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ABSTRACT

Due to the attraction of high specific capacity and abundant raw materials, scientists have extensively
researched room-temperature sodium-sulfur (RT-Na/S) batteries in recent years. However, unwanted
dendrite growth, huge volume change, lower electrical conductivity and polysulfide shuttle effect
make the RT-Na/S batteries performance unsatisfactory. This review focuses on the recent research
results of RT-Na/S batteries in cathode material improvement, electrolyte optimization, separator
modification and anode protection. The methods and innovations produced by previous researchers
arealsodiscussed, and possible solutions are proposed. Itis expected that this review may spark fresh

ideas for RT-Na/S batteries research.
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1. Introduction

Globalization has accelerated economic development
and technological progress, and the demand for energy
is growing. In the context of sustainable development,
more and more renewable energy sources such as solar
energy and wind energy are gradually replacing the exist-
ing fossil energy. [1-3]. However, these renewable energy
sources are unevenly distributed in time and space,
resulting in large instability in continuous supply of elec-
tricity. Therefore, energy storage equipment is required
to store electricity and then supply it to end users contin-
uously and stably. Secondary batteries such as lead-acid
batteries and lithium-ion batteries have been developed
to solve the above problems. The lead-acid battery is
currently used on the largest scale as secondary energy
storage battery. It has the advantages of high stability
and mature technology, but it also has shortcomings such
as serious pollution and low energy density. Compared
with lead-acid battery, Li-ion batteries create less pollu-
tion, possess a higher energy density and better stability.

But in the same way, Li-ion batteries are suffering from
capacity bottlenecks and expensive materials. Based on
these many problems of existing batteries, it is necessary
to develop next-generation low-cost and high-energy-
density batteries [4-7]. In recent years, more and more
researchers have devoted themselves to the research of
Na-S batteries, whose cathode and anode materials are
S and Na respectively. Furthermore, these two elements
are widely distributed on the earth, and the extraction
process is mature, so the cost is lower. At the same time,
the theoretical energy densities of Na and S are relatively
high, which can meet the needs of large-scale energy stor-
age. To summarize conclusion, Na-S batteries are very
promising for application [8-10].

1.1. History of Na-S batteries

Research on Na-S batteries originated in the 1960s, with
the first research focused on High-Temperature Sodium-
Sulfur (HT-Na/S) batteries, which operate around
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Figure 1. Historical map of Na-S batteries research and development. Copyright 2022, Wiley-VCH GmbH [11].

300-350 °C. A molten Na anode (melting point =98 °C),
a molten sulfur cathode (melting point = 118 °C) and
ceramic B’-Al, O3 as solid electrolyte are assembled into
the HT-Na/S batteries [11]. HT-Na/S batteries avoid the
dendrite problem and have high electrical conductivity.
However, it also has the defects of high working temper-
ature, high risk, low energy density and high operation
cost. And then, the Intermediate-Temperature Sodium-
Sulfur (IMT-Na/S) batteries were innovated in the 1970s
and operate between 120-300 °C. The IMT-Na/S batter-
ies also eliminated the dendrite problem, but the elec-
tronic conductivity and the utilization of sulfur also
decreased. Researchers have been intensively investigat-
ing Room-Temperature Sodium-Sulfur (RT-Na/S) bat-
teries, which operate around 25 °C-35 °C. RT-Na/S bat-
teries can completely convert Sg to Na;,S, so they have a
high theoretical energy density (1274 Wh kg_l) [12-15].
However, RT-Na/S batteries also suffer from anode den-
drite growth, sulfur cathode volume expansion, low elec-
tronic conductivity, and polysulfide shuttle effect. There-
fore, most of the current research is carried out around
the problems above and is committed to promoting the
commercialization of RT-Na/S batteries (Figure 1). Since
the work in this paper is all researched and discussed
around RT-Na/S batteries, they will be referred to as Na-S
batteries in the following [16-20].

1.2. Comparison with Li-S batteries

The technology of Li-ion batteries has gradually matured
and commercialized, while the research on Na-ion

batteries has just started. There are many similarities
between Li and Na, and the related research ideas of
Li-ion batteries can be applied to Na-ion batteries. Li
E®(Lit/Li’) = —3.04 V vs. standard hydrogen electrode,
with a theoretical specific capacity of 3860 mAh g~!
[21]. Similarly, Na, which belongs to the same main
group as Li, is an abundant and low-cost element with
physical and chemical properties similar to those of Li.
E®(Nat/Na®) = —2.71 V vs. standard hydrogen elec-
trode, only 0.33 V lower than Li [22]. However, this does
not mean that the voltage of Na-ion batteries must be
0.33 V lower than that of Li-ion batteries. Because the
voltage of the batteries depends on the potential differ-
ence between the positive and negative materials at the
electrodes.

The theoretical energy density of the Li-S batteries is
2600 Wh kg™, and the overall reaction can be written as:

2Li+1/8 Sg = Li»S (1)

The theoretical energy density of the Na-S batteries is
1245 Wh kg1, and the reaction can be written [23,24]:

2Na+ 1/8 Sg = Na,S (2)

The working mechanism of Na-S battery is similar to Li-
S battery, which realizes the transfer of electrons through
the conversion reaction of Sg and S>~. Additionally, Na
does not react electrochemically with aluminum (Al),
so Na-S batteries can use Al foil instead of copper (Cu)
foil as the anode collector. Therefore, despite their low
energy density, Na-S batteries have a low-cost superior-
ity, which makes Na-S batteries one of the candidates for
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Figure 2. Schematic representation of the intrinsic challenges in
Na-S batteries.

future energy storage systems. Although the research on
Na-S batteries has achieved many insightful results, some
problems still have to be solved. Therefore, in order to
better promote the research of Na-S battery, the author
starts with the mechanism of Na-S battery, and ana-
lyzes its advantages as well as various challenges [25-28].
In addition, through the analysis and interpretation of
the existing research results, readers can more intuitively
understand the research ideas of various technical routes
and the advantages. And we hope that readers can obtain
better research ideas for Na-S batteries through inten-
sive reading of this review, and can further promote the
commercialization of Na-S batteries.

2. Intrinsic challenges for Na-S batteries

To achieve efficient and smooth charge-discharge cycling
of Na-S batteries, several challenges need to be overcome
(Figure 2). In this chapter, the problems of Na-S batteries
will be discussed, and the root causes of their occurrence
will be analyzed.

Firstly, the Na metal is relatively active. It will be
instantly oxidized when exposed to the air, so the storage
and use conditions are relatively harsh [29].

Secondly, most Na-ion batteries use organic elec-
trolytes. During the first few cycles of charge and dis-
charge, the organic electrolyte is decomposed and then
forms an ‘unstable solid electrolyte interphase’ (SEI) on
the surface of the Na anode [30]. The formation of the
SEI film can protect the Na anode to a certain extent and
further block its subsequent reaction with the electrolyte.
However, the uneven deposition of Na brings about den-
drite problems. The growth of dendrites will continue to
consume electrolyte and form SEI films on the dendrite
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surfaces, resulting in low coulombic efficiency and low
capacity. In addition, at high current and long cycles, den-
drites are more severe and may puncture the separator
and cause short circuits [31].

Thirdly, the radius of the Li* is 0.76 A, while the Na™
is 1.02 A. Therefore, researchers need to find a suitable
Na™ storage material to facilitate the reversible inser-
tion and de-insertion of NaT [32]. At the same time, the
sodiation and desodiation will cause a huge change in
the electrode volume, which may lead to the collapse of
the electrode structure. More seriously, the collapse of
the electrode structure will cause damage to the existing
SEI film on the surface, resulting in the need to con-
sume additional electrolytes to form a new SEI film on
the electrode surface. This effect results in unsatisfactory
long-cycle performance for Na-ion batteries. Meanwhile,
in the reaction on the sulfur cathode side, the volume
change from S to $>~ expands by 80%, leading to more
serious instability of the cathode [23].

Fourthly, the larger radii of Na* and $?>~ reduce
the ion mobility and the electrochemical reaction rate.
This will lead to increased polarization during the reac-
tion, slow reaction kinetics, and insufficient release of
capacity [28].

Fifthly, polysulfide intermediates (sodium polysulfide,
NaySx, 4 < x < 8, NaPSs) produced during charg-
ing/discharging of the battery are readily dissolved in
organic solvents. In the Na-S battery system based on
ether electrolyte, NaPSs is easily dissolved in the elec-
trolyte, which is beneficial to accelerating the reaction
kinetics. However, driven by the concentration gradient
and electric field, the NaPSs will shuttle through the pores
of the separator to the anode side, triggering the poly-
sulfide shuttle effect. More seriously, the NaPSs in the
electrolyte on the anode side will continue to react with
the Na to generate insoluble Na;S,/Na;,S on the negative
electrode surface. Moreover, the continuous deposition
of Na,S,/Na;S on the anode will destroy the SEI film on
the surface of the Na anode, which further leads to the
instability of the Na anode. Further, the above process
is irreversible. Therefore, as the reaction progresses, the
active material on the cathode gradually decreases, result-
ing in poor long-term cycle performance of the Na-S
batteries [33].

Sixthly, due to the potential difference between the
anode and cathode of the battery, even when the battery
is in a static state, a slow redox reaction occurs inside the
battery, resulting in a loss of capacity [34]. However, the
insoluble Sg will react with the ether electrolyte to form
soluble NaPSs. Further, NaPSs undergo a shuttle effect to
react with the Na anode, leading to self-discharge. There-
fore, the self-discharge of Na-S batteries also needs to be
solved urgently.
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In order to better solve the problems existing in the
Na-S batteries, it is necessary to fully research its reaction
mechanism. Only by understanding the working mecha-
nism of Na-S§ batteries can subsequent researchers better
and more effectively solve the problems faced by Na-S
batteries.

