 6.8 mg cm−2 and is
the first report on RT-NaSBs operating at low temperature.
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(b) FE-SEM image of MoSe2/N-HCS/GO-coated glass fiber (GF) separators. Reproduced with
permission [53]. Copyright 2021, Royal Society of Chemistry. (c) Cycle performance RT-Na/S
battery with an N, S-CNF/CB+GF separator. Reproduced with permission [108]. Copyright 2022,
Elsevier. (d) Scheme of FeS2/C nanocube/CNT-coated GF separators and (e) demonstration of
NaPS adsorption capability. Reproduced with permission [81]. Copyright 2021, Elsevier. Voltage
profiles of RT-NaSBs (f) without interlayer and (g) with V2O3@CNF interlayer. Reproduced with
permission [109]. Copyright 2021, Elsevier.
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4.2. Modified Separators and Functional Interlayers
4.2.1. Modified Separators

Porous separators with functional modifications, such as coating with polar materials
and cation-selective copolymers, have been employed in RT-NaSBs to address the poly-
sulfide shuttle phenomenon. In an earlier report, Bauer et al. put forward the use of a
cation-selective sodiated Nafion coating on a porous polypropylene backbone via a drop
coating procedure with the aim of not only suppressing the polysulfide shuttle mechanism,
but also protecting the sodium metal anode [28]. The cation selectivity of the Nafion
membrane allowed the migration of Na+ cations while repelling the polysulfide anions on
account of the negatively charged sulfonic groups in them. The sodiation of the Nafion
membrane effectively improved the Na-ion conductivity, thereby improving capacity reten-
tion by almost 75% compared to the typical polypropylene separator. Further modifications
of a pre-sodiated Nafion membrane with an AC-CNF coating that acts as an upper current
collector also reduced the polysulfide diffusion and tremendously improved the sulfur
utilization in the Na2S cathode [103,110]. Other groups have also demonstrated effective
NaPS adsorption strategies by directly coating separators with NaPS trapping materials
such as Al2O3, MoSe2, chelates, and heteroatom-doped carbon materials. For example, a
study detailing the incorporation of an Al2O3–Nafion membrane printed on GF separator
via serigraphy takes advantage of both the ion selectivity of the Nafion membrane and
the PS adsorption capability of Al2O3 [111]. The membrane thus facilitates the repulsion
of the negatively charged NaPS anions (Sn

−2) while enabling the Na+ ion transport. PS
adsorption capability of Al2O3, and though the ability of the Al2O3–Nafion membrane to
protect the sodium electrode surface from polysulfide poisoning was clearly established
via detailed XPS studies, the study failed to demonstrate good capacity retention and
cycle performances.

Improving the cycle life of RT-NaSBs without compromising the S content in the
cathode is critical for practical applications. Most of the research works on RT-NaSBs that
have demonstrated good cycle life have blatantly compromised the active S content in the
cathode. Recently, a few research works have investigated high loading S cathodes for
RT-NaSBs, exploring the potential for commercialization. A high S content cathode with a
functional separator consisting of 2H-MoSe2/N-doped hollow carbon spheres/graphene-
oxide (2H-MoSe2/N-HCS/GO) coated directly onto a GF separator by filtration method
demonstrated good cyclability at both low and high current rates (787 mA h g−1 at 0.1 C
after 100 cycles, 484 mA h g−1 at 0.5 C after 500 cycles) [53]. Integrating both physical
and chemical NaPS trapping strategies employed in this work resulted in a low-capacity
fading rate of 0.077% per cycle, substantiating effective inhibition of NaPS migration to
the anode side. Figure 6b shows the FE-SEM image of the MoSe2/N-HCS/GO-coated GF
separator. The rapid transformation of Na2S on the modified separator was evidenced
by the FE-SEM images of the anode side of the separator after cycling. The feasibility
of this transformation was validated by DFT studies confirming the acceleration of the
redox kinetics of the system. Recently, a low-cost alternative to MOF Fe3+/polyacrylamide
nanospheres (FPNs) was demonstrated via a facile low-cost separator coating and graphene
via vacuum filtration [112]. Interestingly, the RT-NaSBs fabricated with modified separators
could achieve good cyclability up to 800 cycles.

Following the trail of PS trapping strategies employed in S cathodes, Dong et al.
explored the prospect of NaPS shuttle inhibition by hetero atom-doped carbon for separator
coatings. N, S co-doped carbon nanofiber/carbon black (N, S-CNF/CB) composite derived
from waste cigarette filters was coated on the GF membrane by filtration method [108].
Long-term cyclability (900 cycles) and a high capacity of 527 mAh g−1 were achieved
(Figure 6c) with this strategy, maintaining an ultra-low-capacity fading rate of 0.035%
per cycle. The rapid conversion of the long-chain NaPSs into the short-chain NaPSs was
verified by a first-principle calculation based on DFT. Many researchers have also employed
functional separators integrated with modified cathode structures as an additional NaPS
defense mechanism. For instance, a hybrid layer comprising of FeS2/C nanocubes and
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conductive CNT coated on GF separators worked in combination with a yolk-shelled hollow
FeS2/C nanocube composite cathode (Figure 6d) as an excellent defense for NaPS [81].
Interestingly, these hybrid Na-S cells exhibited a nominal capacity decay of 0.024% even
after 1000 cycles at 2 C rate with a high mass loading of 7.6 mg cm−2. The PS adsorption
capability assessed via visual, and UV spectroscopic methods revealed that the NaPS
species are completely adsorbed almost within an hour (See Figure 6e).

