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A B S T R A C T

This paper presents research and development on room temperature sodium-sulfur battery in the last decade.
The review focuses on their electrochemical performance and recent trends in tailoring the electrode materials
and electrolytes to enhance their performance by the researchers worldwide. Room temperature sodium-sulfur
batteries seem to provide low-cost option for grid-scale energy storage and other electrochemical applications.
The challenges encountered by these batteries are highlighted and remedies are also suggested in this review.

1. Introduction

Interest in rechargeable batteries has grown considerably due to the
rising environmental concern and to reduce the reliance on greenhouse
gas emitting fossil fuels. The quest for developing better and cleaner
energy storage devices has recently become of paramount importance
[1]. The ever growing demand of electrical devices and appliances has
further led to a rapid development in the field of electrical storage
devices in the past years [2]. The need for high-energy, lightweight and
low-cost rechargeable batteries has prompted the search for new bat-
tery technologies beyond conventional Li-ion intercalation chemistry
[3–5].

Rechargeable Li-ion batteries have greatest share in marketplace for
almost thirty years with their high stability and long cycle life [6].
Limited availability of lithium is gradually becoming an important issue
for further continued use and applications of lithium-ion batteries [7].
The relatively higher cost of lithium is another concern for large-scale
applications, where the cost is as important as its performance. The
need for affordable, stationary energy storage systems has triggered
intensive research on alternative battery systems. In view of this, the
intensive efforts have been dedicated by the researchers worldwide to
develop rechargeable batteries based on sodium, magnesium, zinc and
other technologies [8–12].

The utility and performance of electrochemical energy storage de-
vices are evaluated according to their specific power and energy den-
sities. It is very useful to map power sources in Ragone charts, in which
the specific energy density of power sources is plotted as a function of
their specific power density (or vice versa). Fig. 1 provides Ragone plot
for Electric Double Layer Capacitors (EDLCs), Lithium-ion (Li+),

Sodium-sulfur (Na-S), Nickel-metal hydride (Ni-MH), Lead-Acid (Pb-
acid), and Zinc-air batteries. Table 1 provides the key advantages and
disadvantages of these energy/power storage devices [13–18].

Among various energy storage systems, metal-sulfur batteries (e.g.
Li-S and Na-S batteries) are especially attractive and important energy-
storage devices since the sulfur cathode is not only abundant and cheap
but also has an extremely high theoretical capacity of 1672mAh g−1

[19]. Sodium has high natural abundance, low cost, and sufficient
electrochemical reduction potential of −2.71 V vs. standard hydrogen
electrode (SHE) [20,21]. Sodium also provides a cell voltage> 2 V
when coupled as an anode with an appropriate cathode material.
Therefore, sodium based batteries appears to have a good potential of
meeting energy requirements for various electrochemical applications,
especially the large-scale grid energy storage needs.

Electrochemical energy storage with the Na and S chemistries is
gaining more and more attention as a promising low-cost technology
for stationary energy storage applications due to the intrinsically high
capacities of the elemental sodium and sulfur electrodes and their
abundant resources [8]. Conventional sodium–sulfur batteries have
been studied extensively because of their significant advantages: high
energy density (theoretical specific energy density of 760Wh kg−1),
low cost material (abundant resources of sulfur and sodium in nature),
low rate of self-discharge and high power density [22]. These batteries
are one type of molten salt battery in which the molten phases of both
active materials (Na and S) are separated by beta-alumina solid elec-
trolytes with high Na-ion conductivities [23]. These batteries require
high temperatures above 300 °C for their operations which enables
sodium wetting on the beta alumina, diffusion of sodium ions to the
cathode, and the molten cathode to sustain a soluble media for sodium
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polysulfide species [24]. The high operating temperature forces a
fraction of the energy to be used to maintain the operating temperature,
resulting in a lower efficiency [25]. On the other hand, the solid elec-
trolyte would gradually become fragile and eventually break during
battery operation, which likely results in the risk of fire or even ex-
plosion due to the molten sodium penetration through the cell and
consequent short circuits and vigorous reactions [26]. Sodium-beta
battery is commercially available today and routinely used for com-
mercial load-leveling applications. However, operation of the molten-
electrodes and the use of ceramic electrolytes induce a series of tech-
nical challenges in terms of safety, materials cost, high-temperature
sealing, system maintenance, reliability, etc., which limit their appli-
cations [8].