3. Storage mechanisms of Na-S batteries

Similar to the Li-S batteries, the reaction of the Na-S bat-
teries is greatly affected by the electrolyte. In the systems
of different electrolyte, the reaction mechanism of Na-S
batteries is also very different.

For example, NaPSs have a higher solubility in ether
electrolytes, while Sg and Na,S,/Na,S show lower sol-
ubility in ether electrolytes. The characteristics above
make the reaction of the Na-S battery based on the ether
electrolyte involve the transformation of solid-liquid-
solid phase, and the reaction is relatively complicated.
While, in ester electrolytes, Sg, NaPSs and Na,S,/Na,S
all have low solubility, so the whole reaction involves
solid-solid transformation. Besides, in solid electrolytes,
the reactions involved are relatively simple and are there-
fore discussed in the chapter on electrolytes. Therefore,
this chapter will further analyze the reaction mechanism
of Na-S batteries from the ether and ester electrolyte
systems. [6,11].

3.1. Storage mechanisms in ether-based
electrolytes

The CV and discharge curve of Na-S batteries in
tetraethylene glycol dimethyl ether (TEGDME) elec-
trolyte is shown in Figure 3a-b. It can be seen from the
CV that the Na-S batteries based on ether electrolyte have
two obvious reduction peaks at 2.20 and 1.65 V, which
corresponds to the two-stage discharge plateau in the dis-
charge curve. Therefore, the entire discharge curve can be
simply divided into four regions [35,36]:

Region I is a relatively high voltage plateau with
Na/Na™ of approximately 2.2 V, corresponding to the
conversion of insoluble Sg to soluble Na,Sg:

Ss+2Nat +2e — Na,Sg (3)

Region I is the first inclined region with a voltage range
0f 2.20 V-1.65V, corresponding to the conversion of sol-
uble long-chain NaPSs Na;Sg to medium-chain NaPSs
N3254:

NaySg +2Na™ +2e” — 2 NayS, (4)

Region III refers to the lower voltage plateau at about
1.65 V, which corresponds to the conversion of dissolved

Na,S4 into Na,S3, Na,S; and Na,S:

NayS4+2/3Nat +2/3¢ — 3 NayS3 (5)
NazS4+2Na++2e_ — 2Nay$; (6)
NaySy +6Nat +6e~ — 4 NayS (7)

Region IV is the second inclined region with a volt-
age range of 1.65 V-1.2 V, which corresponds to the
solid—solid reaction of Na,S, and Na,S:

NayS, +2Nat +2e — 2 Na,S (8)

Among the four reaction zones, zone II is the most com-
plicated zone, and is affected by the chemical balance
between each type of NaPSs species in the solution. The
following side reactions may also occur:

NaySg +2/3Nat +2/3e” — 4/3 Na,Ss 9)
NayS¢ +2/5Nat +2/5¢~ — 6/5NaSs  (10)
Na>Ss +1/2Nat +1/2e¢~ — 5/4NayS,  (11)

Generally, NaPSs have high solubility in ether elec-
trolytes, which is conducive to the forward progress of the
reaction and can improve the reaction rate. However, this
also exacerbates the shuttle effect of polysulfides, mak-
ing the cycling stability of Na-S batteries unsatisfactory
[38-40].

3.2. Storage mechanisms in ester-based electrolytes

The most significant difference between ester solvents
and ether solvents is the violent nucleophilic reaction
between the nucleophilic Sx>~ and the ester solvents.
However, the solubility of NaPSs in ester electrolytes is
lower than that in ether electrolytes. Therefore, the shut-
tle effect of polysulfides in the Na-S batteries based on
the ester electrolyte is effectively suppressed, and the uti-
lization rate of sulfur is improved. Many researches on
Na-S batteries reported in recent years have used ester
electrolytes [40,41]. For example, Yan et al. used nano-
silver-modified core-shell carbon spheres to unload sul-
fur as the cathode, and 1 M NaClO4-EC/PC/FEC as the
electrolyte, obtaining satisfactory performance and cycle
stability [37]. From Figure 3c, there are also two obvious
peaks in the Na-S batteries based on the ester electrolyte.
But except for these two peaks, the areas of other parts are
basically negligible. Moreover, only two discharge plat-
forms in the ester electrolyte contribute to the capacity,
compared with Figure 3d. Besides, other parts have little
contribution to the capacity, which is basically consis-
tent with the CV results. This effectively illustrates that
the reaction of the ester electrolyte-based Na-S battery
is relatively simple, involving only the transformation of
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Figure 3. (a) CV, (b) discharge curve of Na-S batteries with 1.5 M NaClO4 + 0.3 M NaNOs in TEGDME electrolyte. Copyright 2014, Wiley-
VCH [35]. (c) CV, (d) A practical discharge profile of Na-S batteries with 1 M NaClO4 in 1:1 ethylene carbonate (EC) /propylene carbonate
(PC) and 3 wt% fluoroethylene carbonates (FEC). Copyright 2021, Cell Reports Physical Science [37].

the solid—solid phase. And it is not difficult to find that
there is a high irreversible capacity below 1.4 V in the first
cycle discharge curve, which is related to the formation of
SEI film. In addition, the decomposition of the electrolyte
will also result in the formation of cathode electrolyte
interphase (CEI) on the sulfur cathode. And then, in the
subsequent cycles, the generated CEI layer promotes the
sulfur particles in the cathode to undergo a quasi-solid
phase transition, reducing the generation of soluble Sx>~
intermediates. Thus, this simple reaction process is more
conducive to the specific analysis of the problems exist-
ing in the Na-S batteries, and the problems can be solved
in a more targeted manner [28,42-44].

4, Strategies for the effective use of sulfur
cathode materials

Since the working mechanism of Li-S batteries is similar
to that of Na-S batteries, researchers can learn from the
research results of Li-S batteries to design a more effective
solution and solve the problem of Na-S batteries [45].

In the existing research, Li-S batteries generally use
three-dimensional (3D) carbon material composite sul-
fur as the cathode. Firstly, sulfur can transfer electrons
faster with the help of the 3D carbon framework, increas-
ing the reaction rate. Secondly, the 3D carbon framework
can also effectively limit the dissolution of sulfur, and pro-
vide certain non-polar adsorption to limit the shuttle of

polysulfides. Moreover, in order to better solve the shuttle
effect of polysulfides, polar materials are also introduced
to provide extra polar adsorption. The methods used in
the cathode of Na-S batteries is basically the same as those
mentioned above. Therefore, this review will describe the
research on the cathode system of Na-S batteries from the
aspects of carbon (porous carbon, doped carbon), metal
sulfides/oxides, metals/mono-atoms, and other materi-
als. And then, by analyzing the results obtained in the
existing cases, the future research direction of the Na-S
batteries cathode is speculated [46-54].

4.1. Sulfur/ carbon composites

Initially, Na-S batteries used thermal diffusion (melt
impregnation) technique to encapsulate sulfur into a
3D carbon framework, such as carbon nanotubes, hol-
low carbon nanospheres, carbon nanofibers, and porous
nanocarbons, allowing better bonding between sulfur
and carbon [55-60]. And then, this chapter will analyze
the existing research results of Na-S batteries step by step,
starting from the use of pure carbon materials for cathode
sulfur storage [61,62].

4.1.1. Sulfur/ pure carbon

Xin et al. experimentally produced carbon nanotubes
(CNT) wrapped with a layer of sulfur-containing micro-
porous carbon tubes (MPC) on the outside (S/(CNT@



696 (&) P.CHENETAL.

Plateau |

Plateau Il

" (&
¥
J,.[°
i
",
o g
g
8
*00 e 0

=
Specific capacity (mA

\Na
> R 0 s . . s
(o] 5 10 15 20

1 C- Charge

1 C - Discharge
C - Charge

1 C - Discharge
2 C- Charge

2 C - Discharge

0.
0.
1

s g
[e%°8088cces,5000000

g

®®0c00ccccccscccrcene
0000000000000000000

8

T/m\f Maximum capacity of S in
HT Na-S cell

i Cycle no. (n)

i |

100mA g*

‘:-,' Without
2t polysulfide
y shuttle

Capacity (mAh g)

g

20 40 60 80 100
Cycle number

5C 2C 1C 0.5C0.2C

Voltage / V vs.Na" /Na

T+ 1T * 1T * 1T v 1T
800 1200 1600 2000 2400
Capacity / mAh g”'s)

—T—
] 400

Figure 4. (a) SEM and TEM images of S/(CNT@MPC). (b) Diagram of the mechanism during discharge. (c) Cycling Performance at different
currents. Copyright 2013, WILEY-VCH [63]. (d) TEM images of S@iMCHS. (e) Diagram of fixed elemental sulfur. (f) Rate capability. Copyright
2016, American Chemical Society [64]. (g) HRTEM images of the microporous carbon. (h) Diagram of material limitation of sulfur. (i)
Schematic diagram of current capacity at different currents. Copyright 2020, WILEY-VCH [65].

MPC)), forming a concentric circular structure similar
to that of a cable (Figure 4a) [63]. The composite mate-
rial was then used as a cathode sulfur storage material for
Na-S batteries, and the results showed that microporous
carbon (pore size <0.5 nm) made sulfur only exist in
the form of small molecules (S,_4) during the entire reac-
tion process. The design of microporous carbon makes
it difficult for NaPSs to escape from the carbon cage,
and avoids the formation of soluble NaPSs intermediates.
Furthermore, the microporous carbon effectively inhibits
the shuttle of polysulfides. In the CV curves, the redox
peak was shifted and had a sharp peak in the first lap due
to the activation of the electrode and the formation of the
SEI This phenomenon gradually improved in the subse-
quent laps, indicating that the electrochemical reaction of
the battery was relatively smooth. Figure 4b shows that at
a current density of 0.1C (1 C = 1675 mAh g_l), Sg is
gradually converted to Na, S and releases a specific capac-
ity of 1610 mAh g~!. And the battery capacity reached

1148 mAh g~ ! on the first charge and the initial efficiency
of battery was 71.3%. The efficiency is relatively high
considering the existence of electrode activation and SEI
film formation in the first circle. Subsequently, the elec-
trochemical performance gradually stabilizes, and the
coulombic efliciency rapidly increases to 100%. After 2
~ 3 charge/discharge cycles, the capacity of the cell is
maintained at around 900 mAh g~! and 800 mAh g!
(Figure 4c).