4.2.2. Interlayers

To tackle the polysulfide shuttle mechanism, some research groups have come up with
modifications in the cell structure by incorporating a functional interlayer between the
separator and the cathode that can effectively block the NaPS migration to the anode side
and simultaneously act as an effective current collector, improving the S utilization in the
system. In addition, interlayers can also accommodate the stress and volume expansion
encountered during the charge–discharge process in the S electrode, favoring stable cycle
performances. Following the trend in LSBs, Yu et al. employed various interlayer in-
house prepared carbon nanofibers (CNFs), carbon nanotubes (CNTs), and commercially
available carbon foams to localize NaPS species [24]. Good active material utilization
and improvement in capacity retention were reported for the interlayer incorporated cells.
Followingly, the same group reported a carbon nanofoam interlayer between the sulfur
cathode and the separator, complemented with an advanced cathode structure [113]. The
interlayer accommodated higher-order NaPSs and prevented their migration to the anode.
The conductive carbon acted as an effective current collector and improved the sulfur
utilization in the system. The flexible carbon foam could also accommodate the stress
and volume expansion of the sulfur during the charge–discharge process. This low-cost
interlayer configuration improved the capacity retention and cycling stability delivering a
stable output energy density of 450 W h kg−1 after 50 cycles.

An inorganic filler incorporated polymeric membrane was recently introduced as a
blocking interlayer by Saroja et al. [114]. The white graphite (boron nitride) utilized as the
inorganic filler effectively trapped the NaPSs due to the presence of boron and nitrogen
by chemical adsorption, while the interconnected pores in the white graphite introduced
by the polymer blend membrane acted as an ion-selective membrane, facilitating the free
movement of Na+ species. This novel strategy resulted in significant improvement in
specific capacity (87.6%) compared to cells without an interlayer and retained excellent
capacity retention of 83.1% at the end of 500 cycles. On a similar note, a teflonized carbon
substrate was employed as a PS absorbent interlayer by the same group. Though good
cycle performances were obtained for the cells, the voltage profile of the system had no
significant plateau regions, which was ambiguous [115]. The potential capacity contribution
of the teflonized carbon substate was also not investigated in the study. A recent study
by Saroha et al. reported a V2O3-decorated CNF interlayer demonstrating almost 70%
active material utilization at 0.1 C rate [109]. The interlayer configuration was explicitly
compared with pristine CNF interlayer and cells with no interlayers in the study, and
interestingly, the interlayer incorporated cells did not display the conventional plateau
regions (Figure 6f). The voltage profile of the V2O3-decorated CNF interlayer is shown
in Figure 6g for comparison. Significant changes were detected in V2p and S2p spectra
after cycling, which indicated the conversion of higher order NaPS to lower order NaPS
and the formation of S2O3

2− groups, respectively, during the cycling process. However,
further investigations of the capacity contribution of V2O3 in the system are detrimental to
justifying the observed slopy plateau and understanding the complete role of the interlayer
configuration in the RT-NaSBs. A catalytic cathode shielding layer (interlayer) consisting of
MoO3/sodium carboxy methyl cellulose slurry coated onto sulfur-incorporated partially
exfoliated multiwalled carbon nanotubes (PCNT/S) was reported recently [116]. MoO3
was utilized as a catalytic redox mediator to enhance the reaction kinetics of the RT-
NaSBs and to simultaneously react with NaPS species to form thiosulfate/polythionate
complexes, thereby effectively inhibiting their dissolution in the electrolyte. Thus, with
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this innovative strategy, capacity enhancement of RT-NaSBs was observed; however, stable
cycle performances could not be achieved.

4.3. Novel Electrolytes

The electrolyte acts as a medium of ion transport between the S cathode and the
Na anode and forms an integral part of RT-NaSBs. The electrolyte systems are mainly
classified into liquid and solid electrolytes. Though liquid electrolytes are ideal for bat-
teries owing to their high ionic conductivities, the issue of NaPS dissolution in liquid
electrolytes has prompted RT-NaSB researchers to extensively explore quasi-solid and
solid-state electrolytes.

4.3.1. Liquid Electrolytes

Apart from the issue of NaPS dissolution, the main challenge associated with liquid
electrolytes in RT-NaSBs is the uneven formation of the solid electrolyte interface (SEI)
layer on the Na surface. This leads to an uneven ion flux which further initiates aggressive
irreversible reactions of Na metal with electrolyte and prolific Na dendrite growth. The
issues mentioned above result in low coulombic efficiency (CE) and can eventually lead to
the shorting of the cell. Hence it is crucial to investigate and identify suitable electrolyte
components as well as electrolyte additives that can prolong the life of RT-NaSBs.

The tremendous progress in the development of electrolyte systems for RT-NaSBs
stems from the thorough investigation and success of ether-based electrolytes, e.g., dimethyl
ether (DME) and tetra ethylene glycol dimethyl ether (TEGDME) in LSBs in contrast to the
commonly used carbonate-based electrolyte solvents such as ethylene carbonate/dimethyl
carbonate (EC/DMC) and ethylene carbonate/propylene carbonate, (EC/PC) in conven-
tional LIBs. Ryu et al. reported initial studies of the charge/discharge mechanism of
RT-NaSBs in the liquid electrolyte by using an ether-based TEGDME electrolyte [25]. The
discharge plateau had two distinct regions, a sloping region (2.23–1.66 V) and a plateau re-
gion at 1.66 V, similar to that of RT-NaSBs reported with polymer electrolytes based on poly
(ethylene oxide) (PEO) [117] and poly (vinylidene fluoride) (PVDF) [20,118]. An ether-based
electrolyte consisting of sodium trifluoromethanesulfonate (NaCF3SO3) dissolved in the
non-flammable TEGDME solvent displayed a high ionic conductivity (>10−3 S cm−1) [119].
The RT-NaSBs assembled using this electrolyte with a hollow carbon sphere/sulfur com-
posite as cathode and a Na–Sn–C anode exhibited a promising reversible capacity of
~550 mAh g−1, establishing a new standard electrolyte for RT-NaSBs.