Borrowing concepts from past experiences with Li-S batteries and
traditional high temperature Na–S batteries, RT-Na–S batteries have
recently regained attention in the electrochemical energy storage field
due to successful reports on Na-S batteries providing high specific ca-
pacities at room temperature [1]. RT Na-S battery has recently been

highlighted as a low-cost option for grid-scale energy storage applica-
tions, as sulfur can theoretically accept two electrons per atom, leading
to a capacity of 1675mAh g−1 from inexpensive electrode materials,
which is an order of magnitude higher than the capacity of conven-
tional insertion-compound cathodes based on transition-metal oxides
[27]. The overall electrochemical reaction of the room temperature Na/
S battery is 2 Na+ S→Na2S, along with the high theoretical energy
density of 1230Wh kg−1 [28].

The ongoing need to store electricity even more safely, more com-
pactly and more affordably necessitates continuous research and de-
velopment. The need for inexpensive stationary energy storage has
become an additional challenge, which also triggers research on alter-
native batteries. This review provides a summary of the state-of-the-art
knowledge on Na-S batteries operating at room temperature. The gen-
eral properties, major benefits and challenges, recent strategies for
performance improvements and general guidelines for further devel-
opment are summarized and critically discussed [29].

2. Construction and operation

Fig. 2 shows schematic representation of RT Na-S cells with sodium
and sulfur as the active materials for the negative and positive elec-
trodes, respectively. A suitable sodium-ion-conductive electrolyte e.g.
solution of organic solvents with sodium salts may be employed as
electrolyte. During the discharge process, sodium metal is oxidized at
the anode, resulting in the production of sodium ions and electrons. The
sodium ions move internally to the cathode through the electrolyte,
while the electrons travel to the positive electrode through the external
electrical circuit, thereby generating an electrical current. Meanwhile,
sulfur is reduced to produce sodium polysulfides by accepting Na+ and
electrons at the positive electrode [30–32].

The anode and cathode reactions during charge/discharge of the RT
Na-S battery can be expressed in general as follows:

Anode: Na↔Na++e− (1)

Cathode: nS+2Na++2e−↔Na2Sn (4 < n < 8) (2)

The discharge curve in Fig. 3 can be divided into four regions
(marked with blue vertical lines), from the phase-transition point of
view. Region I of Fig. 3 represents a high-voltage-plateau region at
approximately 2.2 V which correspond to a solid–liquid transition from
elemental sulfur to dissolved long chain polysulfide Na2S8 (Eq. (3)):

S8+ 2Na++2e−↔Na2S8 (3)

Region II corresponds to a liquid–liquid reaction between the dis-
solved Na2S8 and Na2S4. This sloping region is in the voltage range of
2.2–1.65 V, (Eq. (4)):

Na2S8+ 2Na++2e−↔ 2 Na2S4 (4)

Region III corresponds to a liquid–solid transition from dissolved
Na2S4 to insoluble low chain polysulfides Na2S3, Na2S2, or Na2S. This is
low-voltage-plateau region at approximate voltage of 1.65 V. Following
equations are expected in this region:

Na2S4+ 2/3 Na++2/3e−↔ 4/3 Na2S3 (5)

Na2S4+ 2 Na++2 e−↔ 2 Na2S2 (6)

Na2S4+ 6 Na++6 e−↔ 4 Na2S2 (7)

Region IV corresponds to a solid–solid reaction between insoluble
Na2S2 and Na2S. This is a second sloping region in the potential range of
1.65–1.2 V and follows the following:

Na2S2+ 2 Na++2 e−↔ 2 Na2S (8)

Among the four reaction regions as discussed above, Region II is
supposed to be the most complicated one and is affected by the

Fig. 1. Comparing energy storage devices: energy vs. power densities (Ragone
plot). Reprinted from: H.D. Yoo, E. Markevich, G. Salitra, D. Sharon, D.
Aurbach, Materials Today 17 (2014) 110–121.
Copyright 2014, with permission from Elsevier [14].

Table 1
Key advantages and disadvantages of energy storage devices [13–18].

Energy Storage
Devices

Advantages Disadvantages/Limitations

EDLC • High cycle life

• High specific Power

• Charges in seconds

• Low specific energy

• High self-discharge

• Low cell voltage
Li-ion • High energy density

• Low self-discharge

• Low maintenance

• Protection from being
overcharged

• Suffer from ageing

• High cost
Na-S • Low cost

• High natural abundance

• Theoretical high energy
density

• Low discharge capacity

• Capacity fading

• Shuttle-mechanism

Ni-MH • Light weight

• Large cycle life

• Decent specific energy

• Poor volumetric efficiency

• High cost

• Memory effect
Pb-acid • Large power-to-weight

ratio

• Low energy-to-volume
ratio

• Low cost

• Low energy-to-weight ratio

• Risk of explosion

• Low-cell voltage

Zn-air • High energy density

• Unlimited self-life

• Relatively inexpensive

• Short occasional life

• Low power density

• Corrosion and environmental
concerns
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