Wang et al. used interconnected mesoporous car-
bon hollow nanospheres (iMCHS) as an effective sul-
fur host through melt diffusion method. Sulfur can
be observed encapsulated inside the hollow carbon
nanospheres (Figure 4d) [64]. At high temperatures, the
carbon pores on the surface of hollow nanospheres are
opened, which makes sulfur can easily enter and diffuse.
And this method promotes the close contact between
the 3D carbon spherical framework and the nano-sulfur,
so that the nano-sulfur exhibits high electrochemical



activity [66]. Furthermore, the sulfur is attached to the
3D carbon skeleton and can migrate electrons through
the carbon skeleton. Also, the hollow structure not only
allows full penetration of the electrolyte and migration of
small molecules, but also limits the escape of NaPSs, thus
suppressing the shuttle effect (Figure 4e). It was shown
by X-ray diffraction (XRD) data that the Na,S formed
by discharge was not converted into long-chain NaPSs
when the cell was recharged to 2.8 V, indicating that the
conversion of Na,S is restricted. The S@ iMCHS -based
Na-S battery also exhibits excellent performance at dif-
ferent current densities, 390 mAh g=! at 0.1 A g~!, and
127 mAh g1 at 5 A g~ ! (Figure 4f).

Guo et al. produced ultra-microporous carbon with
pores of about 0.5 nm (Figure 4g), using coffee grounds
as raw material [65]. Subsequently, by the melt diffu-
sion method, sulfur is first diffused into larger pores, and
then the high temperature is used to crack Sg into small
molecules of S,_4, so that they are distributed into the
ultra-microscopic pores. Theoretical calculations have
determined that ultra-microporous pores (< 0.5 nm)
can effectively inhibit the formation of NaPSs. In this
structure, sulfur can only exist as a small molecule, and
its reaction product in the cell is Na,S (Figure 4h). The
material was also found to contain Na-C bonds, and
this structure facilitates the oxidation of Na,S during
the discharge process. Since the carbon pores are very
small, there is a strong interaction between the prod-
uct Na,S and the carbon skeleton. This action leads to
an increase in the current-carrying capacity of the car-
bon skeleton and results in a significant improvement in
electronic conductivity [67]. Furthermore, as the reac-
tants and products are mostly small molecules, the reac-
tion kinetics are enhanced compared to the larger NaPSs
molecules, resulting in faster reaction rates and increased
capacity. The material has a good multiplicative property,
low self-discharge, good cycling stability and negligible
capacity loss after 2000 charge/discharge cycles at 1 C
(Figure 4i). Moreover, Wu et al. also demonstrated that
the structure and porosity of the 3D carbon framework
played a crucial role in NaPSs [68].

According to the research results above, the use of
3D carbon skeleton as a sulfur host is a meaningful and
promising research direction. Firstly, electrons can be
transported through the framework of carbon materi-
als, which speeds up the reaction. Secondly, the 3D car-
bon framework limits the dissolution of NaPSs through
non-polar adsorption and smaller pores. Thirdly, the
introduction of porous carbon can make the sulfur dis-
persed more uniformly, make it more wettable with the
electrolyte, and contribute to the reaction. However, the
non-polar adsorption capacity of carbon is limited, so
that NaPSs cannot be effectively bound, resulting in poor
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cycling stability. Meanwhile, simply improving the con-
ductivity cannot effectively speed up the conversion of
NaPSs. Therefore, the introduction of heteroatom doping
seems to be a feasible solution based on the carbon frame-
work as the sulfur-loaded material [69]. This approach
increases the activation sites on the 3D carbon skeleton.
Moreover, the introduction of multiple atoms can obtain
faster ionic conductivity with larger molecular layer spac-
ing, thus speeding up the reaction and maintaining the
stability of the electrode. In addition, the introduction
of heteroatoms and polar adsorption sites enhance the
binding ability of NaPSs, which can effectively inhibit the
escape of NaPSs. Besides, heteroatoms can also slightly
enhance the defects of the carbon skeleton, which con-
duce to the catalytic conversion of NaPSs and improve
the reaction kinetics [70-73].

4.1.2. Sulfur/ heteroatom doped carbon

Qiang et al. reported that a hierarchical porous carbon
(N, S-HPC) with high heteroatom content of N and S co-
doped was prepared, using porous phenolic resin with
melamine and benzyl disulfide carbonization [74]. The
heteroatoms such as N and S were effectively bound to the
NaPSs in the nanocarbon network by being distributed
in the 3D carbon skeleton through van der Waals forces
(Figure 5a-b). N, S-HPC limits the reaction of NaPSs with
electrolytes and enables excellent long-cycle capacity sta-
bility under high current (4.6 A g~1) (Figure 5c).

Yan et al. prepared carbon networks with S-C cova-
lent bonds, using carbon disulfide and red phosphorus
as raw materials [75]. The introduction of heteroatoms
increases the interlayer spacing of carbon, which is bene-
ficial to the migration of Na™. In addition, the S-C in this
material forms covalent bonds and is uniformly loaded
inside and outside of the carbon skeleton (Figure 5d-e).
This increases the active sites, promotes the adsorption
of Na-ions, enhances the electrical conductivity, and pos-
sesses a higher sodium storage capacity (Figure 5f). Lim
et al. demonstrated that the combination of S-C cova-
lent bonds contributes to inhibiting the shuttle effect of
polysulfides [76]. And this research further shows that
the morphology of the synthesized material has a great
influence on the performance of Na-S batteries.

Li et al. obtained hollow and porous N/O co-doped
nanoboxes as sulfur hosts by etching ZIF-8 followed
by carbonization (MCCBs) [54]. The porous and hol-
low carbon nanoboxes of MCCBs facilitate the dissolu-
tion of bound sulfur (Figure 5g). Stress analysis on the
3D structure of the carbon nanobox shows that it has
strong structural stability and can withstand large vol-
ume changes and application of stress. Furthermore, the
co-doping of N/O provides non-polar adsorption, which
helps to further suppress anchored NaPSs (Figure 5h).
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With the help of DFT calculations, it is also verified that
the porous hollow carbon structure and the doping of
heteroatoms in MCCBs are beneficial to the immobiliza-
tion of NaPSs. Moreover, the high stability of the MCCBs
structure was verified by in situ transmission electron
microscopy, which can effectively alleviate the problem
of carbon skeleton damage caused by volume expansion.
Therefore, the Na-S battery based on S@MCCBs as the
cathode achieves satisfied long-cycle stability. At the cur-
rent density of 5 A g~ !, it still maintains a reversible
capacity of 362 mAh g~ ! after 800 cycles (Figure 5i).

The research results above show that the introduc-
tion of heteroatoms effectively improves the long-cycle
stability of Na-S batteries. The heteroatoms can provide
polar adsorption to inhibit the shuttle of polysulfides, and
also catalyze the conversion of NaPSs. The heteroatoms-
doped method has effectively solved the problems exist-
ing in Na-S batteries; it also opened up new ways for
subsequent research, for example, doping nano-metal
particles (metal sulfides, metal oxides, and metal atoms)
on the 3D carbon skeleton seems to provide better polar
adsorption and better catalytic performance than doping
heteroatoms [77-81].

4.2. Sulfur/ carbon composites

Wang et al. used an electrostatic spinning process
to embed SnS nanoparticles into S and N co-doped

conductive carbon fibers [82]. The composite disperses
the nanoparticles in a conductive fiber network, which
can be effectively used to provide a large reaction area
with the laminar structure of the network. It can also
accommodate more Na™ to react and provide a buffer for
volume changes (Figure 6a-b). The SnS@SNCF compos-
ite fabricated by this method has a capacity of about 300
mAh g~1at0.1 A g~! (Figure 6¢).

Yan et al. injected S powder along with NiS,;
nanocrystals into N-doped porous carbon nanotubes to
form NiS;@NPCTs composites [83]. The material relies
mainly on the mutual synergistic interaction between
NiS;, N and C (Figure 6d). NiS;@NPCTs relies on the
3D structure and the physical limiting effect of polar
and nonpolar forces, as well as the bonding interaction
of internal chemical bonds. This material can effectively
bind NaPSs and promote the rapid conversion of NaPSs
to Na,S (Figure 6e). Meanwhile, the porous carbon nan-
otube structure can effectively accommodate S atoms and
provide a buffer for the drastic volume change. And the
structure of carbon nanotubes can provide a fast channel
for electron transport, making the reaction more suf-
ficient. The Na-S batteries based on NiS;@NPCTs can
release a high specific capacity of 960 mA g~! in the first
cycle at 1 A g~!, and still maintain a respectable specific
capacity of 401 mAh g~! after 750 cycles. After tested at
simultaneous multipliers with 0.1, 0.2, 0.5, 1, 2 and 5 A

g~ ! currents, it was found that the capacity recovered to
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674 mA h g~! when returned to 0.1 A g~ !, which is con-
sistent with the material’s ability to maintain its capacity
at 0.1 A g~! current for 200 cycles at a capacity of 650
mAh g~! (Figure 6f).

Lei et al. researched the mechanism of the cat-
alytic conversion of Co-ions to NaPSs (Figure 6g).
S@Co1/CoS2/NC was synthesized as sulfur cathode
material by a three-step method (Figure 6h) [84]. The
escape of NaPSs was suppressed by rationally construct-
ing adsorption and catalytic sites, and the conversion of
NaPSs was accelerated. Moreover, this result was also val-
idated by computation and characterization. Besides, the
electrochemical performance map shows that the Na-S
battery based on S@ Co;/CoS,/NC achieves ultra-stable
long-cycle charge-discharge (Figure 6i).