Sodium salts, such as sodium perchlorate (NaClO4) and sodium hexafluorophosphate
(NaPF6), dissolved in ethylene carbonate (EC), propylene carbonate (PC), or dimethyl
carbonate (DMC) are generally employed as carbonate-based electrolytes for RT-NaSBs.
Interestingly, the first voltage plateau usually observed at 2.3 V in ether electrolytes is
absent in the case of carbonate electrolytes, making the discharge profiles significantly
different from each other [120]. Another interesting aspect outlined by researchers is
the correlation between the type of electrolyte and the form of active S in the electrode.
Detailed investigations carried out via ex situ XRD, DSC, and EDS studies at various states
of discharge in carbonate electrolyte for a covalently bound sulfurized polyacrylonitrile
cathode revealed that the final discharge products formed were Na2S3 and Na2S2. The
compatibility of the microporous S2–4 cathode with a carbonate-based electrolyte system
was verified via computational studies by Xin et al., affirming the elimination of vigorous
NaPS dissolution reactions, unlike conventional ether electrolytes [32]. Apart from their
high ionic conductivities carbonate electrolytes are generally appealing for RT-NaSBs, due
to their excellent compatibility with sulfur encapsulated as short-chain NaPS (Na2S2–4)
species. However, the substantial compromise on the active S loading in the electrode is a
major drawback of this strategy, as discussed in the cathode section.

Employment of suitable electrolyte additives is another effective method to obtain
highly stable SEI films and excellent reversible Na deposition even at high current densities,
e.g., a tailored ionic liquid-based additive consisting of 10 vol% 1-methyl-3-propylimidazolium-
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chlorate tethered to SiO2 in a blend of EC/PC electrolyte (SiO2–IL–ClO4) employed by
Wei et al. facilitated the formation of a chemically passivating layer on the Na anode
preventing parasitic reactions with the electrolyte [35]. Silica particles introduced to the IL
reduced the electric field through the tethered ClO4

− anions, enabling excellent high-rate
cycle performances as shown in Figure 7a (600 mAh g−1 at 0.5 C for 100 cycles). Similarly,
employing a fluoroethylene carbonate (FEC) additive along with a carbonate-based elec-
trolyte in a recent study resulted in a high reversible capacity of up to 1651 mA h g−1 at
0.1 C [121]. Spectroscopic studies of the electrode surface confirmed the formation of a
highly stable SEI layer and the reduction of FEC during initial discharge/discharge, leading
to the formation of sulfur oxides. The role of indium triiodide, an electrolyte additive and
a redox mediator, was explored in another study which demonstrated the rapid kinetic
transformation of sodium sulfide while simultaneously building a passivating layer on
the anode to mitigate polysulfide corrosion [17]. Indium triiodide additive with a highly
concentrated sodium salt in PC and FEC co-solvents dramatically reduced the solubility of
NaPS species and enabled the construction of a robust SEI layer on the Na anode leading
to stable cycling (Figure 7b). To address the high flammability of carbonate electrolytes
in RT-NaSBs, Zhao et al. introduced trimethyl phosphate (TMP) as a flame-retardant (FR)
additive into the conventional carbonate electrolyte consisting of NaClO4 in EC/PC [122].
An optimized TMP content of 15 wt.% exhibited non-flammability and facilitated excellent
cycling stability for the RT-NaSBs, retaining a reversible capacity of 788 mAh g−1 after
80 cycles. Another attempt involving a mixture of TMP, FEC, and trifluoromethanesul-
fonimide (NaTFSI) resulted in the formation of a NaF-rich SEI layer that further reduced
interfacial resistance and suppressed the Na dendritic growth [123].

The utilization of electrolyte additives in ether electrolytes has also proven to be a
proficient method to improve the ion transfer properties and reduce NaPS solubility, as
in the case of LSBs. Manthiram et al. demonstrated enhancement in capacity by utilizing
concentrated sodium salts with NaNO3 additive in TEGDME solvent as an electrolyte,
adapting directly from the success of LSBs [110]. This strategy also enabled the construction
of a robust SEI layer on the Na anode and achieved a high energy density of 1800 Wh kg−1