4.3. Others

Ma et al. prepared CSB@TiO, nanofibers by using
BaTiO3 nanoparticles as doping atoms for porous car-
bon nanofibers and melt diffusing them into sulfur atoms
[85]. This material further enhanced the immobiliza-
tion of NaPSs. The cathode material exhibited higher
rate performance and excellent durability compared with
pure C/S and C/S/BaTiO3 electrodes (Figure 7a-b). The

CSB@TiO; electrode maintained 524.8 mAh g~! after
1400 cyclesat 1 A g~! and 382 mAh g~! after 3000 cycles
at 2 A g~!. The main confining effect of the molecular
network formed by BaTiO3-C-TiO; inhibits the shut-
tle effect of polysulfides (Figure 7c). Moreover, Liu et al.
fabricated S-doped Nb,Os5 hollow nanospheres, which
were uniformly and homogeneously distributed in the
S-reduced graphene oxide (rGO) lamellar structure [53].

Guo et al. synthesized a 3D network body (S@Ni-
NCFs) composed of Ni-doped carbon fibers and nickel
hollow spheres, using an electrostatic spinning method
[86]. The composite material is designed with Ni hol-
low spheres connected in series with carbon fibers. In
the redox reaction, each Ni hollow sphere can effectively
accommodate S atoms and provide buffer space, while
the electron conduction can be effectively enhanced with
the help of a carbon fiber network. Ni atoms reduce
the activation energy of NaPSs reduction and accelerate
the reaction (Figure 7d-e). This enables the S@Ni-NCFs
cathode to exhibit excellent rate capability and excellent
cycling performance. A specific capacity of 738.7 mAh
g~ ! was guaranteed at a current of 0.2 C, and a specific
capacity of 249.8 mAh g~! was still maintained at a cur-
rent of 2 C. At the same time, the S@Ni-NCFs electrodes
maintained 738.7, 565.6, 481.1, 401.9, 311.1, 249.8 and
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181.7 mAh g’1 at multiplier currents of 0.2, 0.3, 0.5, 1.0,
2.0,3.0and 5.0 Cand to 578.5 mAh g_1 ,when the current
returns to 0.2 C (Figure 7f).

Liu et al. distributed Co single atoms in the carbon
skeleton while introducing ZnS nanoparticles [88]. The
composite exhibited remarkable cycling performance
(640 mAh g~!) with high capacity retention even after
500 cyclesat0.1 A g~ 1. It mainly lies in the strong adsorp-
tion and catalytic force provided by the doped Co and
ZnS nanoparticles, which greatly promote the conver-
sion of NaPSs and the reduction of Na, S and prevent the
dissolution of NaPSs.

Qin et al. designed a Co3C-Co composite F-doped
carbon nanotube (FCNT@Co3C-Co) array for sulfur fix-
ation in the cathode of Na-S batteries (Figure 7g) [87].
On the basis of the previous use of heteroatom-doped
carbon to achieve adsorption and catalysis of NaPSs, it
also introduced a Co3C heterojunction structure. With
the dual action of F atoms and Co3C, the anchoring
effect of NaPSs is realized. Moreover, the research shows
that the presence of Co3C effectively promotes the cleav-
age of long-chain NaPSs, while fluorine-doped carbon
nanotubes accelerate the further conversion of short-
chain NaPSs (Figure 7h). And then, this article proposes
that the heterojunction structure of Co3C and Co can
improve the performance of Na-S batteries. Therefore, a

high specific capacity of 1364 mAh g~! was obtained at a
current density of 0.1 C, as well as high long-term cycling
stability at a current density of 2 C (Figure 7i).

Based on the research results above, researchers have
achieved remarkable results in the field of cathode mate-
rials for Na-S batteries. From the beginning, the S/C
composite cathode solves the problem of low conductiv-
ity of Na-S batteries, and uses the 3D carbon framework
to provide a buffer for the volume change of the redox of
Na and S. The subsequent introduction of heteroatoms
effectively makes up for the lack of carbon materials’
ability to bind NaPSs. The doping of heteroatoms not
only provides polar adsorption to effectively limit the
escape of NaPSs, but also provides a certain catalytic
effect to accelerate the conversion of NaPSs. And then,
in order to better solve the problems existing in Na-S
batteries, the researchers combined metal oxides, sul-
fides, metal elements, etc. with carbon materials as the
cathode sulfur-host. Existing findings suggest that metal
compounds and metal atoms can provide stronger polar
adsorption, which can further bind NaPSs. Furthermore,
they can also catalyze NaPSs, speeding up the process of
the reaction. Therefore, in order to suppress the shuttle
of polysulfides, improve the utilization rate of sulfur and
fully release the capacity of Na-S batteries, We can con-
duct in-depth research from the following aspects: (1)



Figure 8. Schematic summary of sulfur cathode modification
strategies.

Materials with high electronic conductivity are used to
facilitate electron transport; (2) Fabrication of 3D struc-
tures to physically confine sulfur and NaPSs; (3) Use polar
and non-polar materials to adsorb NaPSs; (4) Introduc-
ing NaPSs catalyst to accelerate the reaction (Figure 8)
[50,87].

5. Electrolyte design for Na-S batteries

Generally, battery consists of positive and negative elec-
trodes, electrolytes, separators, and current collectors.
The reaction of a battery is not only related to its anode
and cathode materials, but also closely related to the type
of electrolyte. The electrolyte is an important carrier for
ion transport, and also plays a role in isolating electron
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transport to avoid short circuits between positive and
negative electrodes (Figure 9). At present, the electrolytes
of Na-S batteries can be roughly divided into three types:
solid electrolytes, liquid electrolytes and hybrid elec-
trolytes. The working principles of sodium-sulfur batter-
ies based on different electrolytes are different, and each
system has its advantages and disadvantages. Therefore,
this chapter will discuss different electrolytes from mul-
tiple perspectives, so as to further analyze and speculate
the direction of possible future research [89-93].

5.1. Liquid electrolyte

In Na-S batteries, the liquid electrolyte has at least two
components: the solvent and the sodium salt. The solvent
can be esters, ethers, etc. In terms of solvent selection,
three general points are looked at: dielectric constant, vis-
cosity, and the electron-donating properties of solvent. In
general, a high dielectric constant favors the ionization
of sodium salts, a strong electron-donating capacity can
favor the dissolution of electrolyte salts, and a low vis-
cosity can increase the mobility of ions and contribute to
the conductivity. The solute-sodium salt is mainly used
to provide current-carrying capacity. In the selection of
sodium salts, there are generally several considerations,
such as the ability to exist stably in the battery system, low
self-discharge rate, high conductivity, low ohmic pres-
sure drop-in solution, safety, non-toxicity, non-pollution,
etc. In Na-S batteries, the more used sodium salts are
NaPFg, NaClO4, NaCF3SOs, etc. At present, Na-S bat-
teries mainly use organic electrolytes, but they also bring
safety risks, including the Na dendrite problem and the
complex side reactions in the cathode, prompting the
generation of NaPSs. The produced NaPSs will reach the
anode with the help of the electrolyte, resulting in the
loss of sulfur. Therefore, researchers have carried out a

Figure 9. Schematic diagram of electrolyte acting as the ion transport medium.
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lot of research on electrolytes in order to promote the
commercialization of Na-S batteries [94-96].

5.1.1. Ester-based electrolytes

Conventional ester electrolyte solvents are EC, PC,
diethyl carbonate (DEC) and dimethyl carbonate (DMC)
to name a few (Figure 10). Commonly used sodium salts
are NaPFs, NaClOy4, NaCF3S03, trifluoromethylsulfox-
ide amine (NaTFSI) etc. And then, NaNOj and FEC are
used as electrolyte additives to effectively improve the
cycle stability of Na-S batteries and build a more excellent
SEI film.

These ester electrolyte solvents, such as EC, PC and
DEC, are also known as carbonate-based electrolytes as
they are all carbonate-based compounds. These ester-
based solvents have been demonstrated to have good
cycling performance in Na-ion batteries and ability to
work at high pressures. In addition, the solubility of
NaPSs in ester electrolytes is lower than that in ether
electrolytes, so the shuttle effect of polysulfides can be
weakened to a certain extent, and excellent long-cycle sta-
bility can be obtained. However, different solvents have
different characteristics and can be selected to meet the
needs of batteries under different conditions [97]. For
example, cyclic carbonates (EC, PC) have high dielec-
tric constants and relatively high ionic conductivity. And
then, they can be partially decomposed during the dis-
charge process and participate in building a stable SEI
film on the surface of the Na anode. Nevertheless, due
to the high melting point of EC and the problem of the
low decomposition voltage of PC, EC and PC are usually
prepared into a composite carbonate solvent according

to a certain ratio. Besides, some chain carbonates are
used as solvents, such as DEC and DMC. The viscosity of
chain carbonate solvents is lower than that of cyclic sol-
vents, and the electrochemical performance is relatively
stable. And the melting point is low, making it suitable for
use in batteries at low temperatures [98-101]. Typically,
different solvents are formulated for optimum perfor-
mance. For example, Ma used 1 M of NaClOy in a mix-
ture of EC and DEC (1:1 v/v) when validating his cath-
ode material for Na-S batteries, and achieved excellent
performance [85].

Researches have shown that using FEC as an elec-
trolyte additive is helpful to construct more excellent
SEI films. Zhao et al. also studied that the addition of 5
wt% FEC to an electrolyte of 1 M NaClO4-EC/PC pro-
duced a superior SEI film and led to a more complete
conversion between S and Na,S [102]. The results show
that the partial decomposition of FEC mainly produces
organic fluorocarbons and inorganic compounds, such as
NaF and Na,O, promoting the conversion of S to Na,S.
When a C/S complex with a higher specific surface area
(YP50F/S) was used as the cathode material, the Na-S
battery was found to have a specific capacity as high as
1651 mAh g’1 at 0.1C. Furthermore, the addition of FEC
has led to the generation of a NaF-SEI layer, which pro-
vides effective inhibition of Na dendrites and exhibits
excellent electrochemical and safety performance in long
cycles (Figure 11a-b).

Generally, ester electrolytes can effectively solve many
problems of Na-S batteries and improve electrochemi-
cal performance. However, ester electrolytes are highly
flammable and volatile, posing certain safety risks. If they
are to be commercialized, their safety problem needs
to be further addressed. Nowadays, researchers have
found that adding certain additives can overcome their
shortcomings. For example, flame retardants are added
to ester electrolytes to suppress flammability problems.
These flame retardants, which include organophosphates
and fluorinated phosphates, can use chemical proper-
ties to achieve flame retardancy by scavenging reactive
hydroxide radicals to delay the progress of combustion
chain reactions. Among the flame-retardant additives,
trimethyl phosphate (TMP) has received much attention
due to its excellent properties, with a low boiling point,
high dielectric constant, high phosphorus content and
low viscosity. This improves the thermal stability, while
at the same time shifting the position of the exother-
mic peak to the right. Compared to electrolytes without
TMP, the capacity released by the cell remains essentially
unchanged. It can be concluded that the moderate addi-
tion of TMP does not affect the chemical performance of
the battery and provides a flame retardant effect to the
electrolyte. Wu et al. prepared Na-S batteries electrolyte
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consisting of TMP, NaTFSI and FEC, combining the
properties of the above materials to make the electrolyte
non-flammable and safe [103]. The formation of NaF-
rich solid electrolyte interfacial films was also revealed
by molecular dynamics and surface analysis. Besides,
the conventional EC/PC electrolyte was more likely to
catch fire, while the electrolyte with TMP did not show
the corresponding situation. This intuitively indicates
that the electrolyte with the addition of 15% TMP can
reduce the safety risk of the Na-S batteries (Figure 11c-d).
Murugan et al. prepared Sodium bis(perfluoropinacol)
borate, NaB[O,C,(CF3)4]2 (Na-PPB), and prepared it
as a 1M Na-PPB-PC/FEC electrolyte for Na-S bat-
teries [104]. With the high-loaded sulfur cathode
and the above electrolyte, the Na-S batteries achieve
extremely high electrochemical performance and long-
scycle stability.

5.1.2. Ether-based electrolytes

The commonly used solvents for ether electrolytes are
monoethylene glycol dimethyl ether (MGDE), diethy-
lene glycol dimethyl ether (DGDE), triethylene glycol
dimethyl ether (TREGDME) and TEGDME. Compared
with the ester electrolyte, the ether electrolyte can fully
dissolve the NaPSs, which helps the reaction to pro-
ceed fully, and the liquid phase reaction proceeds faster
than the solid phase reaction, which contributes to the
battery capacity release. This has been demonstrated
in researches of Li-S batteries and is gradually being
extended to Na-S batteries researches, where some results

have been obtained [105-108]. Initially, Ryu et al. dis-
solved 1 M NaCF3SO3 in TEGDME and measured an
ionic conductivity of 3.9x1073 S cm™! [109]. Also,
in a Na-S battery with an unmodified S cathode, the
first-cycle discharge capacity was 538 mAh g~!, lower
than that of an HT-Na/S battery in the same situa-
tion. And its long cycle performance is also not satis-
factory. The end products of the reaction were detected
as Na,S; and Na,S,. Moreover, it was also found that
S and NaPSs were relatively more soluble in the ether
electrode solution, and that during the charge/discharge
cycle, more and more of the dissolved Sx2~ shuttled to
the Na anode side, leading to a gradual reduction in
the active mass of the S cathode, resulting in a grad-
ual reduction in the subsequent charge/discharge capac-
ity [110]. Ryu et al. successfully verified the possibility
of the application of ether electrolytes in Na-S batter-
ies, and provided a reference for subsequent research,
drawing more attention on using ether electrolytes as
the research object of Na-S batteries. Seh et al. found
that electrolytes made by dissolving NaPFg in ether-based
solvents (MGDE, DGDE, TEGDME) could form supe-
rior SEI films on the surface of the Na anode [111]. It
was found that the ether electrolyte facilitates inducing
the production of Na,O and NaF resulting in the pro-
duction of a more uniform, dense, and thin SEI film.
Wu et al. used 2,2,2-trifluoro-N, N-dimethylacetamide
(FDMA) solvent, 1,1,2,2-tetrafluoroethyl methyl ether
(MTEFE) anti-solvent and FEC as Na-S batteries elec-
trolyte [112]. The electrolyte played a role in inhibiting
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Table 1. A summary of cathode, liquid electrolytes, and performance for RT-Na/S batteries.

Electrolyte Constituents

Salt Solvent Cathode Current density Reversible capacity (mAh g~") Ref
NaClO4 EC/PC ACC-xS 0.5C 90% (700 cycles) Guo [65]
NaClO4 PC/FEC MOF-C/S/PDAc 1.0Ag™! 270 (1000 cycles) Xiao [113]
NaTFSI PC/FEC S@MCCBs 50Ag~" 362 (800 cycles) Li [54]
NaClO4 PC/FEC G/PDAc/VS 1C 356 (1000 cycles) Hu [114]
NaClO4 EC/PC/FEC S/Ni-MOF-2D 1C 347 (1000 cycles) Ye [29]
NaClO4 EC/PC/FEC S@Ag,S@HNCS 05Ag™" 391 (1600 cycles) Yan [37]
NaClO4 EC/PC/FEC FL-MoS,_,@HC/S 1.0Ag™! 340.9 (1000 cycles) Luo [115]
NaClO4 EC/DEC/FEC MoS3/S 045A g*1 180 (1000 cycles) Ye [116]
NaClO4 EC/DMC FCNT@Co3C-Co/S 2C 79% (500 cycles) Qin [87]
NaTFSI FDMA/ MTFE / FEC S@C 0.1C 65% (200 cycles) Wu[112]
NaClO4 TEGDME S@Ni-NCFs 1C 233 (270 cycles) Guo [86]
NaClO4 TEGDME S/YS-Fe;N@NC 1C 467(350 cycles) Aslam [117]
NaClO4 TEGDME S@Ni/Co-C-12 0.5C 391.1(1000 cycles) Ma[118]

the shuttling of polysulfides. In addition, the electrolyte
reacts on the surface of the Na anode to generate an anode
protection layer rich in NaF and Na3zN to protect the
anode, during the discharge process.

Since most electrolyte modifications are aimed at
solving the shuttle problem of polysulfides or solving
the problem of Na anode dendrites, they are less dis-
cussed in this chapter. The research data on Na-S bat-
teries in recent years are integrated and prepared into
Table 1, which is convenient to understand the influ-
ence of various electrolytes on Na-S battery performance
[29,37,54,65,86,87,112-118].

5.2. Solid-based electrolytes

The earliest HT-Na/S batteries used a solid electrolyte.
By being heated to a certain temperature, the electrode
material and the electrolyte are in a molten state, and
the redox reaction can be carried out. Moreover, a major
advantage of using solid-state electrolytes is that den-
drite growth can be avoided and the problem of poly-
sulfide shuttle can be solved [119,120]. Therefore, with
this huge advantage, researchers tried to introduce solid
electrolytes into the RT-Na/S batteries system. RT-Na/S
batteries based on solid electrolytes have high safety and
can avoid the dendrite and polysulfide shuttle problems
in organic electrolyte systems. However, compared to
the liquid system for RT-Na/S batteries and the molten
solid electrolyte system for HT-Na/S batteries, the prob-
lem with the solid electrolyte for RT-Na/S batteries is
that it has a poorer affinity with the electrode material.
Further, the poor contact between the electrode and the
electrolyte will lead to an increase in the internal resis-
tance, resulting in a decrease in the capacity of the Na-S
batteries [121-125]. A NASICON-type Na™ conductive
solid electrolyte (Na3Zr,Si;PO;3) was developed and a
polymer of intrinsic nanoporosity (PIN) was coated on
its surface for application in Na-S batteries. The solid

electrolyte Na3Zr,Si,PO1; was detected by XRD and
scanning electron microscopy and showed a symbolic
NASICON dense structure. It has a Na ionic conductiv-
ity of 1.0x1073 S cm™! at room temperature and sta-
ble cycling and good capacity retention over 100 cycles
[126,127].

In the electrolyte section, both solid and liquid elec-
trolytes are inherently designed to provide ion transport
pathways for the electrochemical reactions within the
battery. The advantage of solid electrolyte is that it can
suppress the growth of dendrites and the shuttle of poly-
sulfides. However, the low conductivity of the Na-S bat-
teries and the poor contact between the electrodes and
the electrolyte are also disadvantages, which led to the
development of quasi-solid gel electrolytes to solve this
problem. Similarly, liquid electrolytes have the advantage
of good ion transport paths and good intermaterial wetta-
bility. However, Na dendrite and polysulfide shuttle effect
are inherent problems in liquid electrolyte-based Na-S
batteries Figure 12.