(first discharge) and 720 Wh kg−1 (after 20 cycles). However, the reaction chemistry of
the electrolyte combination on the cell’s performance was not validated experimentally.
Another study employing P2S5 as an additive in TEGDME electrolyte proposed by Kohl
et al. almost altered the characteristic electrochemical discharge pattern of RT-NaSBs in
TEGDME electrolyte [124]. RT-NaS full batteries employing a pre-sodiated hard carbon
anode in combination with this tailored novel electrolyte achieved remarkable discharge
capacities of up to 980 mAh g−1 even after 1000 cycles. A NaI–P2S5-based electrolyte
additive put forward by Ren et al. enabled excellent capacity retention of 92.9% for
50 cycles at the rate of 0.2 C [125]. The kinetics of Na2S2 precipitation was enhanced in
the system by forming a soluble Na2S2–P2S5 complex, while the I−/I3 species improved
the dissolution of Na2S2 via the redox mediation process. Daniele et al. investigated
the less explored glyme-based solvent, triethylene glycol dimethyl ether (TREGDME),
for RT-NaSBs [126]. The NaCF3SO3/TREGDME electrolyte displayed low flammability
and excellent ionic conductivity (3× 10−3 S cm−1 at 25 ◦C and 5× 10−3 S cm−1 at 80 ◦C)
and Na-transference number >0.7, validating its potential as a prospective glyme-based
electrolyte system for RT-NaSBs. In a pathbreaking attempt, He et al. recently reported
a localized high-concentration electrolyte (LHCE) consisting of DME, NaFSI, and 1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) (DME:NaFSI:TTE = 1:1.2:1) [127].
Though such high-concentration electrolytes were previously reported for oxide-based
cathodes in LIBs and SIBs, it was the first time it was applied to RT-NaSBs. Even after
rigorous Na plating and stripping studies, a clear and smooth Na surface was observed
while using the LHCE without dendrite formation and pulverization, unlike conventional
electrolytes, indicating its excellent compatibility with the Na anode. More importantly, the
LHSCE could turn around the conventional dissolution–precipitation mechanism in RT-
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NaSBs into a quasi-solid-state type and thereby avoid the phenomenon of NaPS shuttling,
resulting in stable cycle performances for 300 cycles at a 0.1 C rate (Figure 7c).
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Figure 7. (a) Cycle performance of RT-NaSBs with a tailored SiO2–IL–ClO4 electrolyte with varying
SiO2 content [35]. (b) Comparison of cycle performances in an InI3-embedded carbonate electrolyte
with variable FEC content [17]. (c) Cycle performances of RT-NaSBs with a high concentration
DME:NaFSI:TTE electrolyte. Reproduced with permission [127]. Copyright 2021, American Chemical
Society. (d) Monolithic SSE with dense and porous layers. Reproduced with permission [128].
Copyright 2021, American Chemical Society. (e) Comparative cycle performances in RT-NaSBs with
liquid and solid electrolytes [129]. (f) Visual observation of NaPS formation and diffusion in liquid
and gel electrolytes at different aging times. Reproduced with permission [30]. Copyright 2018, Wiley.



Batteries 2023, 9, 223 21 of 34

4.3.2. Solid and Quasi-Solid Electrolytes

Research on solid-state and quasi-solid-state electrolytes has achieved tremendous
growth in the past five years to realize safe rechargeable batteries. Despite the high ionic
conductivity (10−3−10−2 S cm−1) and less electrolyte/electrode interfacial resistance ben-
efitting from excellent interfacial contacts offered by the liquid electrolytes, the risk of
leakage, prolific dendrite growth, and internal short-circuiting associated with them raise
serious safety concerns [130]. This situation is amplified in RT-NaSBs by the additional
unwarranted dissolution of NaPS species in liquid electrolytes, hindering the active sul-
fur utilization and adversely affecting the electrochemical performances. Given these
issues, the research and development of solid-state electrolytes (SSEs) in RT-NaSBs have
evolved by drawing parallels from Na-ion batteries and LSBs. The SSEs can generally
be divided into inorganic solid-state electrolytes (ISSEs) and solid polymer electrolytes
(SPEs). The utilization of ISSE is expected to facilitate solid-solid conversion kinetics in
RT-NaSBs, avoiding PS dissolution and thereby improving the reversibility and cycle
life. To verify this, fast ion-conducting materials, including sodium beta alumina (BASE),
NASICON, and sulfide-based structures, have been investigated as SSEs by various re-
search groups. It is interesting to note that research works on NASCICON-based ISSE
Na1+xZr2P3−xSixO12, with a three-dimensional cation transport pathway reported in the
1970s, are currently being reinvestigated for RT-NaSBs with modifications [129,131–133].
The impact of Al doping in Na3.4Zr2(Si0.8P0.2O4)3 structure was explored, achieving al-
most 4.43 × 10−3 S cm−1 at 50 ◦C for an Al content of 0.1% [128]. The strategic design
of the SSE with a dense layer in between two porous layers on either side (Figure 7d)
could effectively accommodate elemental sulfur and melted Na on either of the porous
layers, resulting in a monolithic ASSB with excellent interfacial contact. In another study,
a NASICON-based SSE Na3.1Zr1.95Mg0.05Si2PO12 with a high room-temperature ionic
conductivity of 3.5 × 10−3 S cm−1 was reported and investigated for RT-NaSBs [129]. In
comparison with RT-NaSBs with liquid electrolyte (NaClO4 in EC + PC) and Whatman
separator, the cells with the novel NASICON SSE showed excellent capacity retention
(88% after 100 cycles at 1 C rate), validating the capability of the NASICON structure in
mitigating NaPS dissolution unlike that of liquid electrolytes (Figure 7e).

Sulfide-based SSEs are versatile due to their high ionic conductivities, excellent room
temperature compatibility, facile synthesis methods, and ease of processibility owing to
their good mechanical strength [134]. Compositing electrode materials with sulfide-based
electrolytes is a simple and effective method to improve interfacial contacts. An ASSB
consisting of a S/Ketjen black (KB) electrode and phosphorus sulfide (P2S5) or highly
ionic conductive sodium thiophosphate (Na3PS4) revealed that nanocrystalline Na3PS4
was formed in situ in the S/KB-P2S5 electrode on electrochemically reacting with the Na
anode, enhancing the interfacial contact and reversibility of RT-NaSBs [135]. In another
hybrid approach, a Na3PS4–Na2S–C composite electrode was investigated, wherein Na3PS4
was explored as both SSE and catholyte active material [136]. Additionally, a remarkably
superior electrode/electrolyte interfacial contact was established for the Na3PS4–Na2S–
C composite electrode by introducing nanosized Na2S, and the RT-NaSBs exhibited a
promising capacity of 438.4 mAh g−1 after 50 cycles at 50 mA g−1. A Na2S-Na3PS4-CMK-3
nanocomposite prepared by a melt-casting strategy followed by annealing and in situ
precipitation of active materials in mesoporous CMK-3 conductive carbon yielded a stable
interface with low interfacial resistance [137]. Similar composite strategies have also been
reported with phosphorus-free sulfide electrolyte, Na3SbS4, which possesses excellent
stability in dry air. In general, liquid-phase synthesis methods are widely explored to syn-
thesize SSEs with good interfacial contact with the cathode and electrolytes. For instance,
an activated carbon-S-Na3SbS4 composite reported by Ando et al. exhibited high dis-
charge capacity and reversibility [138]. The study advocated the efficacy of a liquid-phase
processing technique over a solid-state one to achieve improved interfacial contact. In a
modified approach, nano-scaled ion conduction pathways were developed in situ within
the S-Na3SbS4-C cathode by a liquid-phase synthesis followed by mechanical milling [139].
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S-Na3SbS4-C/Na cells with ultra-high cathode loading of 6.34 and 12.74 mg cm−5 could
achieve remarkable discharge capacities of 742.9 and 465.6 mAh g−1 at 100 mA g−1, indi-
cating excellent prospects for scaleup. Doping NaI into Na3SbS4 has been reported as a
practical approach to enhancing ionic conductivity by incorporating highly polarizable I−

ions [140]. Wan et al. implemented the concept in RT-NaSBs and achieved in situ formation
of ionic as well as electronic conduction pathways in a hybrid S cathode structure combing
0.9 Na3SbS4 0.1 NaI (1.01 × 10−3 S cm−1 at 30 ◦C) with Fe3S4 and S [141]. Similarly, an
Fe3S4@S@0.9 Na3SbS4 0.1 NaI composite prepared via a wet mechano-chemical milling
process avoiding an additional sintering process, displayed excellent rate capability (952.4
and 445.6 mAh g−1 at 50 and 500 mA g−1, respectively) when coupled with a Na anode.

A Na-ion conducting PEO-based SPE was reported by Ge et al., incorporating NaCF3SO3
as sodium salt and MIL-53(Al) as filler [142]. High ionic conductivities (6.87× 10−5 S cm−1

at 60 ◦C) were achieved with 3.24 wt% MIL-53 (Al) and simultaneously adjusting the mole
ratio of EO (ethylene oxide of PEO): Na (sodium ion of NaCF3SO3) as 20:1. Similarly,
PEO–NaFSI–1% TiO2 displayed a high ionic conductivity of 4.89 × 10−4 S cm−1 at 60 ◦C
with excellent electrochemical and thermal stability [143]. When coupled with a S/CPAN
(carbonized polyacrylonitrile) cathode, the ASSB exhibited remarkable cyclability, retaining
710 mAh g(s)

−1 even after 100 cycles.
Though SSEs have demonstrated promising electrochemical performances in RT-

NaSBs, it is essential to enhance the cycle performance to meet the benchmarks of com-
mercialization. The low ionic conductivity at room temperature arising from high grain
boundary resistance coupled with the sluggish Na ion transport in SSEs remains a major ob-
stacle [144]. Adding minimal amounts of liquid electrolytes to SSEs leads to the formation
of quasi-solid-state electrolytes (QSSEs), which is a practical approach to counteract the low
ionic conductivity of SSEs and improve the interfacial contact between the electrolyte and
electrode/anode. The semi-liquid-like property of QSSEs offers rapid ion transport, though
the intrinsic safety is partly compromised by the addition of liquid components. The
initial reports on QSSEs in RT-Na-S batteries were regarding polymer-based gel electrolytes
(GPEs); however, the electrochemical performances were not satisfactory. In one of the
pioneering works, Park et al. reported a Poly(vinylidene fluoride-hexafluoropropylene)
(PVDF-HFP)-based GPE with a high sodium ion conductivity (5.1 × 10−4 S cm−1 at 25 ◦C),
synthesized utilizing TEGDME as plasticizer and NaCF3SO3 as the sodium salt [20]. A
drastic deterioration in discharge capacity was observed with cycling, and the cells could
not be cycled beyond 20 cycles. Later, short-term cycling of PVdF-HFP-based GPE prepared
with TEGDME plasticizer and NaCF3SO3 salt was demonstrated by Kim et al., which also
revealed the prospects of QSSE in RT-NaSBs [118].

Apart from tuning the crystallinity of polymers and incorporating suitable fillers and
plasticizers, novel approaches such as applying rational coatings on the surface of PEs have
proven to be highly beneficial. In that aspect, adding varying amounts of SiO2 nanoparticles
as filler in PVdF-HFP, immobilized with NaCF3SO3 in a carbonate electrolyte (EC: PC; 1:1,
v/v), was also investigated [145]. Though the PVdF-HFP–EC: PC (1:1 v/v)–NaCF3SO3
dispersed with ~3 wt.% of SiO2 displayed a high ionic conductivity (4.1 × 10−3 S cm− 1),
the Na transference number of the GPE with 15 wt.% SiO2 was higher. However, the cycle
performance of RT-NaSBs was not satisfactory. GPEs with conventional carbonate-free
electrolytes have also been investigated extensively from earlier on. In such an attempt,
NaCF3SO3 dissolved in an ionic liquid (1-ethyl 3-methyl imidazolium trifluoro-methane
sulfonate; EMITf) was entrapped in PVdF-HFP, and the GPE was prepared by a solution
casting method [146]. This concept was later applied for RT-NaSBs by the same group,
employing an EMITf/PVdF-HFP ratio of 4:1 w/w [147]. Good capacity retention (98.2% at
0.2 C after 200 cycles) was achieved for an RT-NaSBs employing a gel PVDF-HFP-based
GPE with nanosized SiO2 fillers entrapped with NaPF6/diethylene glycol dimethyl ether
(DEGDME) exhibiting a high Na+ conductivity of 0.5 mS cm−1 [148]. Such approaches
can improve the reversibility of RT-NaSBs by effectively mitigating the precipitation of
inactive S at the electrode–electrolyte interface. A quasi-solid-state RT-NaSB was reported
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using a crosslinked PETEA-tris [2-(acryloyloxy)ethyl]isocyanurate (PETEA-THEICTA)-
based GPE via radical polymerization [30]. Figure 7f shows the visual observation of NaPS
formation and diffusion in liquid and gel electrolytes at different aging times. The high
ionic conductivity GPE formed in situ displayed excellent compatibility with the Na anode
providing a stable Na metal interface while simultaneously immobilizing the NaPS species,
unlike the case of liquid electrolytes.