In summary, the electrolyte acts as a medium for ion
transport inside the battery, avoiding the transport of
electrons. And based on the electrolytes of different sys-
tems, the working principles of the batteries are differ-
ent, and they have their advantages and disadvantages.
Firstly, the Na-S batteries based on solid electrolytes can
effectively avoid the problem of dendrite growth through
physical methods, which improves the safety of the bat-
tery. At the same time, due to the pure solid-phase reac-
tion, the dissolution of NaPSs is avoided, and the perfor-
mance of long-cycle stability is improved. However, the
wettability between the electrode and the electrolyte is
poor, there is a risk of poor contact. The internal resis-
tance is easily increased, and the electrical conductivity
is also reduced. Secondly, in order to release the per-
formance of the Na-S batteries, researchers introduced
a liquid-phase electrolyte, so that the Na and S were
first converted into the intermediate product NaPSs. And



Figure 12. Schematic diagram of the advantages and disadvan-
tages of Na-S batteries electrolyte.

then, the NaPSs is converted to Na,S for better capac-
ity release. Moreover, the electrolyte can fully infiltrate
the electrodes, so that the contact resistance between
the two is reduced, and the performance of the bat-
tery is improved. Among the liquid-phase electrolytes,
ether electrolyte can fully dissolve the NaPSs, so that the
reaction of the battery is transformed from solid-solid
to solid-liquid-solid phase reaction. In the liquid phase
system, the conversion rate of NaPSs is improved, but
the shuttle effect of polysulfide is inevitable. While in
ester electrolytes, the solubility of NaPSs is relatively low.
Although the conversion rate of NaPSs is reduced, the
shuttle effect of polysulfide is effectively suppressed. And
based on the slow conversion of NaPSs in ester elec-
trolytes, the conversion of NaPSs can be accelerated by
introducing a catalyst into the electrode material. In addi-
tion, the organic electrolyte also has the characteristics of
low flash point and flammability. The existing solution
is to add appropriate additives to improve its safety and
stability.

6. Design of modified separator

If the electrolyte is the bridge that communicates the
positive and negative electrodes, then the separator can
be used as a checkpoint on this bridge. Besides, the
function of the separator is to prevent the positive and
negative electrodes from being in direct contact, and
only allow the ions in the electrolyte to pass through.
At the same time, there are abundant pores on the sep-
arator, and the existence of these pores itself provides
channels for ion transport. However, these channels also
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provide convenience for the shuttle of polysulfides, so
that NaPSs can have a shuttle effect through pores. There-
fore, researchers tried to modify the separator to block
the shuttle of polysulfides and accelerate the conversion
of NaPSs (Figure 13) [128-130].

Due to the higher reactivity of Na, the dendrite prob-
lem is exacerbated. Moreover, the diameter of Na®t is
larger, so larger channels are required to facilitate the
migration of Na™. Therefore, glass fibers are generally
used as separators in Na* batteries to alleviate the above
problems. Compared with the conventional polypropy-
lene (PP) separator, the glass fiber separator has a larger
porosity and higher wettability of the electrolyte. Larger
pores facilitate ion migration, but they also induce more
severe polysulfide shuttle effects. Therefore, modifying
the glass fiber separator to inhibit the shuttle effect of free
NaPSs is also one of the strategies to improve the cycle life
of Na-§ batteries.

Yang et al. wrapped polar MoS; on hollow carbon
spheres (HCS/MoS;) [131]. The HCS/MoS; were used as
a cathode sulfur storage material for Na-S batteries and
coated on glass fiber separators. And then, the improve-
ment of electronic conductivity is achieved with the HCS
at the positive electrode. The MoS, on the outer layer of
the HCS inhibits the escape of NaPSs at the positive elec-
trode and catalyzes the conversion of NaPSs (Figure 14a).
More importantly, the second line of defense was set up
at the separator. Molybdenum disulfide-coated carbon
spheres were used to capture and catalytically convert
free polysulfides. Therefore, the versatile design improves
the utilization of sulfur, improves the cycle stability, and
obtains relatively excellent electrochemical performance.
At a current of 1 C, a high initial specific capacity (1090
mAh g~!) was obtained for the Na-S batteries with the
HCS/MoS, modified cathode and separator.

Li et al. used the self-assembly of Fe-ion and polyacry-
lamide in a solvent to obtain highly uniformly distributed
Fe-ion composite polyacrylamide nanospheres (FPNs),
which were mixed with rGO and then coated on glass
fiber separators (FPNs-G/separator) (Figure 14b) [132].
With the help of iron-composite carbon microspheres,
the adsorption and catalytic ability of NaPSs can be eftec-
tively improved. The overall mechanical strength of the
separator is improved with the strong physical properties
of rGO. Meanwhile, rGO can be used to adsorb NaPSs
in the solvent more quickly and transfer them to Fe-ion
for confinement and catalysis. Subsequently, the FPNs
were carbonized at high temperature and etched to obtain
mesoporous polyacrylamide nano-microspheres (PNC-
Ns), which were used for sulfur storage in the positive
electrode of Na-S batteries. The introduction of PNC-Ns
enables sulfur to be trapped and fast electron to transport
through the carbon shell. In general, through the design
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Figure 13. Schematic diagram of the modified separator to inhibit polysulfide shuttle effect in Na-S batteries.
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of the modified cathode and the modified separator, the
electrochemical reaction of sulfur is effectively improved.
Therefore, at a current density of 0.1 C, the Na-S battery
still retains a high specific capacity of 639 mAh g~! after
400 cycles.

In addition to the direct coating on glass fiber sepa-
rators for Na-S batteries, the performance of Na-S bat-
teries can be improved by designing a self-supporting
material to act as an interlayer. Saroha et al. obtained a
self-supporting carbon fiber substrate (CNFs) by elec-
trospinning first and then high-temperature carboniza-
tion [133]. And then the V,03; composite CNFs self-
supporting interlayer was synthesized by hydrothermal
method (V,03@CNFs) (Figure 14c). It was then placed
as an interlayer between the battery’s separator and the
sulfur cathode. Among them, the CNFs obtained by elec-
trospinning provides a physical barrier to inhibit the
shuttle of polysulfides. Moreover, CNFs provide a sub-
strate for the attachment of V,03 nanoparticles, so that
the two can work synergistically. And then, V,03 can not
only adsorb NaPSs but also realize the catalytic conver-
sion of NaPSs. Therefore, the V,03@CNFs-based Na-S
batteries can also obtain strong electrochemical stabil-
ity without modifying the sulfur cathode or separator.
At a current density of 1C, the V,03@CNFs-based Na-S
battery has good cycling stability and a reversible spe-
cific capacity of 406 mAh g~ ! after 500 cycles. The
V,03@CNFs-based Na-S battery has a decay rate of only
0.076% after 1000 cycles at 2C (Figure 14d).

Considering the large porosity of glass fibers, resear-
chers tried to modify the PP separator to improve the
cycle stability of Na-S batteries. Wang et al. synthesized
carbon-wrapped MXene nanosheets with a core-shell
structure for modifying both sides of the PP separator
(MXene@C/PP/MXene@C) (Figure 14e) [134]. More-
over, the MXene-based separator solves the two major
problems of Na-S batteries: (1) Suppressing the escape
of NaPSs in the electrolyte on the S cathode side; (2)
Inducing uniform deposition of Na* on the Na anode.
In addition, the nanosheet structure of MXene increases
the escape difficulty of free NaPSs, so that the NaPSs
dissolved in the electrolyte are effectively adsorbed on
the nanosheets and undergo catalytic conversion. There-
fore, the Na-S battery exhibits an initial specific capacity
of1159 mAh g~! at 0.2 C. And after 650 cycles at 0.5 C,
the capacity of the Na-S battery remained at 95.8%.

Based on the above research results, modifying the
separator or introducing an interlayer is one of the effec-
tive methods to improve the performance of Na-S bat-
teries. Although the current research results are few, it is
not difficult to find that the wettability of the electrolyte
can be effectively improved by adding carbon materi-
als. And carbon materials can also capture free NaPSs
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Capture

Figure 15. Schematic diagram of separators modification
direction.

to suppress the shuttle effect of polysulfides. Meanwhile,
adding metal compounds can provide more powerful
polar adsorption and realize the catalytic conversion of
NaPSs, so as to solve the problem of slow NaPSs con-
version. In the existing design, there is also a scheme
of using a material to modify the cathode and the sep-
arator at the same time, which also greatly improves the
performance of the Na-S batteries. Therefore, if multiple
lines of defense can be set up in metal-sulfur batteries, it
can increase the difficulty of the shuttle of polysulfides,
further effectively inhibit the shuttle of polysulfides and
improve long-term cycle stability (Figure 15). In addition,
modification of the anode side of the separator can also
induce uniform metal deposition to suppress dendrite
growth. Moreover, the modified layer helps to enhance
the mechanical properties of the separator, so that the
separator is not easily pierced by dendrites. Therefore,
modifying the separator is a relatively simple and effective
way to solve the problems of Na-S batteries.

7. Strategies for safe sodium metal anodes

Due to the strong activity, Na metal is easy to sponta-
neously react with the electrolyte, and the electrolyte is
consumed to form an SEI film and loses capacity. Besides,
due to the soft texture of Na, metal cracking is more likely
to occur, which exposes more fresh Na metal and aggra-
vates the consumption of electrolytes. And this will also
bring about uneven deposition of Na, leading to more
serious dendrites. Moreover, the deposition of NaPSs on
the surface of Na metal caused by the shuttle effect of
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Figure 16. Schematic diagram of the improvement direction of
anode protection.

polysulfides will lead to corrosion of Na anode in Na-
S batteries, which further reduces the performance of
the Na-S batteries. The problems above reduce cycling
performance of Na-S batteries and even lead to serious
safety problems. Therefore, the stability of the Na anode
is the key to the practical application of Na-S batteries
[135-139]. Various approaches have been proposed to
solve these problems: (1) Selecting appropriate electrolyte
and related additives to form a stable SEI protective layer
on the surface of the Na anode; (2) Through pretreat-
ment, additional chemical or physical modification is
performed on the surface of the Na anode to form a sta-
ble artificial SEI protective layer; (3) Constructing a 3D
electrode structure that promotes the uniform deposition
and conversion into Na metal of Na-ions to suppress the
growth of Na dendrites (Figure 16) [140-143].

7.1. Electrolyte composition

7.1.1. Liquid electrolyte engineering

Na-based batteries have different performances in the
ester and ether solvents. Recent researches have shown
that Na-based batteries exhibit better performance in
ether-based electrolytes. As mentioned above, Seh et al.
found that NaPFg can provide effective protection to the
anode in ether electrolytes [111].