Coating polymers on SSE can enable quasi-solid-state behavior when coupled with a
few drops of liquid electrolyte. Exploring that viewpoint, a NASCICON-type Na3Zr2Si2PO12
SSE with a polymer coating with intrinsic nanoporosity (PIN) on the anode side was devel-
oped with improved interfacial contact with Na [149]. The Na‖PIN-Na3Zr2Si2PO12‖CNF/S
cell fabricated with a few additional drops of NaClO4/TEGDME exhibited cycle perfor-
mances (550 mA h g−1 at 0.2 C after 100 cycles) far superior to that of cells with conventional
Celgard and NaClO4/TEGDME electrolyte (Figure 8a).
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Figure 8. (a) Cycle performance of Na‖PIN-Na3Zr2Si2PO12‖CNF/S cell. Reproduced with permis-
sion [149]. Copyright 2019, Cell Press. (b) Voltage profiles of Na3SbS4/PETEA-Na‖S cells at various
current rates, and (c) visual observation of changes in Na3SbS4/PETEA-Na and bare Na soaked in
the liquid electrolyte containing sulfur powder. Reproduced with permission [150]. Copyright 2021,
American Chemical Society.

Kim et al. employed a hybrid electrolyte consisting of Na-BASE and NaCF3SO3/TEGDME
ether electrolyte solution [151]. The study achieved a high discharge capacity of 855 mA h g−1

by employing a porous S/C cathode with the hybrid SSE; however, the capacity de-
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graded considerably with cycling. Interestingly, the post-cycling analysis of the cathode
revealed the absence of pulverization and signs of NaPS dissolution, respectively. The
white surface of the SSE after the 104th charge indicated that the NaPS dissolution was
completely avoided as the dissolved higher-order NaPS species tend to leave brown col-
oration on separators. Further investigations by examining the BASE at different points
of the charge/discharge cycle revealed that the dissolution of NaPS could be controlled
by regulating the molar concentration of active S, specifically the S to TEGDME ratio in
the cell [152]. Recently, a novel hybrid electrolyte was reported by in situ cross-linking
sulfide based Na3SbS4 electrolyte with a flexible gel polymer to improve the compatibility
of Na3SbS4 with the Na anode and avoid parasitic deposition of Na [150]. The sponta-
neous cross-linking ability of Na3SbS4 with pentaerythritol tetraacrylate (PETEA) monomer
beyond 150 ◦C was explored to prepare gel-like hybrid thin films (≤30 µm). Prototype
Na3SbS4-PETEA-Na‖S cells demonstrated good reversibility (Figure 8b) and cyclability
up to 90 cycles. The visual observation of changes in Na3SbS4/PETEA-Na and bare Na
soaked in the liquid electrolyte containing sulfur powder revealed no observable changes
occurring with the hybrid solid electrolyte, unlike that of bare Na, indicating the inability of
the liquid electrolyte to penetrate through Na3SbS4/PETEA-Na and to react with metallic
Na (Figure 8c). This indicates the effectiveness of Na3SbS4/PETEA-Na in blocking NaPS
diffusion to the anode side.

4.4. Interfacial Engineered Na Anode

The excellent electrical conductivity and strong reducibility make Na metal an ideal
anode material, similar to Li [153]. Despite these advantages, the sluggish reaction kinetics
of Na and the unwarranted side reactions with electrolytes result in prolific Na dendrite
growth that adversely affects the lifespan of cells, simultaneously raising severe safety
hazards. Thus, the interfacial engineering of the Na anode has emerged as a hot topic
in rechargeable batteries [154,155]. Coating a thin protective film on the surface of the
Na anode to form an artificial SEI is a widely adopted strategy to inhibit the formation
of Na dendrites. For instance, employing atomic layer deposition (ALD) and molecular
layer deposition (MLD) techniques (Figure 9) has been beneficial in achieving an ultra-
thin coating layer on the Na anode [156,157]. Such strategies have been demonstrated to
immensely stabilize the Na anode surface, reducing the polarization and enhancing the
cycle life of batteries. Further, such passivating layers (SEI film) can also be achieved in
situ by employing suitable electrolyte formulations, additives, and cycling strategies, as
detailed in Section 4.3.1.
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Figure 9. Schematic representation of Na anode protection strategy employing atomic layer deposi-
tion. Reproduced with permission [156]. Copyright 2017, Wiley.

The cell chemistry of RT-NaSBs involving NaPS generation, dissolution, and migration
to the anode side, where it reduces to lower-order NaPS, warrants strategic measures to
protect the interface of metallic Na. Vipin et al. fabricated an artificial metal-alloy interphase
(MAI) in an anode (Figure 10a) consisting of Na-Sn alloy, employing a solid-vapor reaction
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of Na metal with tin tetrachloride vapors [158]. The developed MAI could facilitate
reversible Na deposition at current densities as high as 5–7 mA cm−2 in symmetric cells
(Figure 10b) and exhibited good cyclability (500 cycles) when employed in RT-NaSBs
(Figure 10c). Recently, a tailored biphasic interface (BPI) was designed for the Na anode
utilizing NaOH and NaNH2 distinctly rendering stiffness and ductility, respectively, to
facilitate a dendrite-free Na surface after cycling (Figure 10d) [159]. The low diffusion
barrier of Na+ species at this unique interface enabled excellent reversible Na deposition
even at extremely high current densities (up to 50 mA cm−2) in Na symmetric cells. RT-
NaSBs with BPI exhibited stable and reversible cycling over 500 cycles (Figure 10e,f).
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Figure 10. (a) Cryo-TEM micrographs of the as-deposited Na with MAI, (b) galvanostatic strip-
ping/plating test of Na symmetric cells with and without MAI at 5 mA cm−2, and (c) cycle per-
formance of RT-NaSBs with and without MAI. Reproduced with permission [158]. Copyright
2020, Elsevier. (d) Schematic illustration of the effect of cycling on Na anode with and without
BPI (e) cycle performance and (f) voltage profiles of RT-NaSBs with and without BPI. Reproduced
with permission [159]. Copyright 2020, Cell Press. Voltage profiles of (g) Na–Sn–C/TEGDME4-
NaCF3SO3/HCS–S full cell. Reproduced with permission [119]. Copyright 2013, Royal Society of
Chemistry. (h) Comparative cycle performance of RT-NaS cells with 1 M NaClO4 0.2 M Na2S/P2S5

in TEGDME|Na anode (black lines) and a hard carbon anode sodiated in 1 M NaPF6 in DEC: EC +
FEC (6:4 + 1% vol.) (red lines). Reproduced with permission [124]. Copyright 2016, Wiley. (i) ASSB
using an S-MSP20-Na3SbS4 composite electrode. Reproduced with permission [138].

Generally, integrated full-cell architectures employing engineered S cathodes and
modified anode configurations are found to mitigate the NaPS shuttle effect, effectively
avoiding the internal shorting of cells, and facilitating extended long-cycle performances.
Employing sodium metal-free anodes such as hard carbon (HC), Si, and Sn can render
excellent safety and durability for cells considering practical applications [103]. Such
pre-sodiated anodes have been investigated in RT-NaSBs by various groups. The hollow
C/S composite prepared from a spherical SiO2 template with almost 60% S loading in
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combination with a pre-sodiated nanostructured Sn–C anode and an ether electrolyte
exhibited a reversible capacity of 550 mAh g−1 and an energy density of 550 W h kg−1

at 0.1 C rate, with a low operating voltage of 1 V (See Figure 10g) [119]. Kohl et al.
demonstrated RT-NaS full cells with an HC anode and a porous C/S composite for the
first time, with a high discharge capacity of 980 mA h g−1 [124]. Compared with the cells
with metallic Na anode, the cells with pre-sodiated HC anodes exhibited superior cycle
performances (Figure 10h). However, major capacity degradation was observed in the
initial 200 cycles, though the cell could run up to 1000 cycles. Followingly, RT-NaSBs with
pre-sodiated HC anode reported by Pampel et al. on pouch cell level, exhibited stable
cycling over 1000 cycles [160].

Despite the successful implementation of HC anodes at the pouch cell level, the HC
anode is not a preferred choice, considering the complications associated with pre-sodiation
and its translation to a commercial level. In this context, Na2S has gained wide popularity
as an alternate cathode that already possesses Na, which does not require pre-sodiation
when coupled with HC anodes [161]. The first RT-NaS full cell with a Na2S/C cathode and
an HC anode demonstrated with a precisely optimized electrolyte containing FEC and, by
following specified charging procedures in the initial cycles, delivered 350 mAh g−1 based
on the S mass at 0.2 C rate [162]. Exploring alternative anodes to Na, a Na3Sb alloying
anode coated with Na3PS4 SE coupled with an activated carbon-S-Na3SbS4 composite
was developed recently by Ando et al. [138]. ASSBs with this alloying anode exhibited a
remarkable discharge capacity of 1560 mAhg−1 (93% of the theoretical capacity), for over
50 cycles at a current density of 0.064 mA cm−2 (Figure 10i). Fostering similar approaches
by investigating the pitfalls of such integrated cells and redesigning solutions for them are
critical in realizing practical RT-NaSBs in the near future.

5. Conclusions and Future Perspectives

RT-NaSBs are a promising alternative for next-generation energy storage after LSBs,
considering the high achievable capacity and energy density and low cost. With the
advantage of exhibiting similar electrochemical behavior to LSBs, RT-Na-S batteries offer
immense opportunities for sustainable grid-scale energy storage. However, apart from
the cost-effectiveness, environmental benignity, and ease of translation of technology from
LSBs, RT-NaSB research is still in its infancy, and there are severe challenges that need to be
addressed to facilitate the commercialization of this system. Henceforth, this review is a
summary of the state-of-the-art RT-NaSBs, electrode and interfacial engineering strategies
adopted for PS adsorption, and mitigation in RT-NaSB research to date.