The concentration of the electrolyte salt will also sig-
nificantly affect the electrochemical performance of the
liquid electrolyte and affect the growth of dendrites. The
increase in the concentration of electrolyte salt will form
a certain solvation structure in the electrolyte, which will

reduce the amount of free solvent in the electrolyte and
restrain the side reaction between the organic solvent and
Na [144-149]. Lee et al. proposed a high-concentration
electrolyte (HCE), composing of 5 M sodium bis (fluoro-
sulfonyl) imide in 1,2-dimethoxyethane [150]. With this
electrolyte in the Na/stainless steel (SS) battery, when Na
plating/stripping in the 120th cycle, a high coulomb effi-
ciency of 99.3% can still be achieved, and the corrosion
of Na metal is also greatly reduced.

Although HCE has the advantage of improving Na
anode to a certain extent, it also has disadvantages such as
high viscosity and poor wettability. In order to make up
for the shortcomings above, a method of adding ‘inert’
solvents to HCE to form a localized high concentration
electrolyte (LHCE) has recently been developed. ‘Inert’
solvents with low donor number and low dielectric con-
stant have little effect on the original solvent structure
of HCE. For example, Zheng et al. maintained the sol-
vation structure of HCE by using hydrofluoroether as an
‘inert” diluent, thereby forming a LHCE [2.1 M sodium
bis (fluorosulfonyl) imide (NaFSI)/1,2-dimethoxyethane
(DME)-bis (2,2,2-trifluoroethyl) ether (BTFE) (solvent
molar ratio 1:2)] [151]. The LHCE can achieve fast charg-
ing (20 C) and stable Na || Na3V, (POy) 3 battery cycles
(90.8% retained after 40,000 cycles) (Figure 17a-b).

As mentioned in the electrolyte section above, appro-
priate additives are selected to significantly improve
the SEI performance of the Na anode and increase its
coulombic efficiency. Recently, people have conducted
in-depth research on fluorine-containing compounds as
additives in electrolytes. With these additives, the anode
can be effectively protected by the formation of SEI film
[150-156]. For example, Lee and his colleagues used an
FEC-based electrolyte with 1 M NaFSI, thus proving that
the FEC-based electrolyte can effectively inhibit Na den-
drites [157]. This method can avoid dendritic Na depo-
sition and construct a uniform ion intermediate layer to
achieve a highly reversible Na plating/stripping reaction.
Ding et al. demonstrated a novel mechanism that can
fundamentally change the formation of dendrites, where
additives replace the formation of a positively charged
electrostatic shielding layer around the initial growth tip
during metal deposition [158]. For example, Zhang and
his colleagues fabricated Li-Na hybrid electrolytes con-
taining LiPFs, NaPFs and DME. Li* forms a positively
charged electrostatic shielding layer, which inhibits den-
drite growth by diffusing Na*t through the electrostatic
shielding effect (Figure 17¢) [152]. Shi et al. found that the
addition of bis (trifluoromethylsulfonyl) imide (KTFSI)
provided a cationic shielding effect by K™ to inhibit den-
drite growth, and TFSI™ helps to form the N-containing
SEI layer [159].
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7.1.2. Solid-state electrolyte engineering

Solid-state electrolyte (SE) materials of Na-based batter-
ies are mainly divided into organic polymer electrolytes
and inorganic solid electrolytes. The organic polymer
electrolyte is composed of a polymer and Na salt, which
has good flexibility and can adapt to changes in mate-
rial volume during the reaction. But its ion conductivity
and transfer number are low at room temperature. Ma
et al. proposed a solid polymer electrolyte, composed of
Na (fluorosulfonyl) (n-nonafluorobutanesulfonyl) imide
(Na[(FSO2)(n-C4F9SO;2)N], NaFNEFSI) and poly(ethy-
lene oxide) (PEO) [160]. The ionic conductivity of the
organic polymer electrolytes can be greatly improved,
and the ionic conductivity of the mixed polymer elec-
trolyte can reach 3.36 x 10~%Scm~! at 80 °C. In addition,
inorganic solid electrolytes also possess high conductivity
along with high stability. Na-8"-Al,03, NASICON and
sulfide-based systems have been extensively researched
due to their high conductivity and good mechanical
properties. Na-B"-Al, O3 is the most famous SE material,
and Na* conductivity can reach 7.80 mS cm~! [161].

In addition to the above SE materials, there are also
composite hydrides, which show very high ionic conduc-
tiVitY. For example, Naz(B12H12)0.5 (B10H10)0.5, the ionic
conductivity can reach to 0.9 S cm™! at room temper-
ature [153]. At the same time, recently, a thin interfa-
cial interlayer was introduced between metallic-sodium
anode and NASICON solid electrolyte, which enables
highly reversible plating/stripping of a dendrite-free. The
soft polymer layer limits the side reactions between the
electrolyte and the Na metal, and suppresses the volume
change of the Na anode (Figure 17d).

7.2. Sodium metal anode/electrolyte interface
engineering

Modification of the anode surface by adding an artificial
protective layer can effectively protect the anode material
and inhibit dendritic problems during reactions. It is a
common strategy to keep the Na metal anode stable. NaX
(X =F Br, I) and Al,O3 are commonly used as inor-
ganic coatings. Luo et al. deposited a thin layer of Al,O3
artificial SEI on the surface of the Na metal anode, via
a low-temperature plasma-enhanced atomic layer depo-
sition (PEALD) treatment, which can well prevent Na
metal from reacting with the electrolyte (Figure 18a)
[162]. As shown in Figure 18b, the battery using Na
metal electrode with Al,O3 coated has been cycled for
more than 450 h (900 cycles) at a constant current in
a smaller voltage range. At the same time, Wang et al.
prepared an inorganic—organic MLD-alucone on the Na
metal anode by molecular layer deposition (MLD) (sim-
ilar to ALD) [163]. The curve with longer lifetime and
stable polarization demonstrated that alucone-coated Na
is better than ALD Al,Os3. As shown in Figure 18c-
d, for Na@25alucone, an almost flat voltage plateau is
observed in both charging and discharging conditions,
and it remains constant throughout the whole cycle life.
However, after 160 and 270 h, the bare Na showed a sig-
nificant increase and unstable overcharge potential. Zhao
et al. directly coated a free-standing GO film with and
adjustable thickness on the surface of Na metal, where the
number of GO layers can be easily adjusted by controlling
the experimental parameters of the chemical vapor depo-
sition (CVD) system [164]. A symmetric battery with Na
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metal electrode, which was coated by a multilayer GO
film as a protective layer, shows high cycle stability within
300 h, and the current density was as high as 2 mA cm™2
and cycling capacity up to 3 mAh cm~2 (Figure 18e-f).
Kumar et al. spontaneously grew an artificial SEI film
constructed of NaNH, and NaOH on the surface of Na
metal by the vapor flux [165]. Among them, NaOH pos-
sesses a high Young’s modulus, and NaNH, possesses a
certain toughness (Figure 18g). After the combination
of the two, the artificial SEI film also has the effect of
promoting the transport of Na™. Moreover, it not only
promotes the uniform electrodeposition of Na™ at the
source, but also effectively weakens the growth of Na
dendrites. And then, using it in Na-S batteries effectively
promotes the long-cycle stability of the batteries. What’s
more, the group also used SnCly vapor to construct an
artificial metal alloy interface (MAI) on the surface of Na
metal (Figure 18h). The MAI interface is composed of

sodium-tin alloy (NaxSny) and has a high Young’s mod-
ulus, which helps to suppress the growth of Na dendrites.
And the interface effectively reduces the interface resis-
tance and promotes the ion exchange of the Na anode
[166]. In addition to the above methods, Tian et al. used
first-principles calculations to determine the key factors
of the characteristics and feasibility of various 2D layered
protective films (PF), and studied h-BN, GO, silylene,
germanene, stanene, phosphorene, SnS, and SnSe as PFs
for lithium or Na anode [167,168].

7.3. Nanostructured sodium metal anodes

The structure of the 3D current collector can make the
electron transport more uniform and promote the uni-
form deposition of Na*, thereby suppressing the growth
of Na dendrites. Among them, carbon nanostructures
have the advantages of light weight, high conductivity,
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Na/NSCNT anode. Copyright 2018, Wiley-VCH [174]. (e) Schematic illustration of the fabrication of Na-MoS;(CR) hybrid. Copyright 2017,

American Chemical Society [40].

high mechanical strength and large surface area, etc., so
that Na metal can be uniformly deposited into the car-
bon nanostructure without producing metal dendrites
[169-171]. It is considered as an ideal 3D current col-
lector for Na metal anodes. For example, Luo et al. pro-
duced a stable Na carbonized wood (Na-wood) compos-
ite anode by quickly injecting molten Na into the channel
of carbonized wood (Figure 19a) [172]. These channels
greatly reduce the effective current density and ensure
the uniform nucleation of Na. As shown in Figure 19b,
the Na-wood composite anode shows a small overpoten-
tial and a stable cycle plating/stripping curve within 500
h under the condition of 1 mA cm™2. Xu et al. introduced
a 3D porous Ni@Cu scaffold with honeycomb-shaped
nickel nanoparticles on a copper substrate prepared by
a hydrogen bubble dynamic template electrodeposition
method (Figure 19¢) [173]. It exhibits excellent reversible
Na deposition cycle performance (over 240, 110 and 50
cycles for 0.5, 1.0 and 2.0 mAh cm ™2 at 1.0 mA cm™2).
The 3D current collector can be modified to enhance
the ability to protect the Na anode [175-178]. For
example, Sun et al. synthesized nitrogen and sulfur co-
doped carbon nanotubes (NSCNT) by a simple pyrolysis
method and used it as an intermediate layer to control

the Na nucleation behavior and inhibit the growth of
Na dendrites [174]. Due to the functional groups of N
and S on the surface of NSCNT, the produced NSCNT
exhibit a high degree of ‘sodiophilicity’, which can guide
the initial Na nucleation and evenly distribute Na on
the NSCNT paper (Figure 19d). The research shows that
the Na/NSCNT||NSCNT/Na battery runs stable for more
than 500 h under 1 mA cm~2, and the capacity is limited
to 1 mAh cm™2. Zhang et al. proposed the direct com-
posite of MoS; 2D sheets with Na as an anode [40]. First,
MoS; undergoes a displacement reaction with Na, and an
artificial SEI film rich in Na,S is constructed on the sur-
face of Na. Furthermore, the MoS; sheet also physically
inhibits the volume change of Na and weakens the effect
of Na dendrites (Figure 18e).