Electrode engineering: As discussed, the uncontrolled NaPS shuttling in the electrolyte
hinders the development of high-performance RT-NaSBs. The strategies to improve the
performance of RT-NaSBs require adequate addressing by carefully analyzing the contri-
butions and challenges from various cell components in terms of polysulfide trapping.
The main strategies to inhibit/adsorb the polysulfide species are by confining them to the
cathode, separator, interlayer, and electrolyte. The strategy of employing carbonaceous
hosts for loading S is an inexpensive method. However, the limited S content (>50%) in
them is not favorable for practical application. To improve the S content in the cathode
beyond >70%, carbon nanoarchitecture with tunable multimodal porosities should be
explored. Covalently bonded S/C composites also suffer from low S content owing to the
inability to establish S-C covalent bonds beyond a limit. Designing suitable S-containing
electrochemically active materials with high capacities and synthesizing them in situ with
S/C composites can be beneficial to push the boundaries of S loading in electrodes. NaPS
adsorption/trapping in RT-NaSBs demands a combination of physical and chemical adsorp-
tion strategies involving integrated cathode architectures with high surface and multimodal
porosities embedding suitable polar materials and catalytic redox mediators. Incorporating
transition metal oxides, sulfides, and selenides can improve the reaction kinetics of NaPS
conversion in RT-NaSBs, enabling long-term cyclability while elevating the S content in
the electrode without compromising electrochemical performances. The main challenge
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in designing such efficient S electrodes is to engineer homogeneously dispersed adsorp-
tive/catalytic sites in the cathode. Apart from that, the content of polar materials and
electrocatalysts should be carefully assessed, without sacrificing the overall energy density
of the system by adding to the dead weight. Additionally, the specific role of various cat-
alytic redox mediators in boosting the redox kinetics of NaPS conversion reaction needs to
be studied in-depth to formulate and finetune the electrochemical reactions via electrochem-
ical studies involving CV and galvanostatic intermittent titration (GITT). Surface chemical
characterizations such as Raman and XPS can also aid in understanding the contribution
of such catalytic mediators in facilitating rapid NaPS conversion/reconversions. Over-
all, strategically confined electrode architectures exploiting the principles of physical and
chemical adsorption along with good electrolyte compatibility can enable highly reversible
RT-NaSBs with prolonged cycle life. However, the scale-up of such hybrid electrodes with
electrocatalysts requires adequate engineering and socio-economic analysis to satisfy the
commercialization targets.

Interfacial engineering: Optimizing electrolytes is another major hurdle to achieving RT-
NaSBs with good reversibility. The ready dissolution of NaPS species in ether electrolytes
and the inhibition of PS generation in carbonate electrolytes demand clear mechanistic
insights into the reaction mechanisms to unravel the influence of electrode/electrolyte
and electrolyte/anode interfaces. Single electrolyte additives such as FEC as well as a
combination of Na2S and P2S5 are proven to improve the compatibility of electrolytes with
both electrodes and the anode. However, their large-scale utilization is never feasible due
to the high costs. Additionally, the integration of solid-state and quasi-solid-state elec-
trolytes can boost the reversibility and long-term cycle life of RT-NaSBs though the Na-ion
conductivity of such systems, which is significantly lower than that of conventional liquid
electrolytes. Comprehensive study of interfacial changes during cycling in such systems
can be beneficial. Additionally, Na anodes are highly reactive and are prone to unwanted
parasitic reactions when in contact with liquid electrolytes. The inefficient Na+ transport
and Na+ concentration polarization lead to non-uniform accumulation of Na+ charges
contributing to dendritic Na growth and affecting the safe operation of cells. Mitigating Na
dendritic growth during extended cycling is yet another major hurdle to achieving safe
RT-NaSBs with long-term cyclability. Though various Na anode protection strategies are
being explored, it is essential to undertake in-depth studies to understand the SEI layer
formation and its chemical components to clearly outline the role of interfaces. Additionally,
the irreversible loss of Na via the formation of an SEI layer and the associated low CEs
are hindrances to achieving good cycle performances. In that regard, designing solid-state
electrolytes and tunable SEI layers can simultaneously alleviate the polysulfide shuttle
phenomenon while enabling unified and rapid Na+ flux in the system. Exploring Na metal-
free anodes have brought RT-NaSBs one step closer to commercial standards. However,
tailoring electrode/electrolyte/anode interfaces in RT-NaS full batteries to maximize the
reversibility and cycle life calls for extensive studies using advanced characterizations.

Cell development: Exploiting the benefits of low-cost raw materials and the achievable
high energy density of RT-NaSBs, electrode designs that can accommodate high S loadings
(typically ≥5 mg cm−2) need to be extensively investigated to evaluate the commercial
applications of this system. Novel manufacturing techniques such as 3D printing and
powder technology facilitate the flexibility to incorporate complex designs and bring
about cost effectiveness. Additionally, the good prospects for scale-up offered by these
techniques make them suitable to prepare high-loading electrodes on a large scale. In
addition, achieving a low E/S ratio is essential to avoid parasitic reactions that arise due to
the contact of S species with the electrolyte and thereby reduce the NaPS dissolution. A
low E/S ratio also contributes to the improvement of the overall energy density of the cell.
Engineering novel solid electrolytes with good Na compatibility would be highly significant.
The mitigation of PS shuttling in large-format cells is challenging and requires extensive
investigation and optimization. The extension of S-incorporated cathode structures to
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various cell architectures such as pouch cells and cylindrical cells can be beneficial to
understand the true performances.

Finally, it is anticipated that high reversible capacity and long-term cyclability can
be achieved for RT-NaSBs by employing simple and low-cost defense pathways for NaPS
trapping and by rationally integrating engineered S cathodes, modified functional separa-
tors, interlayers, suitable electrolyte systems, and safe Na-free anodes. Such sustainable
attempts can draw RT-NaSBs closer to commercialization and scale-up in view of potential
large-scale applications.
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