8. Conclusions and perspectives

In this work, starting from the background of RT-Na/S
batteries, we review the recent research achievements of
RT-Na/S batteries and emphasize the necessity of RT-
Na/S batteries research. Firstly, this review takes the
working principle of the RT-Na/S battery as an entry
point and conducts a more in-depth discuss on the
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RT-Na/S battery through specific analysis. Secondly, the
existing research results of RT-Na/$ batteries are divided
into four aspects: sulfur cathode modification, electrolyte
optimization, separator modification and Na anode pro-
tection. Through the research results in the directions
above, case research is carried out to analyze how to
inhibit the shuttle of polysulfides, accelerate the trans-
formation of polysulfides and protect the metal anode.
In addition, the sulfur cathode, electrolyte, separator and
Na anode are the basic components of the RT-Na/S bat-
teries. Therefore, analyzing them can address the prob-
lems of the RT-Na/§ batteries more comprehensively and
effectively and obtain the best method to improve the
performance of RT-Na/S batteries.

By learning from the existing research results of Li-
S batteries, the sulfur cathode of the original RT-Na/S
batteries used 3D carbon materials as the sulfur host.
The sulfur is uniformly dispersed through the carbon
material, and the sulfur can perform fast electron trans-
port through the carbon skeleton, thereby increasing the
reaction rate. Furthermore, the carbon material also con-
tributes to the full infiltration of the electrolyte, which is
conducive to the rapid transport of ions. And by regulat-
ing the pores of the carbon material, the shuttle of poly-
sulfides can be effectively restricted, so that the conver-
sion of sulfur is controlled inside the 3D carbon skeleton.
However, the adsorption and confinement capabilities
of carbon materials are relatively limited. Therefore, in
the follow-up research, the introduction of heteroatoms
for recombination improved the adsorption and catalytic
conversion capabilities of NaPSs and provided new ideas
for the research of RT-Na/S batteries. Doping metal com-
pounds such as metal oxides, sulfides, single atoms, etc.
can be more effective in confining NaPSs and promoting
the conversion of NaPSs. And through analysis, it can be
seen that carbon materials are used to solve the electronic
conductivity defect of the sulfur cathode and achieved
results. The introduction of metal compounds and het-
eroatoms provides stronger polar adsorption, weakens
the shuttle effect of polysulfides and improves the long-
cycle stability of the RT-Na/S batteries. At the same time,
some metal compounds also have a catalytic effect on
NaPSs, which promotes its conversion reaction. There-
fore, it is foreseeable that by adding composite mate-
rials with high electrical conductivity, abundant pores,
polar adsorption and catalytic ability, the RT-Na/S bat-
teries obstacles of low electrical conductivity, polysulfide
shuttle and slow reaction kinetics can be overcame from
multiple angles.

The electrolyte is the medium of positive and negative
reactions, which isolates electron transport and provides
a channel for ion transport. And the working mecha-
nisms of RT-Na/§ batteries based on different electrolyte

systems are different. Therefore, the research of high-
efficiency, low-cost, and high-stability electrolytes is also
ahot research topic at present. Electrolytes can be roughly
divided into solid electrolytes and liquid electrolytes. Due
to the avoidance of dendrites and polysulfide shuttle
problems and high chemical stability, solid electrolytes
have always been a popular research direction. However,
this type of electrolyte also has defects such as low ionic
conductivity, high interfacial impedance, and poor inter-
facial compatibility. In contrast, liquid electrolytes are
the current mainstream research direction, and with the
help of liquid electrolytes, the reaction of Na-S batter-
ies can introduce NaPSs as an intermediate product, so
that the capacity can be released efficiently. The liquid
electrolyte includes ester electrolyte and ether electrolyte.
The ether-based electrolytes have excellent electrochem-
ical performance and are relatively more stable in organic
systems. And after the addition of NaPFg, a thinner,
denser and stronger SEI film is formed on the Na metal
surface. In addition, the reaction involves a solid-liquid-
solid phase transition due to the high solubility of NaPSs
in ether electrolytes. The reaction in the liquid phase
can be more complete and faster, but also brings about a
polysulfide shuttle effect. Therefore, the research on ether
electrolytes should focus more on how to inhibit the shut-
tle of NaPSs through modification. Besides, the solubility
of NaPSs in ester electrolytes is relatively low, and the
reaction is transformed into solid-solid phase transfor-
mation, which weakens the shuttle effect of polysulfides.
In recent years, there have also been breakthroughs in
research based on ester electrolytes, such as using TMP
as a flame retardant to improve the thermal stability
of batteries. For example, adding FEC as an electrolyte
additive promotes the formation of SEI film on the sur-
face of Na metal, making its performance more excel-
lent. Therefore, liquid electrolytes can effectively improve
the electrochemical performance of RT-Na/S batteries,
but how to improve the long-cycle stability is an essen-
tial research direction. The research results above show
that solid electrolytes and liquid electrolytes have their
advantages and disadvantages. Therefore, perhaps we can
change our train of thought and research quasi-solid elec-
trolytes, which have the advantages of both solid and
liquid electrolytes. Quasi-solid electrolytes can weaken
the problems existing in the solid electrolyte and liquid
electrolyte systems, further improve the utilization rate
of sulfur, and ultimately lead to further development of
the RT-Na/S batteries.

The separator is used to isolate the cathode and anode
to avoid their contact reaction and self-discharge. Mean-
while, because the separator needs to play the role of con-
ducting ions, it has abundant pores, but this also provides
a convenient channel for the shuttle of polysulfides. From



the initial carbon materials used for RT-Na/S batteries
separator modification, some success has been achieved.
Then, referring to the method of modifying the sulfur
cathode, the metal compound composite carbon mate-
rial was used to modify the RT-Na/S batteries separa-
tor, and the electrochemical stability is greatly improved.
Researchers tried to use materials with polar adsorption
and catalytic effect on NaPSs at the same time for sulfur
host and modification of the separator, setting the first
line of defense on the anode to inhibit the dissolution
of NaPSs. At the same time, modification on the mem-
brane prevents the shuttle of polysulfide by establishing
a second line of defense. Moreover, in order to solve the
problem of Na dendrites in the anode at the same time,
researchers also tried to modify the separator near the
metal side to induce uniform deposition of Na*, and the
dendrites problem has also been effectively suppressed.
Therefore, the future research directions of separator
modification for RT-Na/S batteries should be diversified.
For example, increasing the wettability between the sep-
arator and the electrolyte by coating carbon materials to
reduces the interface resistance and adsorbs polysulfides
in the electrolyte. Besides, on the basis of carbon mate-
rials, polar adsorbents are supported to capture NaPSs,
and catalysts are added to accelerate NaPSs conversion.
And then, a suitable material can be modified on the
surface of the separator near the metal side to suppress
the growth of dendrites. Through the optimization of the
above scheme, the problems of polysulfide shuttle, slow
reaction kinetics and Na dendrite growth can be solved
by minor modifications on the separator in the future.
In order to ensure the long-term stability of RT-Na/S
batteries, not only the shuttle problem of polysulfides but
also the growth of Na dendrites need to be addressed.
Besides the above-mentioned modification on the Na
metal side of the separator to induce the uniform deposi-
tion of Na™, the growth of Na dendrites can also be sup-
pressed by constructing an artificial SEI film and using a
3D current collector. Firstly, due to the strong metallic-
ity of Na, the problem of Na dendrites is more serious.
Besides, Na is softer and breaks more easily, which allows
more fresh sodium to react with the electrolyte. There-
fore, directly modifying the anode surface to construct
artificial SEI membranes is a simple and effective strategy.
The growth of Na dendrites is suppressed by introducing
materials with metal, which has electrolyte affinity and
toughness, and the Na metal surface is protected from
polysulfide contamination. Or by optimizing the compo-
sition of the electrolyte, an SEI film with good physical
and chemical stability will be formed on the anode sur-
face to protect the Na metal anode. Secondly, 3D current
collectors as the carrier of Na metal and conductive net-
works to promote uniform electron transport are also
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effective ways to inhibit dendrite growth. It should be
notably considered that, when optimizing the electrolyte,
forming an excellent SEI film at the anode to suppress
sodium dendrites and the inhibition of polysulfide shut-
tle in RT-Na/S batteries simultaneously. Besides, there are
more and more researches on the use of biomass mate-
rials for anode protection of Zn and Li metals recently.
Consequently, it is foreseeable to look for inspiration in
nature and use biomass materials to build artificial SEI
membranes for better RT-Na/S battery performance.

The improvement directions above can effectively
improve the cycle stability of RT-Na/S batteries. There-
fore, since the development of RT-Na/S batteries, peo-
ple have carried out in-depth research on a series of
problems such as low electronic conductivity of sulfur
cathode, severe volume expansion, polysulfide shuttle
effect and Na dendrites, and staged progress has been
made. Through the modification of the sulfur cathode,
the optimization of the electrolyte, the modification of
the separator, and the protection of the Na metal anode,
many problems existing in the RT-Na/S batteries have
been solved. We believe that through the analysis of the
above four research directions in this paper, subsequent
researchers can better understand the working principle
of RT-Na/S batteries and the existing problems, and get
ideas for solving the problem. Moreover, we believe that,
in the future, RT-Na/S batteries can be brought to the
market.
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